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Abstract

The present thesis discusses the impact of external sound source in discontinuous
waveguide. The Mode-matching technique is applied to solve the governing bound-
ary value problems. The attenuation of source radiation is analyzed through the
consideration of discontinuous channel and absorbent material. The attenuation
of source radiation with expansion chamber having porous medium is investigated.
The truncated solution satisfies matching conditions of pressures and velocities.
To insight physically, the transmission loss is investigated against frequency. It
is observed that by varying the length of Chamber as well as porous medium the

transmission loss is varied.
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Chapter 1

Introduction

Noise pollution is the biggest problem of modern era. It not only disrupts the
normal functioning of life but also affects the health of humans. The major effects
of noise on humans include: physiological effects, increase of blood pressure and
feeling of headache, psychological effects, stress and nervousness and social segre-
gation. The main sources of noise are road traffic, airplanes, railways, construction
sites and industrial areas. In order to reduce the unwanted noise various noise con-
trol measures are used. For example, silencers like components are employed at
the exhausts of automobiles. The inside of these silencers involve various geomet-
ric designs and sound absorbing materials that minimize the vibrational waves of

exhaust engines and fans.

Moreover for the noise of Heating, Ventilation and Air Conditioning (HVAC)

systems of building, different duct designs and sound proofing are used. It works
like a channel which transports vibrational energy from one point of the medium
to another point. The investigation on designs and materials properties of such
ducts in order to minimize the vibrational energy has gained much attention of
researcher and engineers. The current study is relevant to the propagation and
attenuation of sound radiation in a waveguide including porous material and split-
ting expansion chamber. The material properties of absorptive material can be
varied. Such waveguides may have applications in HVAC and silencer designs.

1



Introduction 2

The current study focuses on the modeling of acoustic waves, their propagation,

scattering and absorption.

1.1 Background and Literature Survey

The present study is related to the propagation and scattering of acoustics waves
in rectangular waveguide or channel. The performance of acoustical waveguide
to reduce unwanted noise can be increased by using the noise absorbent material
and/or introducing the locally reactive liners. The salient features of acoustics
scattering in guiding structures that contain expansions and/or contractions in
geometry have vital role in noise reduction applications. For example, expansion
chambers are widely used to reduce unwanted exhaust noise produced by internal
combustion engines that travels through the duct.

The propagation of wave along the ducts with rapid changes in the cross sectional
area can produce reactions that reduce the energy of transmitted wave. This is
the method together with cavity resonance mechanisms by which silencer box re-
duce noise in the car exhaust system [1]. Hassan and Rawlins [2], Rawlins [3, 4]
and Ayub et al. [5-7] discussed the propagation of sound waves in cylinderical
channel containing sound absorbing linings along the walls of the channel. They
used Wiener Hopf technique to analyze the effects of absorbing material. Lawrie
and Afzal [8] are concerned with the reflection and transmission of fluid-structure-
coupled waves at the junction between two flexible waveguides of different heights.
Ayub et al. [9] and Huang [10-12] considered the reactive silencer used in HVAC

system for reducing ducted tonal fan noise.

Using the silencer eigenmodes in an analytic Mode-matching approach, Cummings
and Chang [13] enforced pressures and velocities continuity over the inlet and out-
flow planes of the silencer. Cummings and Chang’s method was offered by Peat

[14] and afterwards by Kirby [15] as a more efficient alternative. They developed
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closed form analytic solutions based solely on the fundamental mode’s attenua-
tion. Peat and Kirby’s approaches, on the other hand, are accurate only across
a limited frequency range for a given waveguide structure. Folk and Herczynski
[16, 17] worked on the class of problems in which there are second and higher order
boundary conditions at the duct wall. They utilized the idea of separation of a
variable method to reduce the equation into a system of coupled and uncoupled
second order ordinary differential conditions, which were solved by utilizing the
boundary conditions. This outcome into a Strum-Liouville eigensystem and there

is a need to determine an orthogonality relation to solve the problem.

A Mode-matching method was used [18] to evaluate the sound waves in a three-
part duct containing porous material attached to the wall. Lawrie and Kirby [19]
use the Mode-matching technique for the analysis of absorbent silencer. In general
there are two possible approaches to modelling finite length (bulk reacting) dissipa-
tive silencers, one may analyse the problem numerically, which generally involves
the use either of the finite element method [20] or the boundary element method
[21], alternatively one may approach the problem analytically, which typically in-
volves finding roots of the governing dispersion relation and using orthogonality
relation to match the acoustic pressure and velocity fields over the inlet and outlet
planes of the silencer. Sound attenuation in rigid-walled ducts with bulk-reacting,
sound-absorbent porous liners or splitters has been fairly extensively studied, both

in the absence and in the presence of mean gas flow see refrances [22-27].

Cummings [28] discussed the attenuation of sound in ducts lined on two opposite
walls with porous material with some applications to splitter. Astley and Cum-
mings [29] used finite element scheme for attenuation in duct lined with porous
material. Lawrie and Kirby [30] discussed a point collocation approach to mod-
elling large dissipative silencers. The wave scatters through flexible guiding chan-
nels together with structural variations is discussed in [31-47]. Accordingly, the
dispersion of waves through different layered medium is discussed in [48-66]. The
present work is in continuation of the aforementioned studies with expansion cham-

ber containing sound absorbent material along with backward propagation. The
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influence of wall motion on sound propagation in unlined rectangular ducts with
flexible walls has been examined [70] in a study of noise break-out duct-work,
and it has also been shown [71] that structural/acoustic wave combinations exist
wherein the energy flow can concentrate itself predominantly either in the struc-
ture or in the fluid contained in the duct. In this thesis propagation of sound
source is investigated by using mode-matching technique and transmission loss is

calculated.

1.2 Thesis Structure

The rest of the thesis is organized as follows.

Chapter 1 The chapter wise details of the present study are enclosed in this
chapter. This chapter depicts background and literature survey relevant to the
current study along with thesis structure.

Chapter 2 comprises some basic definitions, physical laws, formulation of wave
equation and useful derivations.

Chapter 3 contains the propagation of acoustic waves in discontinuous waveguide.
Also this chapter includes sound absorbent material.

Chapter 4 includes four regions and second region involves porous material.
chapter 5 provides the summary and concluding remarks of the thesis.

References used in the thesis are mentioned in Bibliography



Chapter 2

Preliminaries

This thesis contains physical problems that are relevant to the reflection, transmis-
sion and absorption of acoustic waves propagating in rectangular ducts or chan-
nels. The purpose of present chapter is to discuss some basic terminologies which
are useful in understanding the mathematical modeling and associated physical

characteristics of the work presented in rest of the chapters.

2.1 Acoustics

Acoustics is the branch of science which deals with the propagation of mechanical
waves in matter. This branch covers how sound energy emits, reflect and transmits
through a medium. The word acoustics is derived from a Greek letter akoustikos
which means to hear. Normal human frequency range of hearing lies between 20Hz
to 20K.Hz. The vibrations with frequency less than 20Hz is known as infra sound

and above than 20K.Hz is ultra sound.

2.2 Wave

Wave is the disturbance in the medium which causes the particles of that medium

to vibrate from one place to another to transfer the energy. It is important to know
5
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that waves transfer energy of the matter without transferring matter. Typical

examples include light waves and sound waves etc.

2.2.1 Types of Wave

There are three types of waves based on the medium characteristics and energy
propagation. These types include:

Mechanical waves

The type of wave in which energy is transfered through the oscillation produced
in a material medium. Examples include waves produce on the strings, springs
and on water surface.

Longitudinal wave

The waves in which direction of particles of medium are parallel to the direction
of propagation of waves. Examples are, sound and pressure waves.

Transverse waves

The waves in which the direction of particles is perpendicular to the direction of
propagation waves.

Electromagnetic waves

The waves which are produced when electric and magnetic fields oscillate perpen-
dicular to each other. These waves do not need any material medium for transfer

of energy. Examples include radio waves, microwaves and X-rays.

2.3 Acoustic Wave Equation

The wave propagation in a medium can be expressed in terms of wave equation
which can be derived by using conservation of mass, momentum and equation of
state. The derivation of wave equation can be found in [67],

1 0%®

Vo = ———
c? o2’

(2.1)

where c is the speed of sound in compressible fluid.
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2.4 Acoustic Monopoles Source

An acoustic monopole radiates sound equally in all directions. An example of
an acoustic monopole would be a small sphere whose radius alternately expands
and contracts. In practice, any sound source whose dimensions are much smaller
than the wavelength of the sound being radiated will act as a monopole, radiating
sound equally well in all directions. The sound pressure of a monopole source can

be expressed as follows

6jkr

p(r) =S —, (2.2)

r

where the complex variable S is the monopole amplitude. Here, the amplitude of
the sound source is the inertial force of fluid mass that the sound source exerts

per unit time and unit solid angle. In other words, it can be expressed as

1

S = —ro(—jwa), (2.3)

where q represents the volume velocity which is radiated by a monopole sound

source per unit time.

From Euler’s equation, the velocity for the r direction can be written as

1 Op Seikr 1
U,.(r) = e dr  poer {1 —i—j(H)} : (2.4)

The velocity in near-field and far-field sound fields are approximately obtained as

Near field (kr << 1):

(2.5)
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Far field (kr >> 1):

Sejkr
U,(r) ~ . 2.6
= (26)
From (2.2) and (2.4), the impedance can also be obtained as
r 1
Z,(r) = IIJ)((B*) i (2.7)
’ 1+j(-)
Near- field:
Z.(r) ~ —jpoc(kr). (2.8)
Far-field:
Z.(r) =~ poc. (2.9)

Equation (2.9) implies that it becomes a plane wave in a far field.

2.5 Boundary Conditions

The following boundary conditions are defined to model the BVP:
1. Soft conditions.
2. Rigid conditions.

3. Impedance conditions.

2.5.1 Soft Conditions

The soft boundary conditions are Drichlet’s type boundary conditions. In these

conditions, the pressure or displacement is taken as zero, i.e.

O(x,y) =0.
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2.5.2 Rigid Conditions

Neumann’s type boundary conditions are actually rigid boundary conditions. In

rigid conditions, normal velocity is taken as zero, i.e.

00

— =0.
ox

2.5.3 Impedance Conditions

The impedance boundary conditions are Robin’s type boundary conditions. Robin
boundary conditions are combination of Drichlet boundary conditions and Neu-

mann boundary conditions. These conditions are written as

suae ) + 6200 g

where [; and (5 are arbitrary constants.

2.6 Delta Function

When working with sound sources, delta function is crucial. The delta function

d(p — p') is defined as

5(]9 - p/) = Oa p 7é p/a (210)

op—p) =00, p=7, (2.11)
and

/ d(p—p')dv =1 when volume V contains p'. (2.12)
v
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The shifting property of delta function is

/Vf(p)5(p —p)dv = f(p). (2.13)

Take into account the delta function §(p — p’) where z = 2’ is the location of the

source. Then

d(p—p)=d(x—2a). (2.14)

Likewise, for two-dimensional rectangular coordinates, we can write

o(p—p') =d(z —2")d(y —¢). (2.15)

2.7 Sturm-Liouville Equation

Assume differential equation

{d% {f(m)%} +g(z) + /\nh(x)} o) = 0. (2.16)

In between a; < x < by subject to restrictions

[algon(x) + By d%x)Lza —0, (2.17)
e+ 58] o 215

note that the functions f(z), g(z) and h(z) including the parameters ay, g, [

and [ seem to be real.

When f(z) =1, g(z) = 0, A, = k2 and h(z) = 1, (2.16) turns into simple harmonic
motion differential equation.i.e
d2
{— + kg} on(r) = 0. (2.19)

dx?
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Let’s demonstrate that the eigenfunctions are orthogonal. Multiplying (2.16) by

©* (x), where % denotes complex conjugate and integrate from a; to by gives

[ et [

ay
b1

b1
; / 9(2) % (1) pu(2)dz + A, / W)t (2) () = 0. (2.20)

al ai

Integration by parts gives

) al dJT
(2.21)
Now on invoking (2.21) into (2.20), we get
f(al)ﬂgp* (al)(p (al) - f(b1>%<p* (b1)g0 (bl) B /bl dg@:n(l')f(x>dg0n(l')dx
/31 m n 52 m n . dr .
" (2.22)

al

T / (@) (@) pn(@)dz 4 A / W) () pn(x)dz = 0.

al

When the indices m, n are swapped and taking complex conjugate of (2.22), we

get
a . a . "de,(x) | de(x)
a5 onagian) = b0 G entnentn) — [ Lot P
by by
| s@en@p@is + x, [ b)) (@ =o. (2.23)

ai ai

Subtracting (2.23) from (2.22), finally yields

(e =A%) / h(@)pn(@)gt, (2)dz = 0. (2.24)

ai
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Suppose that h(z) does not change sign in between (ay,b;). For m #n

/ 1 h(z)pn(z)pr (z)dz = 0. (2.25)

Form=n
| n@ea@n()da 20, (2.26)
An — A% =0, (2.27)

The eigenfunctions ¢, (x) are normalized as

/ (@) ()" () dz = 1. (2.28)

al
The condition A\, = A\ shows that the eigenvalues are real. The property (2.25)
and (2.28) referred to orthogonality of the eigenfunctions ¢, (z). Eigenfunctions
vn(z) make up a whole set. This whole set means that any given function ¢(z)

can be expressed as a linear combination ¢, (x) to any desired accuracy.
q(x) = gnipn(2). (2.29)
n=0

On multiplying (2.29) by h(z)¢k,(x) and integrating over a; to by, gives the ex-
pansion coefficient

b1
4o = / h(x)q(x) g () de. (2.30)

al

2.8 Definition of Fourier Transform

If ®(z) is a continuous, piecewise smooth, absolutely integrable function, then the

Fourier transform of ®(z) is

()} = B(a) = \/% / e (3)da, (2.31)

[e.o]
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where « is Fourier transform variable. The inverse Fourier transform of ®(«) can

be defined as

F{d(a)} = d(z) = \/% /_ " () da. (2.32)

e}

Fourier transform of n'" derivative

Let @ be continuous and piecewise smooth over (—oo, 00) and ®(z) approach zero

as |x| — oo. If & and ®" are absolutely integrable, then

F[0"(2)] = (ia)"F [8(z)] = (ia)"®(a), n=0,1,2.. (2.33)

2.8.1 One-Dimensional Green’s Function

In this section, we discuss the derivation of one-dimensional Green’s function in
free space. The derivation is useful in chapters 3 and 4.
In one-dimensional free space (—oo < x < 00), consider Sturm-Liouville equation

with the parameters f(z) = h(x) =1, g(x) = 0 and A = k*  which may be written

as
d2 2 / /
{@—i—k }@(x,x)z—&(x—x), (2.34)
under the presence of the radiation condition ®(4o00;2’) = 0. The response

®(x,2') at x is due to the delta source at 2/, as shown in Fig.1.

S(x—x") §(x—x")
: : P ¢ — axis
x=x'

FIGURE 2.1: Free space Green’s function
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In terms of eigenfunctions, ®(z;z’) can be represented in inverse Fourier transform

1 [ - -
O(z,2') = %/ O (o 2')edar. (2.35)

—0o0

On invoking (2.35) as well as the identity

1 < /
é(r—1') = —/ @) da,
2 J_
into (2.34) yields
00 1 gl (z—2z')

The physical condition requires that the delta source response ®(z, z') be an outgo-
ing wave in the form of e’** that vanishes as  — oo. If the medium is supposed
to be slightly lossy, this condition can be met, where the medium wavenumber
k = k, + ik; has an infinitesimally small positive imaginary part (k; > 0). For
x — 2’ > 0, let us use the residue theorem in the complex o — plane, as shown in

Fig.2.

hn(a)*

Iz

-k Re(a)

FiGure 2.2: Contour plot in « plane
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Im(a) T

X
¥
» ¥ -
G Re(a)
—k

I

FiGURE 2.3: Contour plot in « plane
Using contour integration along paths I} and I gives

fla)da+ | fla)da =2miResf(a) at o= k.
I I»

Since

/ fla)da — 0 and | f(o)da = ®(z,2') as R — 0o
I n

(2.38)

When = — 2’ < 0, the semicircle in the lower half-plane is chosen for I'; so as to

make [, f(a)da — 0, as shown in Fig.2(b). Counter integration gives

(I)(.T, l’/) _ Le*’ik(w*m’)‘

o (2.39)

As a result, the one-dimensional free-space Green’s function is represented as

e

O(x,2') = ﬁ iklo—a'|

(2.40)

(2.37)



Chapter 3

Sound Source Inclusion in

Discontinuous Waveguide

In this chapter the discussion is about the propagation of acoustic waves in discon-
tinuous waveguide. The boundaring wall conditions are assumed acoustical rigid.
The boundary value problems involve Helmholtz’s equation as governing equation
along with rigid-rigid boundary conditions. Mode-matching technique has been
used to tackle the problem. The numerical results contain the matching conditions
of pressures and velocities at the interface. The propagation of reflected and trans-
mitted energy fluxes by varying frequency. This chapter includes two problems.
First problem consists of the case when duct regions comprises compressible fluid.

While in the later case sound absorbent material is used.

3.1 Sound Source Excitation in Discontinuous Waveg-

uide:

Consider acoustic wave propagation in rectangular waveguide having regions R;
and Ry that are bounded by rigid walls at y = 0, hi,hs, when 7 > 0, T < 0 and
at 7 = 0 when hy < y < hy. Note that overbars here and throughout the thesis

denote the dimensional setting of coordinates. The inside of the regions R; and
16
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Ry are filled with compressible fluid of density p having sound speed c¢. A sound
source Q(7,%) in the duct R; at point (Z,9) = (@, b) is located. The geometry of

problem is shown in Fig.1.

¥ —axis
y=F
rigid
rigid
it rigid
Ry
Ry
<> @h
_—
" rigid rigid - ;
F=0 -p ¥ axis
©,0)

FIGURE 3.1: The geometry of the semi-infinite duct

The fluid potential in ducts R; and R, are represented by ®; and ®,, respectively.
Thus, the fluid potential ®(Z,7) in the waveguide

_ (
B(7,7) = (3.1)
At (z,7) = (a,b) the fluid potential ®,(7,7) satisfy the Helmholtz’s equations

0? 0? _ ~
{5t 5 + B} Bi(0) = Q) 3:2)

but when (z, ) # (a,b) the fluid potential satisfies

The fluid potential ®,(z, 7) satisfies the Helmholtz’s equation

* P ) - i
{@+8_g;2+k }(I)Q(l',y) =0. (3‘3)
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At rigid walls the normal velocity is zero, that gives

0%, -
=0 y=0 h 3.4
ag y Y ; 1 ( )
0P, - = -
ag y Y ) 2 ( )
0P, = -
= =0, 2=0h<z<h. (3.6)

We make the problem dimensionless by using length scale k=1 and time scale w™!

through the transformations

r=kz,
y = ky,
t = wt,
0 0
= — k=
oz ox’
8_2 = k2a_2
0z2 0?2’

2
o- g

k2 _

Incorporating these transformations into (3.1)-(3.6) we get the dimensionless form
of boundary value problem. The fluid potential in ducts R; and Ry are represented

by ®; and ®,, respectively. Thus, the fluid potential ®(x,y) in the waveguide

@l(x7y)7 17<O, Ogyghla

<I)2(.’E,y), .’£>O, OSyShQ

At (z,y) = (a,b) the fluid potential ®;(x,y) satisfy the Helmholtz’s equations

0? 02
{ g+ g + 1 Bile) = Q) (3.9
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but when (z,y) # (a,b) the fluid potential satisfies

0? 0?
{@ + 6_3/2 + 1}@1(w>y) = 0.

The fluid potential ®5(x,y) satisfies the Helmholtz’s equation

0? 0?
—+—+1,P =0. 3.10
{ Gt g+ 1 Balon) (3.10)
The rigid wall conditions satisfy the following dimensionless form of boundary
conditions
0P,
— =0 =0, h <0 3.11
ay Y y N, T ) ( )
0Py
— =0 =0, h >0 3.12
ay y U ) 2, & ; ( )
0P
8—;:0, x=0, hy <z < h,. (3.13)

In next section we solve the boundary conditions.

3.2 Mode-Matching Solution

The Mode-matching technique is applied to solve the boundary value problem.
First we determine the eigenfunction expansion of region R;. In this region the

fluid potential ®;(z,y) is the sum of incident field ®!(z,y) and reflected field
®i(z, y)

Oy (z,y) = @\ (z,y) + P} (z,y). (3.14)

For reflected field the governing equations are

0? o
R R X = 1
{61'2 + ayg + } 1(1‘,y> 07 (3 5)
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0P (,y)

=0, at y=0, hy. 3.16
By Y 1 ( )
From superposition principle, the reflected field is the linear combination of re-

flected modes

O (z,y) = > Ap®in(,y), (3.17)
n=0

where A,,, n=0,1,2,... are the amplitudes of reflected modes and ®4,,(z,y), n =
0,1,2,... expresses the propagation modes.
To calculate ®y,(z,y), n = 0,1,2,..., we use the separation of variables method

to write

(7, y) = Xin(2)P1n(y)- (3.18)

On substituting (3.18) into (3.15), we find two ordinary differential equations, that
are solved to get

Xin(2) = c1€"M" 4 cye ™" (3.19)

and

Uin(y) = ez cos(Any) + casin(Any), (3.20)

where
M=+ 1— A2.

Note that X,(z) determines the propagation of n'® mode along z-direction and
1, (y) determines its shape in R;. As we consider reflected wave towards z-
direction only, therefore ¢; = 0. Also applying rigid boundary conditions (3.16),

nmw
it is clear that c¢3 = 0, for non-trivial solution \, = ™ and

1
Y1a(y) = cos (Z—Wy) , n=0,1,2 ...
1

nm

Since 1, (y) = cos( Yy
hy

the orthogonality relation

> , n=20,1,2,... are orthogonal functions and satisfy

h1 h
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where 9,,, is kronecker delta and is defined as

1, m=n,
5mn =

0, otherwise,

2, m =0,
€Em =

1,  otherwise.

The orthonormal form of these eigenfunctions is

2 nm
= -— .22
©1n(Yy) . cos( o Y), (3.22)
where
h1
0

Therefore, the reflected field (3.18) can be written as
d1(z,y) ZAngoln e~ (3.24)
For source Q(z,y) = —Jd(x — a)d(y — b), we rewrite (3.9) as
0? o ;
{m"‘m‘i‘l}@i(w,y) = —Jo(x —a)d(y — b), (3.25)

subject to rigid boundary conditions

)
=0,at y=0, h 3.26
8y , at Yy ) 1, ( )

where J is source strength that will be defined in numerical section.
To determine the solution of (3.25)-(3.26), we use eigenfunction expansion method.

The response of sound source in semi-infinite duct can be expressed as

Z an()p1n(y (3.27)

P! (z,y) =
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where a,(x);n =0,1,2,... are unknowns. To find these, we substitute (3.27) into

(3.25) to get

> {ch;gx) + nian(a:)} o1n(y) = —=J6(z — a)d(y — b). (3.28)

n=0

Multiplying (3.28) by ¢1,,(y) and integrating from 0 to h;, we obtain

o) 2a T h1 ny
Z{d d;g )+nian(x)}/0 P10 (y) o1 (y)dy = —J5(a:—a)/0 1o ()5 (y—b)dy.

n=0
(3.29)
On using the orthogonality relation (3.23) into (3.29), we achieve
= (d?a,(x
3 { ng ) 4 ngan(x)} Sm = —J8(x — a)p1m(b), (3.30)
n=0
or
d*a,,
U] | Ba(w) = — T8z a)oral). (3:31)
By using the Green’s function (2.40) for free space, we reached at
m(b)
() = iJgpl—()emm‘”_a‘. (3.32)
20m
Now putting (3.32) into (3.27), we achieve
i o - . Qﬁln(y)gpln(b) inn|x—al
Q) (z,y) = ; ZJTe K . (3.33)

Finally, by combining (3.24) and (3.33), the total field in region R; is obtained as

— n n b) , = i
Oy (z,y) =1iJ E %emnx_a + E Anpin(y)e M. (3.34)
n=0 n

n=0

Similarly, for region Rs, the eigenfunction expansion form of transmitted duct

modes is assumed as,

(. y) = D Bubon(,y). (3.35)
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where B,; n = 0,1,2,..., are transmitted modes amplitudes and ®y,(x,y) con-
tains shape and direction of transmitted modes. To find ®,,(x,y) from boundary

conditions for Ry, we use method of separation of variables. For this we assume

Do (2, y) = Xon(2)1an(y). (3.36)

On substituting (3.36) into (3.10), we get

Xon (1) = c5e™n® + cge " (3.37)
and
Yo (y) = 7 cos(&ny) + s sin(&ny), (3.38)
where
sp=1/1—¢&2
From rigid boundary conditions (3.12), cg = 0 and &, = Z—W, n=0,1,2, ...
2

Since 19, (y) = cos (T;L—Fy> ; n = 0,1,2, ... are orthogonal functions and satisfy
2

the orthogonality relation

ha
nmw mm ho
- —)dy = S €m—. 3.39
| eosCGRycosC )y = e (3.39)
The orthonormal form of these eigenfunctions is
() = | cos("y) (3.40)
W(y) = cos(—vy), )
PonlY e o th
where
ho
/ P20 (Y)P2m (Y)Y = .- (3.41)
0
As transmission takes place in positive z-direction only, therefore ¢¢ = 0 and

transmitted field in Ry can be given by

Oa(x,y) = Y _ Bupan(y)e’™. (3.42)
n=0
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At matching interface x = 0, the continuity of acoustic pressure gives

(I)l(oay) = CDZ(an)a 0 S ) S hl'

On substituting (3.34) and (3.42) into above equation, we have

JZ P1n 27;:1" el £ Anprn(y) = Z Bupan(y)

n=0
Multiplying (3.43) by ¢1,(y) and integrating from 0 to hy,

hi

o . b) hiy
JZ—%H( ) il /0 P1n(¥)P1m (Y dy+ZA / Pin(y)P1m{y)dy
n=0 "

0

i / P20 (y)P1m (y)dy.

Substituting the orthogonality relation (3.23) into (3.44), we find

- P1m(b) inmlal _ -
1J2n—m€n +Am — Z:Banma

where

hy
Rym = / 902n(y)901m(y)dy'
0

Now using the normal velocity condition at interface x =0

q)lx(ovy)a Oﬁyﬁhly
®21‘(07y) =
O, hl S Yy S hg.

On invoking (3.34) and (3.42) into (3.46), we achieve

( 0 s@m( )i (b)emnlal —q
_J —a
- 2 lal

> isupaa(y) = Ym0 Anp1n(Y)inn, 0<y<h,

n=0

\

0, hi <y < hs.

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)
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Multiplying by @o,,(y) and integrating from 0 to hq, we get

o0 h2 901 h2
> Buisa [ en()panli)dy =7 Z )il W | enwpeanoidy
n=0 0 0

ho
n=0 0

(3.48)
On invoking the orthogonality relation (3.41) into (3.48), we find
Binism = —Ji 200 el (—) Ry ZA i R (3.49)
n=0 2 ’

where

ha
0

By fixingm =n =0,1,2,...N, we get 2(N + 1) number of equations with 2(N + 1)

unknowns. These are solved simultaneously to get these unknowns.

3.3 Energy Fux

The energy flux/power in closed region can be defined as [69]

0P

Energy flux = —§R { / (&'L’

)* dsz] (3.50)

where @ denotes real part and €2 is the domain of region. The transmission loss is

defined as [70]

P,
TL = —20log {Ft} . (3.51)



Sound source inclusion in discontinuous wavegquide 26

The incident and reflected power in region R; can be found by using (3.34) into
(3.50),

Energy flux|n, — -mzz[ zw%em i) £22
n=0 m=0 n

+ Jgpln(b)A;knlr];kn einn|x7a\ei77,*nm . ZJ*AnQOym(b) e—ir]fn\xfa\e*innﬂﬁ—m —a
21, 2 |z — al

h1
—AnA:ne”("fn"")} / P1n(Y)e1m(y)dy.  (3.52)
0

On using orthogonality relation (3.23) into (3.52), we achieved

1 — 2|901m(b)|2 ilz—al(nm—nz) L~ @
e e M [ b

1. — i o O1m(0) i ol in:
J— Am 2, % w(nm nm) —m an“z a" lnmCCA* *
23‘%30{ “1ime +J o et ALt
—Qa

i Q1 () Ay izl 2
[ — al

} , (3.53)

or
Energy flux|g, = P, — P,, (3.54)
where ,
P= Ry R oot 222 (3.55)
and

0o
* 7’L$ m 901m<b> Mm|x—al Jint xz g% . *
%Z{ E (Mm =) J277—men |[z—al ging, A+

l\DI»—

m=0

0T Q1o (D) Ay~ ekl 2
[z — al

} . (3.56)
Likewise, for energy flux in Ry, we substitute (3.42) into (3.50) which finally yields

Energy flux|g, = <Z|B |2$n) . (3.57)

or

Energy flux|g, = P,. (3.58)
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From the conservation of energy law

Energy flux|g, = Energy flux|g,, (3.59)
which yield
P—P =P, (3.60)
or
P=P + P, (3.61)

To scale the power at unity we divide (3.61) with P;, then

1=E, + E,, (3.62)
where
P, P,
E, = 7 and E, = Ft (3.63)

Note that we can achieve (3.61) using (3.45) and (3.49). To get this, we rewrite
(3.45) as

msm

mn\a| R Z Ao R (3.64)

ol
AS

On multiplying (3.64) by >~ ~_, B, we get

i|Bm|2sm _ Ji Splgi(b innlal a| ZB* . ZAnnn ZB* . 3 65)
m=0 n=0

Taking conjugate of (3.45), we get

. Spln(b) —inklal * - *
- zJWe mlal 4 A% = Z B* Ry (3.66)

By substituting (3.66) into (3.65) and taking real part, we obtain

Z‘B ’23m+277m\z4 |2+ZJZA* *901” —innla\+

_5% J? goln_@ei(nn—mﬁ)la\ﬁ ’ (3.67)

. Soln in*
i An—em"‘“|
Z 2 o |al
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or

P,=P +DP,. (3.68)

To scale the power at unity, we divide (3.68) with P;, which yields 3.62,
1 - ET‘ + Et'

Now to calculate transmission loss we use (3.55) into (3.51), we achieve

4| B, |? 8
TL = —20log [Z |.J|2|¢1,(b) ] (3.69)

3.4 Sound Source in Discontinuous Waves Involv-
ing Porous Material
The basic structure of the waveguide is same as discussed in section 1. However,

the region between h; < y < hy at x > 0 contains sound absorbent material. The

physical configuration of the waveguide is shown in Fig.2.

y= }12

rigid
V= hl
rigid !
|
—_— | 7
R I 2
1% (a,b) :
_— >
« |
y=0 rigid | rigid
x<0 (0,0) x>0

FIGURE 3.2: The geometry of the semi-infinite duct

The governing differential system is made dimensionless through transformation as

explained in section 1. The non-dimensional fluid potential ®(z,y) in waveguide
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q)l(xvy)a ZE<O, Oéyéhla
Oz, y) = (3.70)

(I)2<x7y)7 x>0, 0<y<hs.

The governing Helmholtz’s equation in R; satisfies at x = a and y = b,

{(;9—24—88—22—1—1}(1)11@,?/) =—Jo(x —a)o(y — b), (3.71)

while at = # a and y # b,

2 r
{w + a—yz + 1}(131(90,?;) =0.

The rigid boundary conditions are

Since first duct is same as in previous problem, so ®;(z,y) will be same, i.e.
l’ y _ 'LJZ Spln Spln znn\x—a\ + i An@ln(y)e_innx' (373)
277n n=0

The fluid potential ®5(z,y) in region Ry satisfies

82 82
{a_+ﬁ+1}q>2<x,y>—o, 20, 0<y<hy, (3.74)

in air medium and satisfies

0? 0?
{W—FW—FFQ}@Q(%ZJ):O, x>0, hy <y < hy, (3.75)

in porous medium, where I is the non-dimensional propagation constant and is

I'=1+ia&% + az&™. (3.76)
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The normalized complex density in non-dimensional form is given by

B =T (14 a5 —ia;&™). (3.77)

Here,

g_f

is the non-dimensional parametric frequency in porous medium,

o= A pf"’, is the flow resistivity,
pp is bulk density and f is the excitation frequency,
the constants aq, as,...,as and A; — Ay are determined experimentally and for

different porous material their values are different.

The walls at y = 0, hs are acoustically rigid,

0P,
— =0, =0, ho. 3.78
By Y 2 ( )
At porous lining y = hy, the velocities across the region are continuous

02,
y

0P,

(a.01) =G

—(z,hy), x>0. (3.79)
The continuity of pressures across the region is

BOy(x, i) = Pa(x, by ). (3.80)
The eigenfunction expansion ansatz in region R, is

Dy (z,9) ZB Y, ()€™, (3.81)

where Y,,(y) the eigenfunctions that determine the shape of propagating modes,

s, be the n'® mode wavenumber and B, is the n'® mode amplitude. We define

Yln(y)> ZC>07 OSZ/S h17
Ya(y) = (3.82)

}/Qn(y)v T > 07 hl S ) S h27
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and then use (3.81) into (3.72)-(3.80) to get
Vi) = mYi(y) =0, 0<y<h, (3.83)
where
T =1vs2—1 and A\, =+/s2 — 2. (3.85)
The boundary conditions are
Y/, (0) =0, (3.86)
¥,(0) = 0, (3.87)
Vi, () = Yy, (), (3.88)
Yin(h1) = BYan(hr). (3.89)
On solving (3.83) and (3.84), we find that
Y1n(y) = ¢ cosh(y,y) + 10 sinh(7,y), (3.90)
Yon(y) = ¢11 cosh(\,y) + c12sinh(A,y). (3.91)
By using (3.90) into (3.86), we find ¢19 = 0 then
Y1 (y) = ¢g cosh(v,y). (3.92)
Accordingly on using (3.91) into (3.87), we get
inh(\,h
Cly = _Cusm—(Q). (3.93)

cosh(A,hs)
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On using (3.93) into (3.91), we have

Yonly) = ‘W cosh [Aa(y — ha)] (3.94)

By using (3.92) and (3.94), (3.88) implies

_ C9Yn sinh(y,h1) cosh(A,hz)

= 3.95
u Ay sinh [\, (hg — hy)] (3.95)
By using (3.95), (3.94) becomes
n sinh (v, h h{A.(y —h
an(y) _ _697 Sl (fy 1) COS [ (y 2)] ] (396)

)\n sinh [)\n(hg — hl)]

Now on substituting (3.95) and (3.96) into (3.89), for non-trivial solution we get

B’Yn Sinh(’}/nhl) cosh [)‘n(hQ - hl)]

Ap sinh Ay (hg — hy)] =0. (3.97)

cosh(v,h1) +

Note that we can solve (3.97) numerically for s, which yields A, and ~,. The

resulting eigenfunctions satisfy the following orthogonality relation,

hl h2
| YV + 5 [ Van)Vorl0)dy = G, (395)
0 hi1
where
h1 h2
Go= [ Vitdu+8 [ V)i (399)
0 1
On using (3.92) and (3.96) into (3.82), we get
(
cosh(v,y), x>0, 0<y<hy,
Ya(y) = 1 (3.100)
Yn sinh (v, k1) cosh [N, (hy — y)]
_ hi <y < hs.
\ Nosinh (s — hy)] 0 P msysh

At matching interface x = 0, the continuity of acoustic pressure gives

®1(0,y) = ®2(0,y), 0<y<h. (3.101)
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On using (3.73) and (3.81) into (3.101), we find
iji P1nW)Pnb) i jal . iAngoln(y) - i B.Yaly), 0<y<hi. (3.102)
n=0 27]71 n=0 n=0 a a
Multiplying with ¢1,,(y), integrating from 0 to h;, we achieve
n=0 n=0
where
1 . Qolm(b) i _
b= iJ el al 3.104
Qm l 277m e ? ( )
and
h1
R = / Y, (y)p1m(y)dy. (3.105)
0
On solving (3.103), we get
Am ==Qh + > BuRopn. (3.106)
n=0
At matching interface x = 0 the continuity of acoustic velocity gives
ch:E(an)a Ogyghla
©2,(0,y) = (3.107)

0, hy <y < hy.

On using (3.73) and (3.81) into (3.107), multiplying with Y5,,(y), integrating over

h1§y§h27

o0 ha

n=0"M

(3.108)

Accordingly, on substituting (3.73) and (3.81) into (3.107), multiply with Yi,,(y),

integrating over 0 < y < hy to get

o) hi h1 o b) .
S [ w0ty =~ [y LB ey, )y
n=0 0 0 n=0

h1
0

= Anin, / P10 (4)Yim (y)dy.
n=0

(3.109)
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Multiplying (3.108) with 8 and then adding the resulting to (3.109), we find

ha . o0
ngYMdy} B, =P, —iY AmyRym. (3.110)

n=0

00 hi
0

n=0 h1

On using orthogonality relation (3.98), we get

zi 50 BnGpbmn = P — zi A Ry, (3.111)
n=0 n=0
or
B, — Z,S: gm - Smle gAn%an, (3.112)
where
pi = —Jg SOI”T(b)e"W“'an. (3.113)

By fixingm =n =0,1,2,...N, we get 2(N +1) number of equations with 2(N +1)

unknowns. These are solved simultaneously to get these unknowns.

3.5 Numerical Results

In this section the above system of infinite linear algebraic equations (3.49) is
truncated upto n = 0,1,2,..., N terms and then system is solved numerically.
Note that the reduced system contains 2(N + 1) equations. By solving these
equations, we obtain the coefficients A,,, B,,,n =0, 1,2, ..., N. Once these scattered
coefficients are known the pressures and velocities can be plotted at interface.
In order to show the graphs, fixing the duct heights at h; = 0.25m and hy =
0.35m, the pressures and normal velocities components are plotted against non-
dimensional duct heights at interface in figures 3.3-3.8. The physical parameters,
¢ = 343.5m/s and p = 1.2043kg/m.Note that the source is placed at a = —0.2m
and b = 0.03m with strength J = 500.
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0.0 05 1.0 15 2.0
y

FIGURE 3.3: Real part of pressures ®1(0,y) and ®2(0,y), plotted against y,
where N = 20 terms.

0.0 05 1.0 15 2.0
y

FIGURE 3.4: Imaginary part of pressures ®;(0,y) and ®2(0,y), plotted against
y, where N = 20 terms.
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FIGURE 3.5: Real part of pressures ®1(0,y) and ®2(0,y), plotted against y,
where N = 10 terms, h1 = 0.30, ho = 0.40 and J = 600.
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y

FIGURE 3.6: Imaginary part of pressures ®1(0,y) and ®2(0,y), plotted against
y, where N = 10 terms hy = 0.30, hy = 0.40 and J = 600.
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y

FIGURE 3.7: Real part of velocities ®1,(0,y) and ®9,(0,y), plotted against y,
where N = 20 terms.
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FIGURE 3.8: Imaginary part of velocities ®1,(0,y) and ®2,(0,y), plotted
against y, where N = 20 terms.
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Figs. 3.3 and 3.4 show the real and imaginary parts of pressures ®;(0,y) and
®5(0,y) in the regions 0 < y < hy and 0 < y < hg, respectively. The real
and imaginary parts of normal velocities ®1,(0,y) and ®2,(0,y) for the respective
regions are plotted in Figs. 3.7 and 3.8. It can be observed from figures that
the pressures and velocities in fluid regions agree very well. It shows that the

truncated terms of solution satisfy the matching conditions.
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FIGURE 3.9: The energy flux/power components against frequency in disconti-
nous waveguide with ducts hight hy = 0.25 and hy = 0.35 with J = 30.
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FIGURE 3.10: The energy flux/power components against frequency in discon-
tinous waveguide with ducts hight A; = 0.20 and he = 0.30 with J = 100.



Sound source inclusion in discontinuous wavegquide 39

In Figs. 3.9 and 3.10 the reflected power is shown by blue dotted curve, while
green curve represents the transmitted power. The red dotted line is the sum of

reflected and transmitted powers and which is unity.

Likewise, for porous material case the physical parameters can be chosen as
f =100Hz, p = 1.2043kg/m3, p, = 100 and coefficients for bulk acoustic proper-
ties for A glass, E glass, Basalt wool and Steel wool are shown in Table 3.1 [67].
Coefficients for the steady flow resistivity are shown in Table 3.2 [68]. For porous
material case we have displayed Figs. 3.11-3.14 to show the real and imaginary
parts of non-dimensional pressures and velocities at matching interface. Figs. 3.11
and 3.12 show the real and imaginary parts of pressures ®(0,y) and ®(0,y) in
the region 0 < y < hy; and 0 < y < hy respectively. The real and imaginary
parts of normal velocities ®1,(0,y) and ®,,(0,y) for respective regions are shown
in Figs. 3.13 and 3.14. From figures we can see that the pressures and velocities in
fluid regions agree very well. It shows that the truncated terms of solution satisfy

the matching conditions.

TABLE 3.1: Coefficients for bulk acoustic properties [73]

A glass E glass Basalt wool Steel wool

a;  0.2251 0.2202 0.2178 0.1540
ay -0.5827  -0.5850 -0.6051 -0.7093
as  0.1443 0.2010 0.1281 0.1328
ay -0.7088  -0.5829 - 0.6746 -0.5571
as -0.7177  -0.6687 -0.7664 -0.5557
a; 0.1457  0.1689 0.1376 0.0876
ag -0.5951  -0.5707 -0.6276 -0.7609

TABLE 3.2: Coefficients for the steady flow resistivity [73]

A glass E glass Basalt wool Steel wool
A; 1.857 5.774 3.012 0.312

Ay 1.687 1.792 1.761 1.615
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FIGURE 3.11: Real part of pressures ®;(0,y) and ®5(0,y), plotted against y,

where N = 15 terms.
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FIGURE 3.12: Real part of pressures ®1(0,y) and ®2(0,y), plotted against y,
where N = 15 terms.
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FIGURE 3.13: Real part of pressures ®1(0,y) and ®5(0,y), plotted against y,
where N = 15 terms.
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FIGURE 3.14: Real part of pressures ®1(0,y) and ®2(0,y), plotted against y,
where N = 15 terms.



Chapter 4

Chamber-Silencer with Porous

Lining

In this chapter, a physical problem involving porous material is solved by using
Mode-matching technique. The problem contains four regions. The central region
involves porous material. The problem is radiated with source from the inlet which

is attenuated by the chamber and passes through the outlet.

4.1 Mathematical Formulation

In this problem we have four regions Ry, Ry, R3 and R4. The region R, is bounded
by rigid walls and comprises sound source at (z,y) = (a,b). The region Ry contains
sound absorbent material which is separated from air the air medium through a
porous lining at y = hz. The region R3 has rigid boundaries at y = hy and y = hs.
The region R4 has acoustically rigid boundaries at z > L, y = 0 and y = h;.
The sound wave is incident from region R; which transmitted in region R4, while
reflection is in regions Ry, Ry and R3. The geometry of problem is shown in Fig.1.

42
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FIGURE 4.1: The geometry of the semi-infinite duct

The dimensionless fluid potential ®(z,y) in the waveguide can be expressed as

(

(I)1<xay)7
(I)Q(I7y)7
q)3<m7y)7

\(1)4(1)7 y)7

The rigid boundary conditions for regions R;, i = 1,2, 3,4 are given as

aQ>l(x7 y)
dy

8®2($, y)

8@3(%7 y)

aq)ll(xa y)

r < 07 0 < Yy < h17

x>0, 0<y < hy,
(4.1)

T < 07 h2 S Yy S h3a

x>0, 0<y<h.
=0, y=0, hy, (4.2)
, Y= O, h4, (43)
== 0, Yy = hg, h3, (44)
0, y=0, hy. (4.5)
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4.2 Mode-Matching Solution

We apply Mode-matching technique to solve the boundary value problem. First
we determine the eigenfunction expansion of region R;. In this region the fluid

potential ®;(x,y) is the sum of incident field ®}(z,y) and reflected field ®* (x,y)

@iz, y) = Py (2, y) + Pi(z,y). (4.6)

The governing Helmholtz’s equation for region Ry at  =a and y = b is

{%+%+1}@ (x,y) =—Jé(x —a)d(y — b), (4.7)

while at x # a and y # b is

{;; ;22“}@( y) = 0. (4.8)

As the conditions for region R; are same as in previous problem, therefore @ (z,y)

and @} (z,y) will be same i.e.

Q1 (z,y) ZAngpln e~ (4.9)
) (z,y) = i DoY) (g;)% () ginna—al, (4.10)
Tn
n=0

On substituting (4.9) and (4.10) into (4.6), we achieve

ZL‘ y _ ZJZ (pln 27;01n znn\x—a\ +2Anw1n(y)6_mnx~ (411)
" n=0

The governing Helmholtz’s equation for region R,, for air medium is

0? 0?
{W+W+1}@2($’y)207 0<y< hs, (4.12)
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while for porous medium it takes form

0? 0?
{@‘Fa—?ﬂ‘f—]ﬁ}qh(%y):o; hs <y < hy, (4.13)

where [ is the non-dimensional propagation constant and is
I'=1+ia1&" + az&™. (4.14)
The normalized complex density in non-dimensional form is given by
B =1 (14 a5 —iaz£%). (4.15)

Here,
_fr . : . : . .
¢ = —, is the non-dimensional parametric frequency in porous medium,
o

o=A4A pgb, is the flow resistivity,
pp is bulk density and f is the excitation frequency,
the constants aq,as,...,ag and A; — A, are determined experimentally and for

different porous material their values are different.
The fluid potential in region Ry can be expressed as eigenfunction expansion for-

mulation given by

Oy(z,y) = Z {Bne"n" + Cre "} Y, (y), (4.16)
n=0
where
(
cosh(y,y), 0<y<hs,
Ya(y) = (4.17)
T sinh(y'nhg) cosh [\, (hy — y)]’ he < < Iy
\ >\n smh [)\n(h4 — h3)]

The governing Helmholtz’s equation for region Rj is

82 82
{@+8_g;2+1}q)3($’y):0’ hy <y < hs. (4.18)
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Now to solve (4.18) subject to rigid boundary condition (4.4), the eigen expansion

form of reflected duct modes is assumed as,

®y(z,y) = DuPsn(,y), (4.19)

where D,,, n = 0, 1,2, ... are the amplitudes of reflected duct modes and @3, (z,y),n =
0,1,2,... contains shape and direction of reflected modes. To find ®3,(z,y) from
boundary conditions for region R3, we use separation of variable method. For this

we assuine

CI)3n(ZE, y) - X3n(x)1/}3n(y) (420)

On using (4.20) into (4.18), we get
Xgn(fE) = Clgeiynz + 01467’“/”1 (421)

and
V3, (y) = c15 cos(Ty) + c16 8in(1,y), (4.22)
where

v =+/1— 72. (4.23)

From rigid boundary conditions (4.4), at y = hy we obtain

dwi’m
dy

(he) = 0. (4.24)
On using (4.22) into (4.24), we get

sin(7,h2)
1 = ——C

which on invoking back into (4.22), yields

Vsny) = ——2— cos 1 (y — ha)]. (4.25)

cos (7, h2)
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Now from (4.4), we can write the rigid condition at y = h3 as

dw?m
dy

(hs) = 0. (4.26)
On using (4.25) into (4.26), we get

sin [r(hs — ha)] = 0, (4.27)

nm
——— n f—
hy — hy’

3, (y) = cos [1,(y — he)] are orthogonal and satisfy the orthogonality relation

which yields eigenvalues 7,, = 0,1,2,... the resulting eigenfunctions

hs hs — h
¢3nw3mdy - 5 2 2€m(5mn- (428)

ho

Thus, we can write the orthonormal relation

hs
/h ©3n(Y)P3m (¥)dy = Omn, (4.29)
where
B 2
Pam(y) = (s = ha)em V3n(y)-

As reflection takes place in negative x direction only, therefore ¢;3 = 0 and reflected

field in R3 can be given by
Os(2,y) = Y Dupsnl(y)e """, (4.30)
n=0
The fluid potential ®4(x,y) in the region R, satisfies

0? 0?

The fluid potential in this region can be find by using separation of variable method
as used for ®;(z,y), accordingly by using the separation of variable method, that
gives

Oy(2,y) = > Enprn(y)e™ 1), (4.32)
n=0
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The modal coefficients {A,, By, Cy, Dy, E,,} are unknowns. To determine these

unknowns, we apply matching conditions at x = 0 and = = L, that are

P1(0,y) = ®2(0,y), 0<y < hy, (4.33)
®3(0,y) = @2(0,y), he <y < hs, (4.34)
(I)4(L,y) = (I)Q(L,y), 0 S Y S hl, (435)

q)ll‘(ovy)a Ogyghh

07 hl S y S h27

q)3$(07y)7 hQ S ) S h37
Oa h’S S Yy S h47

¢)4$(L7y)7 OSyShM

07 hl§y§h4

By using (4.11) and (4.16) into (4.33), we find

Spln Spln z n|—al - _ =
iJ Z T i) = 2 AB o+ GV (439

Multiplying with ¢1,,(y) and integrating over 0 <y < hy

ZJZ/ P1n 27;:1” b) einl— a\ dy—i—ZA / O1n(Y) 01 (y)dy
hi1
= Z {Bn + Cn}/ P1m(y) Yo (y)dy.
n=0 0

(4.39)

On using orthogonality relation (3.23), we get

Z@ln giml=alg *ZA S = Z{B +C, }/ P1m(y)Yn(y)dy, (4.40)
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or
Qb+ A =>_{By+Cy} Ry, (4.41)
where
ha
Ron = [ oum(@)¥alu)dy (1.42)
0
and
‘ (b .
Q= U('Ol_()emml—al_ (4.43)
20,
Likewise on using (4.16) and (4.30) into (4.34) gives
> Dupsa(y) =Y _{Bn+ Cu} Yaly). (4.44)
n=0 n=0
Multiplying with ¢3,,(y) and integrating over hy <y < hg,
h3
Z D, / o))y =3 By + C, P Vwemmd. @445
n=0
By using orthonormal relation (4.29), we obtain
Dy =Y {Bu+Cn} Pun, (4.46)
n=0
where
hs3
P = / Yoy s () . (4.47)
ha
Accordingly, we substitute (4.16) and (4.32) into (4.35) to achieve
D Eupn(y) =Y {Buet 4 Cre ™} Y, (y) (4.48)
n=0

n=0

On multiplying (4.48) with ¢1,,(y), integrating over 0 < y < hy, we get

o0

ZE / (W) Pim(p)dy = S {Bue® + et} / 1 (1) Yo (y)dy.

n=0

(4.49)
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On using orthogonality relation (3.23), we obtain

o)

= {Bue"" + Cre} Ry, (4.50)

n=0

Now to incorporate velocity conditions, we substitute (4.11), (4.16) and (4.30) into
(4.36), we find

JZOO Pin(y)ein(b) )2‘01”([’) emnl—“'ﬁ = > o An1n (),
} 0<y< Iy,
222 {Bn = Cu} s2Yuly) = { 0, h <y < ha,
=iy o o Dpnpsn(y), hy <y < hs,
L0 hs <y < hy.
(4.51)

On multiplying with Y7,,(y), integrating over 0 < y < hg

h1

o} hs 00
. ()0 n b Nn|—a a
iy {B.—Cu} s /0 VieVindy =73 £100) ) @iy
n=0

hs
—@Zﬁn/ (pln }/lm( dy—ZZD Vn/ ()03n(y)}/1m(y>dy

n=0 ha
(4.52)

or

o] h3 A 00 o]
iy {Bn—Cy} sn/ YinYimdy = Fy =i Y AgipRum =1 Y Dy Pam, (4.53)
n=0 0 n=0 n=0
where

; m b % —al @ i
R = g2 & [ g Vinti)dn (4.54)
0

On multiplying (4.51) by Y5,,(y), integrating over hsy < y < hy, we find

[ee) ha
i> {B,—Cy} sn/ YonYamdy = 0. (4.55)
n=0

hs
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Now multiply (4.55) with 5 and add into (4.53) to obtain

hy

anngdy}

hs

00 hs
n=0 0 (4.56)

=F — Zio A R — i i DV P

On using orthogonality relation (3.98), (4.56) leads to

zi {B, — C,} 5,6,mGpn = F! — zi A Ry — zi Dpn P, (4.57)
n=0 n=0 n=0

or

By, — Cy = e Fi— ; At R — i ; Dty P | - (4.58)

Now on substituting (4.16) and (4.32) into (4.37), we get

>0 . . Yoo Enitnp1n(y), 0 <y < hy,
Z 15y, (Bne“"L — C’ne_“”L) Y, (y) = 0

"= 0, <y < ha.
(4.59)
Multiplying (4.59) by Y., (y) and integrating over 0 < y < hy, we obtain
s X . ha o0 h1
Z Z.Sn (BnewnL - Cne_wnL) / Yn(y)Ym(y)dy = Z EnZT]TL/ ngn(y)Ym(y)dy,
n=0 0 n=0 0
(4.60)
or
, ,  [—
Bpeismt — ¢ eieml — EotnRum. 4.61
¢ e p—vem ; n (4.61)

By fixingm =n =0,1,2,...N, we get 5(N +1) number of equations with 5(N +1)

unknowns. These are solved simultaneously to get these unknowns.
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4.3 Energy Flux
The energy flux/power in closed region can be defined as [69]

Energy flux = -afe { / (2‘91;) dQ] (4.62)

where Q is the domain of region. The transmission loss is defined by [70]

P,
TL = —20log {Pt} (4.63)

The incident and reflected power can be calculated by using (4.11) into (4.62),

n m b | r— —_n* -
Energy flux|g, = —%ZZ { Z‘JP%@’W al(n =) L~ @

n=0 m=0 ’.CL’—CL’

+ J§01n<b)A:(nn::n einn|x—a\€in;‘nx - Z']*Angolm(b) 6—1’77;1\95—(1\6—2'77”96 r—a
21, 2 |z — al

h1
_AnAine”%‘”")] / P1n(Y)p1m(y)dy.  (4.64)
0

On using orthogonality relation (3.23) into (4.64), we achieved

1 - O i alin iy T — @
Energy ﬂux|R1 = E%Z |:|J|2%61|$ [(m =) ’x — a’:| _

m=0

1. — . . m(b) -
SR [nftaetom i) g g 2 il i g
m=0 "Im
I B
=

. o

From (4.65) we can write the incident power as

2
P = In |J|2M ile—al(m—nz) L~ 4 | (4.66)
2 477m |$ - &|
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Likewise, the reflected power can be written from (4.65)

1 - 2 % _—ix(Mm—n,) Solm(b) inml|r—al jintx A* . *
Pr:§§Rmz_:0 |:Am| N € n K + J%—me” e' Amnm+
1S 01 (b) Ay “imlrmal T\ (4,67
tJ 1 ( ) € € ’.17 — (Z’ ( )

Now to find transmitted power in 4'® region, we substitute (4.32) into (4.62) to

get
1 o0
Pr= SR> _|E*mn (4.68)
n=0
On using (4.66) and (4.68) into (4.63), we obtain
S 4B PRz — af
TL=-201 “ . 4.69
- [Z TPIom®)P (e — ajere—tnr) (409

4.4 Numerical Results

In this section, the infinite linear algebraic equations defined in (4.41), (4.46),
(4.50), (4.57) and (4.61) are truncated upto n = 0,1,2,..., N terms and then the
retained system is solved numerically. The reduced system contains 5(N +1) equa-
tions. By solving these equations, we obtain the coefficients A,,, B,,, C,,, D,,, E,,,n =
0,1,2,...,N. Once these coefficients are known the pressures and velocities can
be plotted at interface. In order to show the graphs on fixing the duct heights
at hy = 0.06m , ho = 0.085m, hs = 0.1m and hy = 0.15m, L = 0.05m, the
pressures and normal velocities components are plotted against non-dimensional
duct heights at interface in Figs. 4.2-4.11. The physical parameters chosen are,
c = 343.5ms ! and p = 1.2043kgm™', a; = 0.2202, ay = —0.5850, az = 0.2010,
ay = —0.5829, a5 = 0.0954, ag = —0.6687, a; = 0.1689, ag = —0.5707, A; = 5.774,
Ay = 1.792. Note that the source is placed at a = —0.2m and b = 0.03m with
strength J = 500.
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4.2: Real part of pressures ®1(0,y) and ®2(0,y), plotted against y,

FIGURE

-90;

-100;

-110;

Im(P)

-130;

-140;

-150¢

-120;

where N = & terms.

-
-------------
-
-
-
-
-

@

0.0 0.1 0.2 0.3
y

04 05

0.6

FIGURE 4.3: Imaginary part of pressures ®1(0,y) and ®2(0,y), plotted against

y, where N = 8 terms.
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Figs. 4.2 and 4.3 show the real and imaginary parts of pressures ®;(0,y) and
®5(0,y) in the regions 0 < y < h; . From figures we can see that pressures in
fluid regions coincide. It shows that the truncated terms of solution satisfy the

matching conditions.
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FIGURE 4.4: Real part of pressures ®5(0,y) and ®3(0,y), plotted against y,
where N = 8 terms.
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FIGURE 4.5: Imaginary part of pressures ®5(0,y) and ®3(0,y), plotted against
y, where N = 8 terms.
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Figs. 4.4 and 4.5 show the real and imaginary parts of pressures ®,(0,y) and

®3(0,y) in the regions hy < y < hs. Also Figs. 4.6 and 4.7 show the real and

imaginary parts of pressures ®o(L,y) and ®4(L,y) in the regions 0 < y < hy. It

can be observed from figures that the pressures in fluid regions agree very well.

That gives the truncated terms of solution satisfy the matching conditions.
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FIGURE 4.7: Imaginary part of pressures ®o(L,y) and ®4(L, y), plotted against
y, where N = 8 terms.
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Likewise, Figs. 4.8 and 4.9 show the real and imaginary parts of velocities ®1,.(0, y),
®$,,(0,y) and P3,(0,y) in the regions 0 < y < hy, 0 <y < hy and hy < y < hs,

respectively. From figures we can see that the velocities in fluid regions agree very

well.
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FIGURE 4.8: Real part of velocities ®1,(0,y) , ®2,(0,y) and ®3,(0,y), plotted
against y, where N = 8 terms.
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FIGURE 4.9: Imaginary part of velocities ®1,(0,y) , ®2,(0,y) ®3,(0,y), plotted
against y, where N = 8 terms.
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Figs. 4.10 and 4.11 show the real and imaginary parts of velocities ®y,(L,y)
and ®4,(L,y) in the interval 0 < y < hy. It can be observed from figures that
the velocities coincide. It shows that the truncated terms of solution satisfy the

matching conditions.
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FIGURE 4.10: Real part of Velocities ®2,(L,y) and ®4,(L,y), plotted against
y, where N = 8 terms.
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FIGURE 4.11: Imaginary part of velocities ®o,(L,y) and P4, (L,y), plotted
against y, where N = 8 terms.
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Now we will show the graphs of transmission loss with the physical parameters

are taken as hy = 0.06, hy = 0.085, hg = 0.1, hy = 0.13 and L = 0.03.

TLoss

Frequency
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FIGURE 4.12: Transmission loss against frequency for rigid walls with porous
medium.

From Fig. 4.12 it can be seen that by increasing the length L of the Chamber the

transmission loss is increased.
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FIGURE 4.13: Transmission loss against frequency for rigid walls with porous
medium with L = 0.1.
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FIGURE 4.14: Transmission loss against frequency for rigid walls with porous
medium with L = 0.05, hy = 0.05, hy = 0.1, h3 = 0.15 and hy = 0.5.
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From Fig. 4.14 it can be observed that by increasing the length of porous medium

the transmission loss is increased.



Chapter 5

Conclusion

The Chapter wise summary and conclusion of the present study are enclosed in
this Chapter. Chapter 1 depicts background and literature survey relevant to the
current study along with thesis structure. In Chapter 2 useful definitions and
some derivations are included. Chapter 3 consists of two problems with numerical
results. In first problem we have discussed two regions with step discontinuity
along with a source in the first region. Mode-matching technique is used to solve
the governing system. The matching conditions of pressures and velocities are
satisfied. The incidence, reflection and transmission of energy is shown graphi-
cally. The sum of reflected and transmitted power is equal to incident power and
which have been shown graphically. The second non-dimensional problem consists
of a porous region. The second problem is also solved with Mode-matching tech-
nique and the matching conditions confirms the accuracy of truncated solution. In
chapter 4 we have discussed a problem with four regions. In the first region sound
source is located. The second region can be regarded as expansion chamber having
porous medium. The transmission takes place in the 4" region while reflection
is in other regions. Numerical results have been discussed and matching condi-
tions of pressures and velocities agree very well, which means that the truncated
solution satisfy. The incident, reflected and transmitted powers for corresponding
regions have been discussed. The attenuation of source radiation with expansion

chamber having porous medium is investigated. It is seen that dimensions of the
61



Conclusions 62

chamber effect the attenuation of source radiation. The transmission is increased

by increasing the length of duct.



Bibliography

[1] K. Peat, The acoustical impedance at the junction of an extended inlet or

outlet duct, Journal of sound and vibration, 150(1): 101-110 (1991).

[2] M. U. Hassan and A. D. Rawlins, Sound radiation in a planar trifurcated lined

duct, Wave Motion, 29(2): 157-174 (1999) .

[3] A.D. Rawlins, Radiation of sound from an unflanged rigid cylindrical duct with
an acoustically absorbing internal surface, Proceedings of the Royal Society of

London. A. Mathematical and Physical Sciences, 361 (1704): 65-91(1978).

[4] A. D. Rawlins, Wave propagation in a bifurcated impedance-lined cylindrical

waveguide, Journal of Engineering Mathematics, 59(40): 419-435 (2007).

[5] M. Ayub, M. Ramzan, and A. Mann, Acoustic diffraction by an oscillating
strip, Applied Mathematics and Computation, 214(1): 201-209 (2009).

[6] M. Ayub, M. Tiwana, and A. Mann, Acoustic diffraction in a trifurcated waveg-
uide with mean flow, Communications in Nonlinear Science and Nu-merical

Simulation, 15(12): 3939-3949(2010).

[7] M. Ayub, M. Ramzan, and A. Mann, Line source and point source diffraction

by a reactive step, Journal of Modern Optics,56(7): 893-902 (2009).

[8] J. B. Lawrie and M. Afzal, Acoustic scattering in a waveguide with a height

discontinuity bridged by a membrane: a tailored galerekin approach, Journal
of Engineering Mathematics, 105(1): 99-115 (2017).
63



Bibliography 64

9] M. Ayub, R. Nawaz and A. Naeem, Diffraction of sound waves by a finite
barrier in a moving fluid, Journal of mathematical analysis and applications,

349(1): 245-258 (2009).

[10] L. Huang, Modal analysis of a drum like silencer, the Journal of the Acoustical

Society of America, 112(5): 2014-2025 (2002).

[11] L. Huang, Parametric study of a drum-like silencer, Journal of sound and

vibration, 269(3-5): 467-488 (2004).

[12] L. Huang, Broadband sound reflection by plates covering side-branch cavities
in a duct, the Journal of the Acoustical Society of America, 119(5): 2628-2638
(2006).

[13] A. Cummings and I.J. Chang, Sound attenuation of a finite length dissipative
flow duct silencer with internal mean flow in the absorbent, Journal of Sound

and Vibration, 127(1): 1-17 (1988).

[14] K. S. Peat, A transfer matrix for an absorption silencer element, Journal of

Sound and Vibration, 146(2): 353-360 (1991).

[15] R. Kirby, Simplified techniques for predicting the transmission loss of a cir-
cular dissipative silencer, Journal of Sound and Vibration, 243(3): 403-426
(2001).

[16] R. Folk, A. Herczynski, Solutions of elastodynamic slab problems using a new

orthogonality condition, The Journal of the Acoustical Society of America,

80(4): 1103-1110 (1986).

[17] R. Folk, A. Herczynski, Orthogonality condition for the Pochhammer-Chree
modes, The Quarterly Journal of Mechanics and Applied Mathematics, 42(4):
523-536 (1989).

[18] J. B. Lawrie and R. Kirby, Mode-matching without root-finding: Application
to a dissipative silencer, The Journal of the Acoustical Society of America,

119(4): 2050-2061 (2006).



Bibliography 65

[19] J. B. Lawrie and R. Kirby, On analysing the performance of a dissipative
silencer: a mode-matching approach, IUTAM Symposium on Asymptotics,

Singularities and Homogenisation in Problems of Mechanics, 169-178 (2003).

[20] K.S. Peat and K. L. Rathi, A finite element analysis of the convected acoustic
wave motion in dissipative silencers, Journal of Sound and Vibration, 184(3):

529-545 (1995).

[21] A. F. Seybert, R. A. Seman and M. D. Lattuca, Boundary element prediction
of sound propagation in ducts containing bulk absorbing materials, 976-981

(1998).

[22] R. A. Scott, The propagation of sound between walls of porous material,

Proceedings of the Physical Society (1926-1948), 58(4): 358 (1946).

(23] A. Bokor, Attenuation of sound in lined ducts, Journal of Sound and Vibra-
tion, 10(3): 390-403 (1969).

[24] C. Wassilieff, Experimental verification of duct attenuation models with bulk

reacting linings, Journal of sound and vibration, 114(2): 239-251 (1987).

[25] R. J. Astley and A. Cummings, A finite element scheme for attenuation in
ducts lined with porous material: comparison with experiment, Journal of

Sound and Vibration, 116(2): 239-263 (1987).

[26] J. U. Kurze and I. L. Ver, Sound attenuation in ducts lined with non-isotropic

material, Journal of Sound and Vibration, 24(2): 177-187 (1972).

[27] A. Cummings, Sound attenuation in ducts lined on two opposite walls with

porous material, with some applications to splitters, Journal of Sound and

Vibration, 49(1): 9-35 (1976).

[28] A. Cummings, Sound attenuation in ducts lined on two opposite walls with

porous material with some application to splitters, Journal of Sound and Vi-

bration, 49: 9-35 (1976).



Bibliography 66

[29] R. J. Astley and A. Cummings, A
finite element scheme for attenuation in ducts lined with porous material com-

parison with experiment, Journal of Sound and Vibration, 116: 239-263 (1987).

[30] R. Kirby and J. B. Lawrie, A point collocation approach to modelling large
dissipative silencers, Journal of Sound and Vibration, 286: 313-339 (2005).

[31] R. Nawaz and J. B. Lawrie, Scattering of a fluid-structure coupled wave at a
flanged junction between two flexible waveguides, The Journal of the Acoustical

Society of America, 134(3): 1939-1949 (2013).

[32] R. Nawaz, M. Afzal and M. Ayub, Acoustic propagation in two-dimensional
waveguide for membrane bounded ducts, Communications in Nonlinear Science

and Numerical Simulation, 20(2): 421-433 (2015).

[33] M. Afzal, R. Nawaz and A. Ullah, Attenuation of dissipative device involving
coupled wave scattering and change in material properties, Applied Mathe-

matics and Computation, 290: 154-163 (2016).

[34] T. Nawaz, M. Afzal and A.Wahab, Scattering analysis of a flexible trifurcated
lined waveguide structure with step-discontinuities, Physica Scripta, 96(11):

115004 (2021).

[35] ] M. Afzal, T. Nawaz and R. Nawaz, Scattering characteristics of planar trifur-
cated waveguide structure containing multiple discontinuities, Waves in Ran-

dom and Complex Media, 1-20 (2020).

[36] M. Afzal, S. Shafique and A. Wahab, Analysis of traveling waveform of flexible
waveguides containing absorbent material along flanged junctions, Communi-

cation in Non-Linear Science and Numerical Simulation, 97: 105737 (2021).

[37] M. Afzal and S. Shafique, Attenuation analysis of flexural modes with ab-

sorbent lined flanges and different edge conditions, Journal of the Acoustical

Society of America, 148: 85 (2020).



Bibliography 67

[38] S. Shafique, M. Afzal and R. Nawaz, On the attenuation of fluid-structure
coupled modes in a non-planar waveguide, Mathematics and Mechanics of

Solids, 25(10): 1-20 (2020).

[39] M. Afzal, J. U. Satti and R. Nawaz, Scattering characteristics of non-planar
trifurcated waveguides, Meccanica, 55: 977-988 (2020).

[40] T. Nawaz, M. Afzal and R. Nawaz, The scattering analysis of trifurcated
waveguide involving structural discontinuities, Advances in Mechanical Engi-

neering, 11(7): 1-11 (2019).

[41] H. Bilal and M. Afzal, Acoustic wave scattering from a wave-bearing cavity
in a rectangular waveguide, Journal of the Acoustical Society of America, 144:

1681 (2018).

[42] A. Ullah, R. Nawaz and M. Afzal, Fluid-structure coupled wave scattering in a
flexible duct at the junction of planar discontinuities, Advances in Mechanical

Engineering, 9(7): 1-11 (2017).

[43] S. Shafique, M. Afzal and R. Nawaz, On mode matching analysis of fluid-
structure coupled wave scattering between two flexible waveguides, Canadian

Journal of Physics, 95(6): 581-589 (2017).

[44] J. B. Lawrie and M. Afzal, Acoustic scattering in a waveguide with a height
discontinuity bridged by a membrane: a tailored Galerkin approach, Journal

of Engineering Mathematics, 105(1): 99-115 (2017).

[45] J. U. Satti, M. Afzal and R. Nawaz, Scattering analysis of a partitioned wave-
bearing cavity containing different material properties, Physica Scripta, 94(11):

115-223 (2019).

[46] M. Afzal, R. Nawaz, M. Ayub and A. Wahab, Acoustic scattering in flexible
waveguide involving step discontinuity, PloS one, 9(8): ¢103807 (2014).

[47] M. Afzal and J. U. Satti, The traveling wave formulation of a splitting cham-

ber containing reactive components, Archive of Applied Mechanics, 91(5):

1959-1980 (2021).



Bibliography 68

[48] M. Ayub, R. Nawaz and A. Naeem, Diffraction of sound waves by a finite
barriers in a moving fluid, Journal of Mathematical Analysis and Applications,

349(1): 245-258 (2009).

[49] M. Ayub, R. Nawaz and A. Naeem, Line source diffraction by a slit in a
moving fluid, Canadian Journal of Physics, 87(11): 1139-1149 (2009).

[50] M. Ayub, R. Nawaz and A. Naeem, Diffraction of an impulsive line source

with wake, Physica Scripta, 82(4): 045402 (2010).

[51] M. Ayub, A. Naeem and R. Nawaz, Sound due to an impulsive line source,

Computer and Mathematics with Applications, 60(12): 3123-3129 (2010).

[52] R. Nawaz, A note on acoustic diffraction by an absorbing finite strip, Indian

Journal of Pure and Applied Mathematics, 43(6): 571-589 (2012).

[53] R. Nawaz and M. Ayub, An exact and asymptotic analysis of a diffraction
problem, Meccanics, 48(3): 653-662 (2013).

[54] R. Nawaz and M. Ayub, Closed form solution of electromagnetic wave diffrac-
tion problem in a homogeneous bi-isotropic medium, Mathematical Methods

in the Applied Science, 38: 176-187 (2014).

[55] R. Nawaz, A. Naeem and M. Ayub, Point source diffraction by a slit in a
moving fluid, Waves in Random and Complex Media, 24(4): 357-375 (2014).

[56] R. Nawaz, M. Ayub and A. Javaid, Plane wave diffraction by a fnite plate
with impedance boundary conditions , Plos One, 9(4): €92566 (2014).

[57] R. Nawaz, A. Wahab and A. Rasheed, An intermediate range solution to a
diffraction problem with impedance conditions, Modern Optics, 61(16): 1324-
1332 (2014).

[58] A. Wahab and R. Nawaz, A note on noise source localization, Vibration and

Control, 22(7): 1889-1894 (2016).



Bibliography 69

[59] M. H. Tiwana, Rab Nawaz, A. B. Mann, Radiation of sound in a semi infi-
nite hard duct inserted axially into a larger infinite lined duct , Analysis and

Mathematical Physics, 016-0154-4, s13324 (2017).

[60] M. U. Hassan, M. Naz and R. Nawaz, Reflected Field Analysis of Soft-
Hardl Pentafurcated Waveguide, Advances in Mechanical Engineering, 9(2):
1687814017692697 (2017).

[61] R. I. Nuruddeen, R. Nawaz and Q. M. Z. Zia, Dispersion of Elastic Waves
in an Asymmetric Three-Layered Structure in the Presence of Magnetic and

Rotational Effects, Progress In Electromagnet M, 91: 165-177 (2020).

[62] R.I. Nuruddeen, R. Nawaz and Q. M. Z. Zia, Asymptotic analysis of an anti-
plane shear dispersion of an elastic five-layered structure amidst contrasting

properties, Arch Appl Mech, 90: 1875-1892 (2020).

[63] R.I. Nuruddeen, R. Nawaz and Q. M. Z. Zia, Investigating the viscous damp-
ing effects on the propagation of Rayleigh waves in a three-layered inhomoge-

neous plate, Physica Scripta, 95(065224): 1-11 (2020).

[64] R. 1. Nuruddeen, R. Nawaz and Q. M. Z. Zia, Effects of thermal stress, mag-
netic field and rotation on the dispersion of elastic waves in an inhomogeneous
five- layered plate with alternating components, Science Progress, 103(3): 1-22
(2020).

[65] R. I. Nuruddeen, R. Nawaz and Q. M. Z. Zia, An asymptotic investigation
of the dynamics and dispersion of an elastic five-layered plate for anti-plane

shear vibration, Journal of Engineering Mathematics, 128(1): 1-12 (2021).

[66] R. I. Nuruddeen, R. Nawaz and Q. M. Z. Zia, Asymptotic approach to an-
tiplane dynamic problem of asymmetric three-layered composite plate, Math-

ematical Methods in the Applied Sciences, 44(14): 10933-10947 (2021).

[67] L. E. Kinsler, A. R, Frey, A. B. Coppens and J. V. Sanders, Hand book,
Fundamental of accoustics, 4th Edition, Wiley (1999).



Bibliography 70

[68] R. Kirby and A. Cummings, Prediction of the bulk Acoustic properties of
fibrous materials at low frequencies, Applied Acoustics, 56(2): 101-125 (1999).

[69] M. Afzal, R. Nawaz, M. Ayub, and A. Wahab, Acoustic scattering in flexible
waveguide involving step discontinuity, PloS one, 9(8): ¢103807 (2014).

[70] A. Cummings, Low frequency acoustic transmission through the walls of rect-

angular ducts, Journal of Sound and Vibration, 61(3): 327-345 (1978).

[71] A. Cummings, Stiffness control of low frequency acoustic transmission
through the walls of rectangular ducts, Journal of Sound and Vibration, 74(3):
351-380 (1981).

[72] P. M. Morse, The transmission of sound inside pipes, The Journal of the
Acoustical Society of America, 11(2): 205-210(1939).

[73] R. Kirby, A. Cummings, Prediction of the bulk Acoustic properties of brous
materials at low frequencies, Applied acoustics, 56: 101-125(1999) .



	Author's Declaration
	Plagiarism Undertaking
	Acknowledgements
	Abstract
	List of Figures
	List of Tables
	1 Introduction
	1.1 Background and Literature Survey
	1.2 Thesis structure

	2 Preliminaries
	2.1 Acoustics
	2.2 Wave
	2.2.1 Types of wave

	2.3 Acoustic wave equation
	2.4 Acoustic monopoles source
	2.5 Boundary conditions
	2.5.1 Soft conditions
	2.5.2 Rigid conditions
	2.5.3 Impedance Conditions

	2.6 Delta function
	2.7 Sturm-Liouville equation
	2.8 Definition of Fourier transform
	2.8.1 One-Dimensional Green's function


	3 Sound source inclusion in discontinuous waveguide
	3.1 Sound source excitation in discontinuous waveguide:
	3.2 Mode-matching solution
	3.3 Energy flux
	3.4 Sound source in discontinuous waves involving porous material
	3.5 Numerical results

	4 Chamber-silencer with porous lining
	4.1 Mathematical formulation
	4.2 Mode-matching solution
	4.3 Energy flux
	4.4 Numerical results

	5 Conclusion
	Bibliography



