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Abstract

The objective of this doctoral thesis is to study three different innovative noise control
techniques in ducts namely: acoustic metamaterials, porous absorbers and microperfor-
ates. There has been a lot of research done on all these three topics in the context of duct
acoustics. This research will assess the potential of the acoustic metamaterial technique
and compare to the use of conventional methods using microperforated plates and/or
porous materials.

The objective of the metamaterials part is to develop a physical approach to model and
synthesize bulk moduli and densities to feasibly control the wave propagation pattern,
creating quiet zones in the targeted fluid domain. This is achieved using an array of
locally resonant metallic patches. In addition to this, a novel thin slow sound material
is also proposed in the acoustic metamaterial part of this thesis. This slow sound ma-
terial is a quasi-labyrinthine structure flush mounted to a duct, comprising of coplanar
quarter wavelength resonators that aims to slow the speed of sound at selective res-
onance frequencies. A good agreement between theoretical analysis and experimental
measurements is demonstrated.

The second technique is based on acoustic porous foam and it is about modeling and
characterization of a novel porous metallic foam absorber inside ducts. This material
proved to be a similar or better sound absorber compared to the conventional porous
absorbers, but with robust and less degradable properties. Material characterization of
this porous absorber from a simple transfer matrix measurement is proposed.

The last part of this research is focused on impedance of perforates with grazing flow
on both sides. Modeling of the double sided grazing flow impedance is done using a
modified version of an inverse semi-analytical technique. A minimization scheme is
used to find the liner impedance value in the complex plane to match the calculated
sound field to the measured one at the microphone positions.

Keywords: Locally resonant materials – slow sound – acoustic impedance – metal-
lic foam – low frequency noise – mufflers – lined ducts – grazing flow – flow duct-
impedance eduction.
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Chapter 1

Introduction

Around 20% adults in Europe suffer from sleep disturbance due to night-time noise from
road traffic, rail traffic, air traffic or industrial activity [1]. In the European Union (EU)
approximately 77 million people (i.e., 22% of the total population of the EU in 1994) are
exposed to a transportation noise level (LAeq) exceeding 65 dB during the day, which
many countries consider to be unacceptable [2]. Even though the uncertainty of these
estimates is large, there is no doubt about the high prevalence of noise annoyance in the
EU.

A European study showed higher treatment rates for "heart trouble" and hypertension
among residents close to a major airport than among people living further away [3, 4].
This implies that the effects are not limited to auditory annoyance but also, to several
non-auditory disorders which usually stays out of the radar until it becomes critical and
life endangering. It has been proven that residential exposure to traffic noise increases
the risk for non-Hodgkin lymphoma and chronic lymphoid leukemia [5]. The effect on
mental health, reading and oral language abilities [6, 7] are topics of ongoing research
which further supports the need that these problems are addressed on a high priority
basis.

To get rid of noise on road, rail or aircrafts, the respective dominating sources has to be
identified and then possible solutions have to be studied analytically or experimentally.
Important noise sources are the engines, such as the IC engines for vehicles or gas tur-
bines for aircraft. Stricter noise regulation is being implemented by international noise
regulatory authorities and governments, which has positioned acoustics as a key ele-
ment in the development of novel engines. For aircraft engines (figure 1.1), novel high
bypass ratio design has dramatically decreased the engine jet noise, while making the
fan noise one of the major noise sources.
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Figure 1.1: The inlet nacelle being mounted in front of the fan (Courtesy of Boeing).

There has been several studies to attenuate noise, starting from the source of noise, its
transmission route or at receivers end. In the transmission route the three major ways
of noise control are reflective (or reactive), dissipative, and active. If one intends to dis-
sipate vibration and acoustic energy into heat through friction it is called passive noise
control. Several examples of passive noise control techniques are mufflers, damping ma-
terials and acoustic absorbers. Passive noise control is generally an inexpensive and reli-
able method to reduce noise in structures and vehicles, and can be combined with active
approaches. Reflective/reactive noise control methods, such as Helmholtz resonators
are passive methods, that are best for a narrow frequency bandwidth [8]. Active noise
control methods generate an out of phase signal to create destructive interference with a
noise source. These methods generally require additional equipment such as loudspeak-
ers, amplifiers and microphones for functioning. A relatively new field of passive noise
control technique called acoustic metamaterial is studied in this thesis, which is capable
of providing broadband attenuation even at low frequencies.

Metamaterials are artificially engineered materials that have properties which cannot
be found in nature [9]. The core concept of metamaterial is the idea to modify a ho-
mogeneous medium with man-made structures on a scale much less than the relevant
wavelength. In late 1960, the concept of metamaterial was first proposed by Veselago
for electromagnetic waves [10]. He predicted that a medium with simultaneous negat-
ive permittivity and negative permeability will exhibit a negative refractive index. But
this negative index medium remained as an academic curiosity for almost thirty years,
until Pendry et al. [11, 12] proposed the designs of artificial structured materials which
would have effectively negative permeability and permittivity which is equivalent to ef-
fective density and effective bulk modulus in acoustical terminology. There are mainly
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CHAPTER 1. INTRODUCTION

two categories of acoustic metamaterial which are resonant and non-resonant. Reson-
ant metamaterials are designed using a periodic arrangement of elements smaller than
the acoustic wavelength of the material that can be dynamically tuned by changing the
spacing, arrangement, and density of their interior elements. By selectively tuning the
material properties of the metamaterial, the elastic or acoustic behavior can be signific-
antly altered from conventional material properties. Lui et al. [13] utilized the resonant
effects of a cube with small lead balls covered in a thin layer of silicon to increase the ab-
sorption coefficient. The metamaterials discussed in this thesis are resonant metamater-
ials. These metamaterials can also be applied to aircraft interior, airframe noise in naval
vessels, and for controlling noise in automobiles. Non-resonant metamaterials consist
of a periodic arrangement of elements, such as spheres or cylinders, embedded within a
material matrix and are also spaced less than a wavelength apart. These materials dis-
rupt the propagation of waves by multiple scattering and refraction effects. Cervera et
al. [14] arranged periodic cylinders to act like a material with a low impedance value in
air to attenuate sound at frequencies where the wavelength is smaller than the spacing
between the cylinders. Popa et al. [15] arranged microperforated plates in such a way to
transmit a sound wave around a material as a 2D acoustic cloak.

This thesis concentrates on noise control in ducts and can be split into four main topics
described below. The first two topics in this thesis comes under the domain of acoustic
metamaterials while the last two comes under conventional materials.

A) Locally resonant patches

In recent years, the control of low frequency noise has received a lot of attention for sev-
eral applications. Traditional passive noise control techniques have size limitations in the
low frequency range because of the long wavelength. Promising noise reductions, with
flush mounted aluminum/steel patches with no size problems can be obtained using
local resonance phenomenon implemented in acoustic metamaterial techniques (figure
1.2). This chapter is introducing locally resonant thin aluminum patches flush moun-
ted to duct walls aiming at creating frequency stop bands in a specific frequency range.
A Green’s function is used within the framework of interface response theory to predict
the amount of attenuation of the locally resonant patches. The two-port theory and finite
element method are also used to predict the acoustic performance of these patches. No
flow measurements were conducted and show good agreement with the models. The
effect of varying the damping and the masses of the patches are used to expand the stop
bandwidth and the effect of both Bragg scattering and the locally resonant mechanisms
was demonstrated using mathematical models. The effect of the arrays of patches on the
effective dynamic density and bulk modulus has also been investigated.

Helmholtz resonators [16, 17] and expansion chambers [18] have always been the con-
ventional silencers. These devices have size limitations at low frequencies due to the
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long wavelengths of propagating acoustic waves. In practice, there are very few cases
with no space constraints and some good performance mufflers, such as the plug muffler
[18] can be good alternatives but they still carry a penalty of high back pressure. As the
pressure loss in the muffler connected to an engine or pump wastes power, more power
is required for the power source and this eventually intensifies the noise source and
reduces its efficiency. Therefore, apart from the consideration of the environmental as-
pects and the space occupied, back pressure is one of the most important attributes of a
muffler.

Figure 1.2: A patch as an alternative to Helmholtz Resonator

The effective properties achieved for the set of patches were frequency dependent and
exhibited behavior similar to the case of an array of Helmholtz resonators flush mounted
to the duct [19]. Only the first mode of vibration of the patch resonator was considered in
this study. Realistic techniques for expanding the stop bandwidth have been introduced
and the mutual effect of the locally resonant patches in conjunction with the Bragg band
gap has been investigated. The interface response theory is validated with two-port
theory [18] as well as numerical and experimental results. In addition to aluminum,
alloys such as stainless steel AISI 430 [20] can also serve as a dependable alternative for
the material of the patches.

B) Slow sound material

Another version of an acoustic metamaterial discussed in this thesis is a thin slow sound
material (TSSM). Ducts with airflow are used in many systems, such as ventilation in
vehicles and buildings, gas turbine intake/exhaust systems, aircraft engines [21, 22] etc.

7



CHAPTER 1. INTRODUCTION

The associated generation of unsteady flow inevitably leads to noise problems. At low
frequencies, this noise is very difficult to suppress or mitigate with devices whose thick-
ness is much smaller than the sound wavelength.

There is a need for innovative acoustic materials efficient at low frequencies and able
to cope with the stringent space constraints resulting from real applications (from tur-
bofan engines, see figure 1.1, to ventilation in high-rise buildings). Recent advances in
metamaterials have inspired many new designs for wave absorption by thin materials,
such as an absorbing membrane [23], space-coiling acoustic metamaterial [24], coplanar
spiral resonators [25] and coherent absorbers [26]. Recently the use of slow sound ma-
terial has been proposed [27]. By decreasing the effective compressibility in a tube [28],
the effective sound velocity can be drastically reduced and therefore the material thick-
ness to the same extent. Slow sound propagation currently attracts interest in acoustic
research and has been studied both in sonic crystals [29] and in one-dimensional (1D)
systems with a series of detuned resonators [30].

A TSSM is tested in duct with and without flow. This material has been optimized to
provide a large attenuation in the low frequencies range (∼ 600 Hz) despite of its small
thickness (∼ 27 mm), which is significantly sub-wavelength. The thickness of a conven-
tional material (quarter wavelength resonators) would be 140 mm to be efficient in the
same frequency range.

C) Porous metallic foam

Acoustic absorptive fiber materials from basalt are widely used in automotive silencer
systems. Usually, fibers from these materials are set loose and are emitted through the
exhaust opening. There is a continuous interest in developing new materials which
provide similar acoustic properties to the fiber materials but do not degrade with time.
Mechanical and chemical degradation of the fiber material reduces the performance of
the silencer system. The performance of the muffler is optimized when the truck or car
leaves the factory but decreases during the lifetime of the vehicle. Since performance,
weight and economy constantly are under consideration regarding the choice of mater-
ial; new materials are always of great interest if they can improve the performance.

The material under consideration is a novel robust porous metallic absorber made up of
stainless steel which can withstand temperatures up to 9000C. This composite material
is a mixture of resin and hollow spheres. It is lightweight, highly resistive to contamina-
tion and heat, and is capable of providing similar or better sound absorption compared
to the conventional porous absorbers, but with a robust and less degradable properties.
An acoustic characterization of this novel porous metallic foam is done in this research.
Several configurations of the material have been tested inside an expansion chamber
with spatially periodic area changes. Bragg scattering was observed in some configur-
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ations with certain lattice constants. The acoustic properties of this material have been
characterized from measurement of the two-port matrix across a cylindrical sample. The
complex density and speed of sound can be extracted from the transfer matrix using
an optimization technique. Several models were developed to validate the effect of this
metallic foam using finite elements and the two-port theory. There was a good agree-
ment between both models and the measurement results.

D) Micro-perforate impedance with two sided grazing flow
Models are being developed for the prediction of the impedance of microperforated
plates used to attenuate sound waves in different applications involving sound in ducts.
A model is either purely theoretical or semi-empirical. Theoretical models need to be
validated by comparing with experimental results. Semi-empirical models uses experi-
mental results as a part of the model development process. Theoretical modeling of the
problem under investigation involves lots of difficulties especially with grazing flow ef-
fects; as a result, empirical models based on measurement data have been relied on. In
both cases, measurements must be carried out. The impedance of the microperforated
plate must be accurately measured under different conditions. There has been several
research projects on the subject [31–33] and still ongoing [34–37], to accurately determine
the normal incidence impedance of an acoustic material subjected to grazing flow.

Figure 1.3: A PC cooling fan [38]

All of the previous considered configurations are based on the assumption that the mi-
croperforated plate is installed flush to the duct with the grazing flow on one side only.
New configurations have been proposed in this work where the flow can be grazing on
both sides. Example of applications are guide vanes and fan blades. There are several
applications like perforated PC cooling fan blades (figure 1.3) where two sided grazing
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CHAPTER 1. INTRODUCTION

flow exist which has not been studied to determine the resulting surface impedance. This
work presents a modified technique for the measurement of the perforate impedance
with grazing flow on both sides. This is based on the impedance eduction techniques
where the impedance can be estimated from a number of pressure measurements inside
the duct. This requires a proper model for the sound propagation inside the measure-
ment duct that can handle grazing flow on both sides.

A modified version of the inverse semi-analytical technique proposed in [39, 40] is used
to extract the grazing flow impedance in this study. The amplitude of the plane wave
incident towards the lined section is measured using the two-microphone technique [41].
The reflection coefficients at the exit planes are also measured using the same technique.
These measured values are fed to an analytical model for sound propagation through the
lined sections, which is constructed using mode-matching technique. A minimization
scheme is used to find the liner impedance value in the complex plane to match the
calculated sound field to the measured one at the microphone positions already used for
the two-microphone measurements.

Layout of the thesis
The thesis is organized as follows: Part I continues with chapter 2 where the general the-
ory of sound propagation in ducts is presented along with a brief introduction to model-
ing using COMSOL which is based on finite element method. Chapter 3 discusses the ef-
fective medium theory of 1D metamaterials in ducts. Two analytical techniques to model
locally resonant patches are discussed in this chapter. In chapter 4, another metamaterial
based on the concept of slow sound is presented and two different modeling approaches
are discussed. Chapter 5 discusses the modeling of porous foam absorbers and chapter
6 discusses the impedance modeling technique for a perforate with two sided grazing
flow. Chapter 7 discusses the experimental techniques for sound in ducts. In chapter
8, a summary of appended papers is presented. Part I ends with chapter 9 which con-
tains the concluding remarks and recommendations for future work. Part II contains the
appended papers.

10



Chapter 2

Sound propagation in ducts

The basics of acoustic wave propagation inside ducts is discussed and a brief introduc-
tion to the FEM used in this thesis is presented.

2.1 The convective wave equation and duct modes

The basic equations for conservation of mass and the conservation of momentum in
Euler’s form can be written as [42],

D0ρ′

Dt
+ ρ0∇.u′ = m (2.1)

ρ0
D0u′

Dt
= −∇p′ + fv

′ −m′u (2.2)

where ρ is the fluid density, u is the velocity field and m is the rate of mass production
per m3, p is the pressure and fv is the external (volume) force. Introducing small disturb-
ances, the fields can be written as p = p0 + p′, ρ = ρ0 + ρ′ and u = U + u′ and the source
terms as m = m′ and fv = fv

′ . Inserting this in Eqn. (2.1)-Eqn. (2.2) and neglecting
second order terms gives

D0ρ′

Dt
+ ρ0∇.u′ = m (2.3)

ρ0
D0u′

Dt
= −∇p′ + fv

′ −m′U0 (2.4)

where D0/Dt = ∂/∂t + U.∇ is the “linearized” convective derivative, with the velocity
U equal to the mean flow velocity. Assuming adiabatic changes of the state we have:
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CHAPTER 2. SOUND PROPAGATION IN DUCTS

p′ = c0
2ρ′, and performing D0 (Eqn. (2.3))/Dt−∇.(Eqn. (2.4)) we get,(

1
c02

D0
2

Dt2 −∇
2

)
p′ =

D0m′

Dt
−∇.(Fv

′ −m′U) (2.5)

This is the convective wave equation with source terms on the right hand side. The 3D
wave equation for a stationary non viscous medium without source term can be written
as, (

∂2

∂t2 − c0
2∇2

)
p = 0 (2.6)

where the Laplacian ∇2 for Cartesian co-ordinates is (for rectangular ducts),

∇2 =
∂2

∂x2 +
∂2

∂y2 +
∂2

∂z2 (2.7)

All the Papers in this thesis are based on the no-flow wave equation and on Cartesian
co-ordinates except Paper IV where circular ducts have been used. The Laplacian for
circular ducts is

∇2 =
∂2

∂r2 +
1
r

∂

∂r
+

1
r2

∂2

∂θ2 +
∂2

∂z2 (2.8)

For harmonic time dependence, making use of separation of variables, the general solu-
tion of the 3D wave equation in Cartesian coordinates can be seen to be [18],

p(x, y, z, t) =
(

A1e−jkzz + A2ejkzz
) (

e−jkx x + A3ejkx x
) (

e−jkyy + A4ejkyy
)

ejωt (2.9)

With the compatibility condition

kx
2 + ky

2 + kz
2 = k0

2 (2.10)

Here, kx, ky and kz are wave numbers in the x,y and z direction respectively. In the lim-
iting case of plane waves, kx = ky = 0. Then, Eqn. (2.10) yields kz = k0.

For a rigid-walled duct of width b and height h as in figure 2.1, the boundary conditions
are,

∂p
∂x

= 0 at x = 0 and x = b (2.11)

and

∂p
∂y

= 0 at y = 0 and y = h (2.12)
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2.1. THE CONVECTIVE WAVE EQUATION AND DUCT MODES

Figure 2.1: A rectangular duct and the Cartesian coordinate system (x,y,z)

Substituting these boundary conditions in Eqn. (2.9) yields,

A3 = 1; kx =
mπ

b
, m = 0, 1, 2............... (2.13)

and

A4 = 1; ky =
nπ

h
, n = 0, 1, 2............... (2.14)

And Eqn. (2.9) after some careful manipulations becomes,

p (x, y, z, t) =
∞

∑
m

∞

∑
n

(
Am,n,1ψmn(x, y)exp(j(ωt− kz,m,nz)) +

Am,n,2ψmn(x, y)exp(j(ωt + kz,m,nz))

)
(2.15)

where, the transmission wave number for the (m, n) mode kz,m,n and eigenvalue ψmn(x, y)
for a rectangular duct cross section is given by [18, 43]

kz,m,n =
[
k0

2 − (mπ/b)2 − (nπ/h)2
]1/2

ψmn(x, y) = ψm

(mπx
b

)
ψn

(nπy
h

) (2.16)

where m, n = 0, 1, 2, 3, .... and ψu (x) = cos (x) when u is even and ψu (x) = sin (x) when
u is odd. Any particular mode (m, n) would propagate unattenuated if kz,m,n is a real
number, i.e.

k0
2 − (mπ/b)2 − (nπ/h)2 > 0 (2.17)

or

λ <
2{(m

b

)2
+
( n

h

)2
}1/2 (2.18)
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CHAPTER 2. SOUND PROPAGATION IN DUCTS

Only plane wave of any frequency can propagate unattenuated, whereas a higher order
mode can propagate only if the above inequality is satisfied. This introduces a so called
cut-off frequency of a rectangular duct given by [43],

fco =
c0

2h
(2.19)

where h is the larger of the two transverse dimensions of the rectangular duct. Sound
for non-plane modes can only propagate beyond this frequency.

2.2 Finite element method

COMSOL Multiphysics [44] was used for modeling the system of patches numerically
using finite elements (Paper I and Paper II). The equation for acoustic wave propagation
in COMSOL for no flow is given by,

1
ρ0c2

∂2 p
∂t2 +∇.

(
− 1

ρ0
∇p
)
= 0 (2.20)

This reduces to a Helmholtz equation ((Eqn. (2.6)+ constant density) for a time harmonic
pressure wave excitation, p = p0ejωt

∇.
(
− 1

ρ0
∇p
)
− ω2 p0

ρ0c2 = 0 (2.21)

where p is the acoustic pressure, ω = 2π f is the angular frequency, ρ0 is the density of
the medium of propagation which was air and c is the speed of sound in the medium.
By solving Eqn. (2.21), the pressure field can be obtained.

The acoustic structure interaction [44, 45] module was used for modeling the patch con-
figurations. For the locally resonant patches a 3D model was built with the aluminum
patch flush mounted in the middle of a long duct which has a square cross section. Only
plane waves are incident from the inlet side of the duct and no reflections are allowed
from the exit side of the duct. The patch is clamped from all four sides to the duct wall.
It was ensured that the displacement and the slope of displacement at the patch bound-
aries is zero.

For meshing the geometry, it was divided into two domains to be able to use COMSOL’s
General Physics customized meshing. One domain consisted of inlet, intermediate and
outlet duct sections. The other domain is for the aluminum patches. For this domain,
the custom free tetrahedral mesh feature of COMSOL was used which was set to a min-
imum element size of 0.1 mm and maximum element size of 35 mm. This custom mesh
was adapted to fall between predefined extra fine mesh and predefined extremely fine

14



2.2. FINITE ELEMENT METHOD

Figure 2.2: Representation of FEM Meshed domains in the duct

mesh settings of COMSOL. For the inlet, intermediate and outlet duct sections a phys-
ics controlled normal free tetrahedral mesh was constructed. This feature allows con-
trolling the sizes to be fine in the required regions and allow it to be course in large
empty volumes. All the meshing was done taking into consideration that the minimum
wave length should be at least seven multiples of the maximum element size. A picture
of the two meshed domains is shown in figure 2.2.

COMSOL Multiphysics was again used for modeling the expansion chamber numeric-
ally using finite elements (Paper IV). Only plane waves are incident from the inlet side of
the duct and no reflections are allowed form the exit side of the duct. The porous annu-
lar rings with calculated equivalent material properties were fixed inside the expansion
chamber in several configurations. In general, the propagation of sound in an isotropic
homogenous material is determined by two sets of complex quantities, the characteristic
impedance, Zp, wavenumber γ or the equivalent sound of sound c, equivalent density
of the material ρ.
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Chapter 3

Locally resonant patches

In this chapter, noise attenuation using locally resonant patches is discussed. Section 3.1
deals with effective medium theory of 1D metamaterials in ducts. It discusses mainly
two different ways of modeling patch type metamaterials in ducts analytically. One
of the procedures to model the effective material properties of the metamaterial is also
described in this chapter.

3.1 Effective medium theory of 1D metamaterials in ducts

3.1.1 Interface response theory of continuous media

The interface response theory of continuous media allows calculation of the Green’s
function of any composite material. This theory is used for modeling the response of
the locally resonant patches in Paper I and Paper II. Let us consider any composite ma-
terial contained in its space of definition D and formed out of N different homogeneous
pieces located in their domains Di. Each piece is bounded by an interface Mi, adja-
cent in general to j other pieces through sub-interface domains Mij. The ensemble of all
these interface spaces Mi will be called the interface space M of the composite material.
The elements of the Green’s function g (DD) of any composite material can be obtained
from [46–48],

g (DD) = G (DD)− G (DM) G−1(MM)G (MD) +

G (DM) G−1(MM)g (MM) G−1(MM)G (MD)
(3.1)

where G (DD) is the reference Green’s function formed out of truncated pieces in Di of
the bulk Green’s functions of the infinite continuous media and g (MM) the interface
element of the Green’s function of the composite system. The knowledge of the inverse
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3.1. EFFECTIVE MEDIUM THEORY OF 1D METAMATERIALS IN DUCTS

of g (MM) is sufficient to calculate the interface states of a composite system through the
relation,

det
[

g−1 (MM)
]
= 0 (3.2)

If U (D) represents an eigenvector of the reference system, Eqn. (3.1) enables the calcu-
lation of the eigenvectors u (D) of the composite material.

u (D) = U (D)−U (M) G−1(MM)G (MD) +

U (M) G−1(MM)g (MM) G−1(MM)G (MD)
(3.3)

In Eqn. (3.3), U (D), U (M), and u (D) are row vectors. Eqn. (3.3) provides a description
of all the waves reflected and transmitted by the interfaces, as well as the reflection and
transmission coefficients of the composite system.

Inverse surface Green functions of the elementary constituents

The equation of motion in the framework of the acoustic approximation can be written
as,

ρ
∂2u
∂t2 = ∇[(ρ/a)υ2∇.(au)] (3.4)

where u is the velocity field, ρ(r) is the mass density, v(r) the longitudinal speed of
sound, a(r) is the cross section and c(r) is the longitudinal speed of sound. In acoustical
approximations ∇× (ρu) = 0 , therefore , a scalar potential ϕ(r, t) is defined such that
ρu = ∇ϕ. Then Eqn. (3.4) can be written in the form of a scalar equation,[ρ

a
c2
]−1 ∂2 ϕ

∂t2 = ∇.[(ρ/a)−1∇ϕ] (3.5)

The tubes considered here is filled with a fluid whose mass density is ρ, a is the cross
section of the tube, c is the speed of sound and the tube is characterized by the impedance
Z = ρ c/a. If a duct is assumed to be an infinite homogenous one-dimensional slender
tube along the x-axis then, Eqn. (3.5) becomes,[ρ

a

]−1
[

∂2 ϕ

∂x2 − α2
]

ϕ(x) = 0 (3.6)

where α2 = −ω2/c2 and ω is the angular frequency of the wave. Then, the correspond-
ing Green’s function is defined by,[ρ

a

]−1
[

∂2 ϕ

∂x2 − α2
]

G(x, x′) = δ
(

x− x′
)

(3.7)
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CHAPTER 3. LOCALLY RESONANT PATCHES

and the solution is given by

G(x, x′) =
−j
2ω

Zie−α|x−x′ | (3.8)

where α = −jk, k = ω/c and j =
√
−1. The finite slender tube of length s is bounded by

two free surfaces located at x = 0 and x = s. These surface elements can be written in
the form of a (2 x 2) matrix gs (MM), within the interface space M = {0, s}. The inverse
of this matrix takes the following form,

gs
−1 (MM) =

(
− ωCs

ZsSs
ω

ZsSs
ω

ZsSs
− ωCs

ZsSs

)
(3.9)

where Cs = cos (k.s) , Ss = sin (k.s) and Zs = ρc/a. Similarly the inverse of surface
Green’s function of semi-infinite waveguide tubes can be written as

gs
−1 (0, 0) = gs

−1 (s, s) = j/Z (3.10)

with Z = ρ c/a is the acoustic impedance of tube, ρ and c are the density and the speed
of sound in the medium, respectively, and a is the cross-sectional area of the waveguide.
For a finite patch with length L, thickness h, and admittance F as shown in figure 3.1, the

Figure 3.1: Schematic diagram of the geometry of a waveguide tube. The local resonator is a rectangular patch
with length L and height h

inverse surface Green’s function under the closed boundary condition is [49]

[Gi]
−1 = Fi

[
−Ci/Si 1/Si

1/Si −Ci/Si

]
(3.11)

where Ci = cosh(αi.Li), Si = sinh(αi.Li), αi = jω/c and Fi = 1/Zi. Eqn. (3.11) can also
be written as

[Gi]
−1 =

j
Zi sin(ωLi/c)

[
cos(ωLi/c) 1

1 cos(ωLi/c)

]
(3.12)

where Zi is the impedance of a patch, which is assumed a thin plate with a high aspect
ratio clamped at the boundaries. The patch impedance can be written as [50]

Zi = j

(
Λ1Λ2Lhρω

Λ1Λ2L− 2c2Λ1hρω2 sin L.Λ2
2 − 4c1Λ2hρω2 sinh L.Λ1

2

)
(3.13)
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3.1. EFFECTIVE MEDIUM THEORY OF 1D METAMATERIALS IN DUCTS

where,

c1 =
k2 sin L.Λ2

2

hρω2
(

2Λ1 sinh L.Λ1
2 cos L.Λ2

2 + 2Λ2 sin L.Λ2
2 cosh L.Λ1

2

) (3.14)

c2 =
k1 sinh L.Λ1

2

hρω2
(

Λ1 sinh L.Λ1
2 cos L.Λ2

2 + Λ2 sin L.Λ2
2 cosh L.Λ1

2

) (3.15)

where c = (Y0)h2

12ρ(1−ν2)
and Λ1 = Λ2 =

√
ω√

c
where Y0 is the Young’s modulus of the patch and ν is the Poisson’s ratio of the material
of the patch. The inverse Green’s function for the patch in contact with the waveguide
tube becomes,

gi
−1 =

j cos (ωLi/c)
Zi sin (ωLi/c)

(3.16)

where Li is the length of the patch. Similarly, the impedance for a circular patch [51]

Figure 3.2: Schematic diagram of the final geometry of the system, a finite sized duct with the patch along with
semi-infinite waveguide tubes on both sides

can also be derived and used instead of the rectangular patches. The interface domain is
reduced to one point, and the inverse interface Green’s function of the whole system can
be written as the sum of the inverse Green’s functions [48, 52] of the two semi-infinite
tubes and the patch as in figure 3.2. [48, 52],

G−1 =
−2j
Z1

+ gi
−1 (3.17)

where Z1 is the impedance of the slender tube. And the transmission coefficient, T, for
one patch can be calculated by the relation,

T = (2j/Z1) .G (3.18)

which on substitution from Eqn. (3.17) becomes,

T =
2Zi

Z1 cot (ωLi/c)− 2Zi
(3.19)
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CHAPTER 3. LOCALLY RESONANT PATCHES

The final structure obtained consists of N patches grafted periodically with a spacing x1
in a finite tube. The inverse interface Green’s function for this system is [48],

GN
−1 =



A′ B 0
B A B
0 B 0

· · ·
0 0 0
0 0 0
0 0 0

...
. . .

...
0 0 0
0 0 0
0 0 0

· · ·
A B 0
B A B
0 B A′′


(3.20)

with

A =
−2 cot (αi.Li)

Z1
+ gi

−1 (3.21)

B =
1

Z1Sin (αi.Li)
(3.22)

A’ =
−j
Z1
− cot (αi.Li)

Z1
+ gi

−1 (3.23)

and

A” =
−j
Z1
− cot (αi.Li)

Z1
(3.24)

Taking advantage of the translational periodicity along the infinitely extended wave-
guide tube, the dispersion relation of the model can be obtained [48],

cos (k.x1) = cos (αi.x1)−
Z1.sin (αi.x1) .gi

−1

2
(3.25)

where k is the complex Bloch propagation vector along the infinitely extended wave-
guide tube. The transmission coefficient can be formulated as [48],

T =
2j
Zi

G(1, N) (3.26)

where G(1, N) is the left-bottom top-right element of the surface Green’s function matrix.
For the model the transmission factor obtained is

T =
2.Sin (αi.x1) .(ej.N.k.x1 − 1).ej.N.k.x1

(1− ej.(αi+k).x1)
2 − ej.2.N.k.x1(ej.k.x1 − ej.αi .x1)

2 (3.27)

Here N is the number of patches, and k represents the Bragg wave vector of the infinite
system. The transmission coefficient used throughout the work can also be evaluated
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3.1. EFFECTIVE MEDIUM THEORY OF 1D METAMATERIALS IN DUCTS

from the transmission loss, because they will not differ in our case due to assumption of
the plane wave range. Similarly, the reflection coefficient can be expressed in the form,

R =
2j
Zi

G (1, 1)− 1 (3.28)

3.1.2 Two-port theory

The assumption of linear wave propagation makes the analysis of duct systems con-
venient using matrix methods. In the low frequency regime, plane wave propagation
is assumed and this approach leads to two-port transfer matrix method, as described in
reference [18]. The system is divided into smaller duct parts, acoustic elements, in which
the sound propagation is well defined. Since plane waves propagate between different
elements, the sound field can be characterized by two state variables (figure 3.3). One
choice is to use acoustic pressure and acoustic volume velocity. The sound propagation
inside each element is analyzed separately and higher order modes may exist inside the
element, but not at the cross-sections where the element starts and ends. There exists a
complex frequency dependent 2 x 2 matrix, T, more popularly known as the two-port
transfer matrix, which in the frequency domain describes the sound transmission within
a certain two-port element. The acoustic pressure and volume velocity on each side of
the element is related by the following expression,[

p1
v1

]
=

[
T11 T12
T21 T22

]
·
[

p2
v2

]
(3.29)

where p and v are the acoustic pressure and volume velocity, the subscript 1 refers to the
inlet side (or node) and 2 refers to the outlet side (or node) and Tii are the elements of
the two-port transfer matrix.

Figure 3.3: Representation of a two port element relating two pairs of state variables ’p’ and ’v’

The pipe element

The transfer matrix for a pipe element can be deduced using basic equations of linear
acoustics for plane wave propagation, and is given by:

T =

[
cos kL jζs sin kL

(j/ζs) sin kL cos kL

]
(3.30)
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CHAPTER 3. LOCALLY RESONANT PATCHES

where k = ω/c is the wave number, with c = complex speed of sound, L = sample length
(m), and ζs = Zi/Z0 is normalized characteristic impedance. The effects of viscous and
turbulent damping, included through complex wave numbers, are taken according to
references [53, 54].

The side branch element

The transfer matrix for a side branch element along the transmission line can be formu-
lated as [18],

T =

[
1 0

Si/Zi 1

]
(3.31)

where Zi, is the impedance of the sample interface (Patch resonator for Paper I and Paper
II) seen from the flow duct and Si is the area of the sample. The transfer matrices can

Figure 3.4: Schematic diagram to show how the two-port elements are connected together. The shown case is
for a two resonators in series.

be combined in order of appearance to form normalized transfer matrix of the system as
shown in figure 3.4. The transmission coefficient for a system of transfer matrix T with
the same inlet and outlet parameters is,

T = 4
∣∣∣∣T11 +

T12

z
+ T21.z + T22

∣∣∣∣−2
(3.32)

where T11, T12, T21 & T22 are the elements of the transfer matrix and z is the normalized
characteristic impedance at the inlet and outlet, which was the same in our case. The
transmission coefficient for our system with a patch flush mounted to a duct (A pipe
element and a side branch patch resonator) will be,

T =
2Zi

(Z1Si cot (ωLi/c)− 2Zi) cos (ωLi/c)
(3.33)

On comparing Eqn. (3.33) with Eqn. (3.19), it is evident that both of the techniques
have similar model for the transmission coefficient of one patch. For one patch system,
the differences in the equations are the inclusion of the area of the patch Si and extra
cosine term in the two-port model. The combination of these two factors correspond to
broadening of the transmission peak.
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3.1.3 Effective material properties
For any system with known reflections (R) and transmission (T) coefficients, the acoustic
refractive index n can be obtained using [55],

n =
±cos−1

(
1

2T 1− (R2 − T2)
)

kx1
+

2πm
kx1

(3.34)

and the effective impedance Ze f f can be obtained using [55],

Ze f f = ±

√√√√ (1 + R)2 − T2

(1− R)2 − T2
(3.35)

The Eqs. (3.34) and (3.35) can be modified in the form,

Ze f f =
r

1− 2R + R2 − T2 , n =
−j log(x) + 2πm

kd
(3.36)

where,

r = ∓
√
(R2 − T2 − 1)2 − 4T2, x =

1− R2 + T2 + r
2T

(3.37)

After obtaining the values of n and Ze f f , the following formulae can be used to calculate
the effective density and the effective bulk modulus of the material. The effective bulk
modulus is given by the formula,

Be f f =
Ze f f

n
B0 (3.38)

whereas the effective density is given by the formula,

ρe f f = nZe f f ρ0 (3.39)

where B0 and ρ0 are the bulk modulus and density of the reference material which was
air in this case.

3.2 Some results

The two different modeling techniques, discussed in Section 3.1, were used to simulate
the response of the system under consideration. A comparison of the results from these
two techniques and numerical simulation from COMSOL is shown in figure 3.5. It is
evident that the amount of attenuation achieved from the numerical modeling is lower
than for the other two modeling techniques due to 3D effects which were not considered

23



CHAPTER 3. LOCALLY RESONANT PATCHES

200 300 400 500 600 700 800 900 1000

Frequency (Hz)

0

0.2

0.4

0.6

0.8

1

T
ra

ns
m

is
si

on
 C

oe
ffi

ci
en

t

Green‘s Function
Two Port Theory
Numerical

Figure 3.5: Comparison of the transmission coefficient of ten patches using three different modeling tech-
niques. Note the numerical refers to the FEM model in COMSOL.

in the anayltical models. The Green’s function model is based on interface response the-
ory, which in addition to the interface impedance also takes into account the length of
the interface, which is a patch. This model simulates the real one dimensional (1D) geo-
metry, which the acoustic wave propagating in the duct will experience. It also takes
into account the coupling of the pressures at the two adjacent edges of the interface. The
two-port model takes into account the area of the patches and considers the patches con-
nected as a side branch element to the duct. In this case, the patches act just as point
impedance connected to each other in a 1D duct.

The range of frequencies attenuated according to the two-port theory was larger than
that of the other modelling techniques especially around 850 Hz which is the second
vibrational mode of the patch. This peak is attributed to the Bragg Scattering occur-
ring in the system due to the particular lattice constant (periodic spacing x1) chosen for
the samples. The Bragg scattering phenomenon occurs when the periodic gaps reaches
multiple of half wavelengths of the excitation i.e. at x1 = nλ/2. In order to separate
the band gap due to local resonance from the Bragg gaps , we chose x1 = 0.2 m which
would have developed a Bragg gap at around 850 Hz, far from the frequency range of
interest around 550 Hz. This was further verified by simulating patch systems with dif-
ferent lattice constants and this Bragg peak moved depending on the value of the lattice
constants.
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Chapter 4

Slow sound materials

4.1 Introduction

Ducts with airflow are used in many systems, such as ventilation in vehicles and build-
ings, gas turbine intake/exhaust systems, aircraft engines etc. The associated generation
of unsteady flow inevitably leads to noise problems. At low frequencies, this noise is
very difficult to suppress or mitigate with devices whose thickness is much smaller than
the sound wavelength. There is a need for innovative acoustic materials efficient at low
frequencies and able to cope with the stringent space constraints resulting from real ap-
plications (from turbofan engines, see figure 4.1, to ventilation in high-rise buildings).

Recent advances in metamaterials have inspired many new designs for wave absorption
by thin materials, such as an absorbing membrane [23], space-coiling acoustic metama-
terial [56], coplanar spiral resonators [25] and coherent absorbers [26]. Recently the use
of slow sound material has been proposed [27]. By decreasing the effective compressib-
ility in a tube [28], the effective sound velocity can be drastically reduced and therefore
the material thickness to the same extent. Slow sound propagation currently attracts
interest in acoustic research and has been studied both in sonic crystals [29] and in one-
dimensional (1D) systems with a series of detuned resonators [30, 57].

Decreasing the speed of sound in the structure at fixed thickness results in a decrease of
the first maximum absorption frequency, which allows us to achieve better attenuation in
the low frequency regime. It was shown in optical physics, that enhanced transmission
of opaque mediums lead to strong dispersion giving rise to slow phase or group velo-
city waves whose frequency is centered on the narrow transmission band [58]. Devices
based on this slow-light find use in all-optical memories, buffers or delay lines, as well as
enhancing nonlinear effects for all-optical switching [59]. Similarly, slow-sound devices
can be used for gas sensing since the group velocity of sound waves inside such a gas-
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CHAPTER 4. SLOW SOUND MATERIALS

solid device depends on the density of the gaseous medium [29]. Moreover, as sound
intensity inside the slow-sound devices increases due to pulse compression, slow sound
can be employed in enhancing nonlinear effects and in macro-sonic applications, i.e.,
those requiring high field intensities, which can be utilized in many ways in medicine,
water treatment, etc.

Figure 4.1: (a) Sketch of a turbofan engine intake where new thin materials acting at low frequencies are needed
due to the growth of fan diameter with thinner nacelles and to the reduction of the rotation speed [60]. (b) Thin
slow sound material (TSSM) in a duct. (c) Picture of the manufactured TSSM where the first perforated plate
is removed.

Past studies on sound absorption with new materials were focusing on absorbing panels
or on the reflection at tube ends. In these cases, assuming normal incident plane waves
the best attenuation is obtained when the acoustic impedance matches the characteristic
impedance of air Z0 = ρ0c0 where ρ0 is the air density and c0 is the sound velocity. The
situation is very different in ducts with airflow. To avoid energy losses, the material
has to be embedded in the wall, flush mounted and with a smooth interface to avoid
any flow disturbance. The acoustic waves are no longer normal to the material. If the
material is locally reacting (i.e. if the pressure and the normal velocity at the wall are
linked by an impedance), the optimal impedance at frequency f for an infinitely long
material is the Cremer impedance [61] given by Eqn. (4.1) in a two-dimensional (2D)
waveguide of height H. In general, this impedance differs significantly from the normal
incidence one (Zni = 1) and the solutions developed in the latter case can be ineffective
when they are flush-mounted to the wall of an airflow duct.

Zc = (0.91− 0.76j) 2 f H/c0 (4.1)

Moreover, a mean flow is generally present in ducts and its effect on the acoustic be-
havior of in-duct systems has to be studied. For example, the attenuation effects of
noise barriers made with a sonic crystal can be completely destroyed by impinging air
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flow [62] and the mean flow can lead to supplementary propagative modes [28] or to
instabilities [63, 64].

In this research, the acoustic behavior of a thin slow sound material (TSSM) (see in fig-
ure 4.1) located on the sidewall of a rectangular duct with and without flow is analyzed.
This material has been optimized to provide a large attenuation in the low frequencies
range (∼ 600 Hz) despite of its small thickness (∼ 27 mm), which is significantly sub-
wavelength. The thickness of a conventional material (quarter wavelength resonators)
would be 140 mm to be efficient in the same frequency range.

4.2 Modeling a thin slow sound material (TSSM)

The propagation in the folded side tubes can be derived from a wide tube approximation
of the classical Kirchhoff’s solution. The wavenumber is given by,

ks = k0(1 + Γv + Γt) (4.2)

where Γv and Γt, are complex numbers respectively related to viscous and thermal effects
[65]. The normalized characteristic impedance of the side tube is,

zs = 1 + Γv − Γt (4.3)

and the entrance impedance of the folded side tubes is

Zs = −jzs cot(ksLs) (4.4)

In the low frequency limit (ksLs � 1), the side tubes impedance is given by

Zs = −j(1− 2Γt)/(k0Ls) (4.5)

implying that the main dissipative effect is the thermal one at low frequencies. In the
central tube, two different models can be applied. It can be a continuous model or a
lumped model.

4.2.1 Continuous modeling
In this model the side loaded tubes are substituted by an equivalent impedance applied
on the sidewalls and the losses in the central tube are neglected. The propagation is
governed by the Helmholtz equation:

∆p + k2
0 p = 0 (4.6)

where the pressure is searched under the form

p(x, y, f ) = (c1 sinh(αy) + c2 cosh(αy)) exp(−jkcx) (4.7)
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where x is the direction of the central tube axis and y is transverse, the convention jωt is
adopted with the following condition,

α2 = k2
c − k2

0 (4.8)

Associated to the boundary condition in y on the equivalent walls:

p = jZs/(Φk0)∂y p (4.9)

and

p = −jZs/(Φk0)∂y p (4.10)

at y = 0 and at y = Ac respectively, where Φ is the equivalent wall porosity, this leads to
the dispersion relation(

1−
(

j
Zs

Φ
α

k0

)2
)

tanh(αAc) + 2
jZs

Φ
α

k0
= 0. (4.11)

A low frequency limit of Eqn.(4.11) can be found when αAc � 1 and the dissipative
effects are neglected. The solution of Eqn. (4.11) is then approximated by:

kc = βk0 =

√
1 +

2ΦLs

Ac
k0 (4.12)

On calculating the coefficient of k0 it was found that wave number in the central tube
is increased by a factor β ∼ 5. This means, that the speed of propagating waves in the
central tube decreased by almost 5 times that of the speed of sound in the main duct.
Thus, the TSSM will be efficient at a frequency 5 times smaller than a classical material.
When the frequency increases, Eqn.(4.11) is solved numerically to find kc and the sound
speed in the central tube decrease from c0/5 to 0 when a quarter wavelength resonance
occurs in the side tubes. The entrance impedance of this continuous model is computed
by

Zc = −jk0 cot(kcLc)/kc (4.13)

4.2.2 Lumped modeling
This lumped model [43, 66] assumes that the wave propagates in the central tube with
lossy hard walls apart from the central position of the loading tubes where the pressure
is continuous but a part of the acoustic velocity enters in the loading tubes. In the rigid
parts, the impedance is transported through the relation

Z(x2) =
Z(x1) + j tan(kr(x2 − x1))

1 + jZ(x1) tan(kr(x2 − x1))
(4.14)
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where kr is the wavenumber in the central tube accounting for the thermo-viscous losses.
At the central position of the side branches, the impedance just before the discontinuity
is linked to the impedance just after by

Z(x−) =
(

Z(x+)−1 +
2Ss

Sc
Z−1

s

)−1
(4.15)

Then, starting from the rigid end of the central tube where the impedance is Z(Lc) = ∞
and applying alternatively Eqs. (4.14) and (4.15), the entrance impedance Zc = Z(x = 0)
can be found. The advantage of this method is that the complex shape of the velocity
field due to the complex geometry can be accounted for by means of added masses [67].

To find out if the resulting solution is optimal, the impedance Zwall is compared to the
Cremer optimal impedance. For the first attenuation peak (654 Hz) the resistance of the
Cremer optimum (0.026) for our channel height is much smaller that the TSSM resistance
(0.49). This is mainly due to the very small value of the Percent Open Area (POA) that di-
vides the entrance resistance of the TSSM (0.011) resulting from the thermal and viscous
dissipation. The situation gets worse when the flow adds a resistance at the inlet holes
of the TSSM and takes it away from the optimum value of resistance. In 1973, Tester
suggested an expression for optimal impedance for circular ducts and also included a
correction for mean flow effects [68]. It has been shown that at very low flows the Cre-
mer’s impedance is easily approachable [69]. In real applications, where the channel
height is greater than that of our thin test duct, the optimal resistance is higher and more
easily approachable. Therefore, for practical use of TSSM a balance must be reached
between the thickness reduction related to the parameter β and the POA for which an
excessively low value results in a very high sensitivity to dissipation, to effects of grazing
flow and to large amplitude-related effects.

29



Chapter 5

Porous metallic foam absorbers

5.1 Introduction

Acoustic absorptive fiber materials from basalt are widely used in automotive silencer
systems. Usually, fibers from these materials are set loose and are emitted through the
exhaust opening. There is a continuous interest in developing new materials which
provide similar acoustic properties to the fiber materials but do not degrade with time.
Mechanical and chemical degradation of the fiber material reduces the performance of
the silencer system. The performance of the muffler is optimized when the truck or car
leaves the factory but decreases during the lifetime of the vehicle. Since performance,
weight and economy constantly are under consideration regarding the choice of mater-
ial; new materials are always of great interest if they can improve the performance.

For sound absorption at high frequencies, porous or poro-elastic material is one of the
preferred passive control method. Air molecules within the porous material oscillate at
the frequency of sound excitation which results in viscous and thermal losses. These two
phenomena account for a loss in energy in the high frequency range [70]. Acoustic foam
is not as effective at low frequencies because the wavelengths are much larger than the
thickness of the foam. Controlling low frequency noise is therefore a challenge due to
the thickness restrictions of passive porous absorbers, and is generally impractical due
to the added mass and bulk which would be required.

A comparatively new class of porous materials made up of metals are called metallic
foams [71–73]. These foams are composed of a metal frame and a network of pores which
is saturated with air. There are three different phenomenon that leads to dissipation of
acoustic energy in these foams [74, 75].

• Visco-inertial dissipation: It happens due to the friction experienced by air particles
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with the metal frame while the acoustic wave propagates. It is a function of the
geometry of the pores.

• Thermal dissipation: It happens due to the thermal exchange between the air
particles and the frame. It is a function of the geometry of the pores.

• Structural dissipation: It depends on the vibrations induced by the air borne waves
and the associated losses.

If the solid-phase motion is negligible compared to the fluid phase then the materials are
considered rigid. If there is very low stiffness in the solid phase in the absence of fluid
phase then the materials are considered limp. In a poro-elastic material, the solid matrix
material is both porous and elastic, and with the fluid filling it is viscous [76, 77]. In this
kind of materials, the solid matrix material contributes to the energy transfer so these
materials can support both transverse waves and two kinds of longitudinal (compres-
sional) waves. In contrast, in both rigid and limp materials, the primary energy transport
takes place in the fluid phase; they can be considered to support only a single longitud-
inal wave type, such as pressure waves in air. In transverse waves, the vibrations are
perpendicular to the direction of travel. Longitudinal waves, such as sound waves, os-
cillate parallel to the direction of travel. The performance of an acoustic absorber may
be tailored by a balancing the material density, speed of sound in that material, and the
porosity [70].

To optimize the performance of porous materials and also to be able to use them in sim-
ulation programs their acoustic properties need to be known and therefore they need to
be tested. Different materials can exhibit similar acoustic properties by changing their
bulk densities. In porous materials the attenuation capabilities are mainly determined
by the static airflow resistivity. This is known from the work of Delany and Bazley [78].
This means that if the airflow resistivity of the material is known many acoustical prop-
erties, i.e., transmission loss, characteristic impedance, speed of sound, absorption and
reflection coefficient can be predicted with a great accuracy. If the speed of sound and
the characteristic impedance are known, then a complete description of the material can
be made using the equivalent fluid model [78].

The material under consideration is a novel robust porous metallic absorber made up of
stainless steel which can withstand temperatures up to 9000C. This composite material
is a mixture of resin and hollow spheres. It is lightweight, highly resistive to contamina-
tion and heat, and is capable of providing similar or better sound absorption compared
to the conventional porous absorbers, but with a robust and less degradable properties.
Under the assumptions of the material to be isotropic and homogeneous, several con-
figurations of the material have been tested inside an expansion chamber with spatially
periodic area changes. Bragg scattering was observed in some configurations with cer-
tain lattice constants. The acoustic properties of this material have been characterized
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CHAPTER 5. POROUS METALLIC FOAM ABSORBERS

from the measurement of the two-port matrix across a cylindrical sample. The complex
density and speed of sound can be extracted from the transfer matrix using an optim-
ization technique. Several models were developed to validate the effect of this metal-
lic foam using finite elements and the two-port theory. There was a good agreement
between both models and the measurement results.

Duct systems or networks acting as acoustic wave guides are assuming linear wave
propagation suitable for analysis using so called building block or matrix methods. The
transfer matrix for this system is calculated using this two-port theory (Section 3.1.2).
The transmission loss can also be obtained once the transfer matrix is known [18].

After the calculation of the transfer matrix, it is possible to derive the complex wave
number as [79],

ka =
ln (0.5(T11 + T22 + T12/ζs + ζsT21))

ih
(5.1)

T11, T12, T21, T22 are the elements of the transfer matrix, h= sample thickness (m), ζs =
Za/Z0 is the normalized characteristic impedance, ka is a complex wave number; phys-
ically, it means the plane wave attenuates as it propagates, the energy lost by the wave
is converted to heat energy in the porous material. The complex density of sound and
complex density for the material can also be calculated as,

ca =
ω

ka
(5.2)

ρa =
ka.Za

ω
(5.3)

5.2 Optimization process

The optimization method was based on a function called ’fminsearch’ from the Optimiz-
ation toolbox within MATLAB. This function finds the minimum of a scalar function of
several variables, starting at an initial estimate. The optimization approach used by this
function is generally referred to as unconstrained nonlinear optimization. The reason
behind the optimization was that other indirect schemes such as by Åbom [79] and oth-
ers [80, 81] were not able to give correct material properties such as flow resistivity. The
measured transmission loss, for the specimen was compared with transmission loss of a
test specimen which was given an initial value for complex speed of sound and complex
density, ca and ρa. Simultaneously, the elements of the calculated transfer matrix were
also compared in the same fashion. Finally the total error (cost function) was calculated
as the sum of errors in transmission loss and transfer matrix elements and forwarded as
the input to the optimization function. The process is repeated by the optimization func-
tion till the total error reaches its minima. The output from the optimization function was
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Figure 5.1: A Flowchart illustrating the optimization scheme. TM symbolizes the Transfer Matrix elements
and TL symbolizes Transmission Loss

the complex speed of sound and complex density which can be used for characterizing
the porous material. These values were further linearly interpolated as per need and
then used in simulations for evaluating the performance of the specimen. This method
of optimizing the parameters to match a transfer function (TL and TM in this case) is
called "model updating" [82]. The flowchart for the optimization technique is depicted
in figure 5.1.

5.3 Models

The complex speed of sound and complex density which were the output of the op-
timization function were fed to two different software for a comparative performance
analysis of two different modeling methods: The two-port theory and finite elements
method. Several different cases were modeled using the 1D duct acoustic software SID-
LAB [83] implementing the two-port theory and COMSOL implementing the finite ele-
ment method. The porous material was assumed to follow an equivalent fluid model
and complex speed of sound and complex density was the only input for characterizing
this model. An expansion chamber with one annular ring of the porous material fixed at
the centre is shown in figure 5.2 and figure 5.3, depicting a simulated model in COMSOL
and SIDLAB respectively.
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Figure 5.2: Surface SPL (dB) response of the expansion chamber with a porous material ring at the centre
simulated in COMSOL

Figure 5.3: SIDLAB representation of the expansion chamber with the porous material ring. This model is
1D and all elements are straight pipe sections except the 2nd element from left/right which is an area ex-
pansion/contraction chamber. The metallic foam element in the middle is modeled by using the measured
complex speed of sound and characteristic impedance.
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Chapter 6

Micro-perforates with two sided
grazing flow

6.1 Introduction

Microperforated plate (MPP) is used to attenuate sound in ducts in many applications.
They consist of submillimeter size pores machined into a thin plate [84]. These pores
distort the flow of air in a thin region as it passes through the panel. The modification
of the flow results in viscous dissipation that increases as the velocity through the pores
reaches a maximum [74]. Increased viscous dissipation increases the acoustic resistance,
and therefore increases the absorption of the MPP. In comparison to traditional sound
absorbing material, MPP are cleanable, rugged, and lightweight. For example, these
panels guard against dirt and prevent deterioration of acoustic foam when mounted on
top. Furthermore, they are environmentally friendly due to their reusability. Applica-
tions have been made in room acoustics, environmental noise barriers, and silencers [85].

MPP liners can be subjected to one of two types of flow, or both. These are grazing flow
and bias through flow. Grazing flow is the flow of air outside the liner and parallel to
the face-sheet. It normally exists as a mean flow inside the duct in which the liner is
installed, e.g., inside a turbofan engine. Bias flow is the introduction of airflow, blowing
or suction, perpendicular to the perforate of the acoustic liner, and through its holes. It is
usually used to cool the face-sheet when the temperature of the air inside the duct is very
high. Through flow configurations can be also found in many advanced car mufflers. It
has been known for several decades that flow strongly affects the acoustic behaviour of
MPP structures, whether the flow is purely grazing, purely normal (through the holes),
or both.
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For modeling a MPP, we require an acoustic property to describe the acoustic atten-
uation through this plate. Local phenomena and non-linearities induced due to high
acoustic velocities and many similar reasons do not allow us to model these interactions
in sound pressure calculations. It is thus necessary to have a parameter which character-
izes wall conditions, not only as a function of treatment geometry, but also as a function
of external environment (sound frequency, acoustic velocity amplitude and flow charac-
teristics). The key parameter to quantify these effects is the acoustic impedance at the
surface of the treatment.

All of the previous considered MPP configurations are based on the assumption that the
MPP is installed flush to the duct with the grazing flow on one side only. This work
proposes a technique for the measurement of the MPP impedance with grazing flow on
both sides. This is based on the impedance eduction techniques where the impedance
can be estimated from a number of pressure measurements inside the duct [40]. This
requires a proper model for the sound propagation inside the measurement duct that
can handle grazing flow on both sides.

The MPP sample is placed in the middle of two rectangular ducts with solid walls. The
technique uses the complex acoustic pressure measured at twelve positions at the walls
of the two ducts, upstream and downstream of the lined section, and educes the im-
pedance with a mode-matching method. First, the ability of the code to reproduce the
pressure field for given impedance is tested. Second, the ability to educe the correct
impedance for a given pressure distribution is tested. This configuration represents a
four-port. In order to fully characterize this multi-port, four different excitation from the
four different inlets/outlets are needed.

A modified version of an inverse semi-analytical technique [40] is used to extract the
grazing flow impedance in this study. The amplitude of the plane wave incident to-
wards the lined section is measured using the two-microphone technique [41]. The re-
flection coefficients at the exit planes are also measured using the same technique. These
measured values are fed to an analytical model for sound propagation through the lined
sections, which is constructed using mode-matching technique. A minimization scheme
is used to find the perforate impedance value in the complex plane to match the calcu-
lated sound field to the measured one at the microphone positions already used for the
two microphone measurements. It is assumed that in the considered configurations of
micro-perforates, the leakage due to the bias flow is negligible because of the small size
of the holes [86].

6.2 Mathematical modelling

The wave propagation across the lined section inside the two ducts is described in figure
6.1(a). The sound source produces an incident plane wave, p1i, which travels towards
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the lined section and is scattered at z = 0 into a reflected, p1r, and transmitted p2i wave.
The waves propagating in the lined duct is further scattered at z = L into reflected, p2r,
and transmitted waves, p3i. The transmitted wave is further reflected giving p3r at the
outlet side of the test rig. The acoustic waves in region 4, 5 and 6 are transmitted and
reflected in a similar fashion. The numbering of the fields is as follows: 1 for the inlet
upper hard duct, 2 for the upper lined duct, 3 for the outlet upper hard duct, 4 for the
inlet lower hard duct, 5 for the lower lined duct and 6 for the outlet lower hard duct.
The letter i refers to the incident wave and the letter r refers to the reflected one. A time-
harmonic problem is considered where all the fields vary as ejωt. When the direction of
the mean flow is axial, the wave equation for uniform flow reduces to,

∇2 p−
(

jk + M
∂

∂z

)2
p = 0 (6.1)

where p is the Fourier transform of the pressure, k is the wavenumber, and M is the flow
Mach number. The wavenumbers are scaled as k := ka and consequently, the distances
are scaled as x := x/a, where a is the duct hydraulic radius. Every solution of the ei-
genvalue equation corresponds to a propagating mode, each satisfying the same wave
equation and boundary conditions. As explained in Section (2.1), the acoustic field (as-
suming a 2D model) is a summation of all incident and reflected modes,

p(x, z) =
Q

∑
q=1

a+(q).ψ(q)
i (x).e−jkz

(q).z +
Q

∑
q=1

a−(q).ψ
(q)
r (x).ejkz

(q).z (6.2)

where q is the mode number, a± (q) is the amplitude of the qth mode, and ψ(q) is the
one-dimensional mode shape of the qth mode in x-direction after separating the z de-
pendence.

6.2.1 Duct modes
Since the boundary conditions in ducts 1 & 3 and 4 & 6 are symmetric, only symmetric
modes can exist in each direction. The normalized wavenumber in the x direction is,

kq = qπ
/

2 (6.3)

where q = 0, 1, 2, . . .. The dimensions of the hard ducts are chosen together with the
frequency range so that only plane waves are allowed to propagate. As seen in figure
6.1(b) the co-ordinate system x-y is centered in each of the two ducts. The acoustic fields
in the inlet and outlet ducts are thus given by [40],

p1(x, z) = a
(1)

+ .ψ
(1)

1 .e−jk(1)z1i .z +
Q

∑
q=1

a
(q)
− .ψ

(q)

1 .ejk(q)z1r .z (6.4)
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p3(x, z) =
Q

∑
q=1

c
(q)
+ .ψ

(q)

3 e−jk(1)z3i .(z−L) + c
(1)

− .ψ(1)
3 .ejk(q)z3r .(z−L) (6.5)

p4(x, z) = d
(1)

+ .ψ
(1)

4 .e−jk(1)z4i .z +
Q

∑
q=1

d
(q)
− .ψ

(q)

4 .ejk(q)z4r .z (6.6)

p6(x, z) =
Q

∑
q=1

f
(q)
+ .ψ

(q)

6 e−jk(1)z6i .(z−L) + f
(1)

− .ψ(1)
6 .ejk(q)z6r .(z−L) (6.7)

where ψ1
(q), ψ3

(q), ψ4
(q) and ψ6

(q) are identical and given by

ψ
(q)
1 = ψ

(q)
3 = ψ

(q)
4 = ψ

(q)
6 =

 2 cos(k(q)q1 x)

2j sin(k(q)q1 x)

 (6.8)

Here, cosine function is used for even modes while sine function is used for odd modes.
In Eqn. (6.8) we omit using an index on x since this is redundant. In the intermediate
lined duct the boundary conditions are not symmetric. At x1 = +1 and x2 = −1, the
wall is hard and at x1 = −1 and x2 = +1, the duct is lined with a locally reacting
perforate. Each mode in the lined duct can be written as

p(q)2 = (A21ejk(q)q2 x1 + A22e−jk(q)q2 x1) · e−jk(q)z25·z (6.9)

and

p(q)5 = (A51ejk(q)q5 x2 + A52e−jk(q)q5 x2) · e−jk(q)z25·z (6.10)

where kq2 & kq5 are the wavenumbers in the x1 & x2 directions of upper and lower duct
respectively (figure 6.1), and A21, A22, A51 & A52 are arbitrary constants determined
from the boundary conditions. kz25 is the coupled normalized axial wavenumber in the
z direction for region 2 and region 5 of figure 6.1(b).

All the quantities are normalized with ′a′ the radius of the square ducts. The square
ducts have side lengths of ′2a′. For hard wall of region 2, the acoustic particle velocity at
(x1 = +1) can be written as,

∂p2

∂x1

∣∣∣∣
x1=+1

= 0 (6.11)

Implying,

A22 = A21e2jkq2 (6.12)
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Figure 6.1: (a) Schematic for the calculation domain, with incident and reflected waves (b) Cross-section of
lined portion of the ducts.

Similarly, for hard wall of region 5, the acoustic particle velocity at (x2 = −1) can be
written as

∂p5

∂x2

∣∣∣∣
x2=−1

= 0 (6.13)

Implying,

A52 = A51e−2jkq5 (6.14)

On putting the values of Eqn. (6.12) and Eqn. (6.14) in Eqn. (6.9) and Eqn. (6.10), we get
Eqn. (6.15) and Eqn. (6.16) respectively.

p2 = A21(ejkq2x1 + e2jkq2−jkq2x1) (6.15)

p5 = A51(ejkq5x2 + e−2jkq5−jkq5x2) (6.16)

To simplify the model it is assumed that continuity of normal velocity can be used rather
than displacement. On equating the acoustic particle velocities on both sides of the MPP
we get,

∂p2

∂x1

∣∣∣∣
x1=−1

=
∂p5

∂x2

∣∣∣∣
x2=+1

(6.17)

Using locally reacting admittance equation [87], we get,

∂p2

∂x1

∣∣∣∣
x1=−1

= −jkA(p2 − p5) (6.18)
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On solving Eqn. (6.17) and Eqn. (6.18), using the Eqn. (6.15) and Eqn. (6.16), we get the
admittance of the MPP,

A =
jkq2kq5

kq2kcot(2kq5) + kq5kcot(2kq2)
(6.19)

The admittance equation can be iterated along with these two dispersion relations for
region 2 & 5,

kz25 =
k

1−M1
2

−M1 ±

√
1− (1−M1

2)
k2

q2

k2

 (6.20)

kz25 =
k

1−M2
2

−M2 ±

√
1− (1−M2

2)
k2

q5

k2

 (6.21)

The regions 2 & 5 are coupled according to reference [88]. M1 and M2 are the Mach
numbers in the upper and lower duct respectively. Each mode in the lined section of the
ducts is finally represented by,

p(q)2 = A(q)
21

[
ejk(q)q2 x1 + e−jk(q)q2 (x1−2)

]
e−jk(q)z25z (6.22)

p(q)5 = A(q)
51

[
ejk(q)q5 x2 + e−jk(q)q5 (x2+2)

]
e−jk(q)z25z (6.23)

where kq2 and kq5 is calculated from Eqn. (6.19), and each have two values, one for each
direction, kq2i, kq2r in the upper duct and kq5i, kq5r in the lower duct. The acoustic field is
the summation of all incident and reflected propagating modes.

p2 =
Q

∑
q=1

b
(q)
+ .ψ

(q)

2i .e−jk(q)z25i .z +
Q

∑
q=1

b
(q)
− .ψ

(q)

2r .e−jk(q)z25r .(z−L) (6.24)

p5 =
Q

∑
q=1

f
(q)
+ .ψ

(q)

5i .e−jk(q)z25i .z +
Q

∑
q=1

f
(q)
− .ψ

(q)

5r .e−jk(q)z25r .(z−L) (6.25)

where ψ2i, ψ2r, ψ5i and ψ5r are the mode shapes of the incident and reflected waves in
upper and lower ducts, respectively.

In this work, the mode matching technique is applied in three steps:

• Straight forward application of the code: Assuming the incident pressure waves,
the exit impedance, and the perforate impedance as initial input data, the pressure
profile in the lined section was calculated.
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• Inverse validation of the code: The input data in this case was the strength of the in-
cident pressure wave, the exit impedance, and the pressure profile calculated from
step 1. The calculated impedance was compared with the initial input impedance
value of step 1.

• A value of the MPP impedance from classical formula [85] was used as a starting
guess to calculate the modes in the lined duct. Mode matching is then performed
using the measured a+(1), d+(1), Re1

(1) and Re2
(1) to calculate the acoustic pressure

at the wall microphones. The calculated values of the pressure are compared to the
measured values. A new value for the impedance at the boundary is set and the
same procedure is repeated until the measured wall pressures can be reproduced.
The minimization algorithm used the MATLAB function ’fminsearch’ which uses
the simplex search method. The computed values of the pressure are compared
to the measured values. Another new value for the impedance is set at the MPP
boundary and the same procedure is repeated until the measured wall pressures
can be reproduced. A code was developed for using a minimization algorithm
with the following cost function:

cost =

∣∣∣∣∣ N

∑
n=1

(pmeasured
n − pcomputed

n )

∣∣∣∣∣ (6.26)
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Chapter 7

Experimental techniques

In this chapter, different experimental techniques are discussed for studying propaga-
tion of sound in ducts. There are three sections in this chapter. Section 7.1 deals with
measurement of the classical two-port system. It consists of measurement of the trans-
fer matrix of the system. There are three measurement set-ups discussed here. One for
the porous foam (Section 7.1.4) and the other two for the patches (Section 7.1.2) and the
TSSM (Section 7.1.3) respectively. Section 7.2 deals with measurement of a four-port sys-
tem. Section 7.3 discusses the measurement of the natural frequency of the patches using
a Laser Doppler Vibrometer.

7.1 Two-port measurements

7.1.1 Measurement of transfer matrices

By measuring the input and the output of a system, a transfer matrix that describes the
system can be derived.

ŷ =Ttotx̂ (7.1)

In this expression x̂ and ŷ are acoustic state vectors that describe the input and the output
of the system. Ttot is the 2 x 2 matrix that describes the system. Since the matrix contains
four unknowns, four equations are needed in order to solve the system of equations. This
means that two pairs of state vectors are needed and this can be accomplished either by
changing the termination of the duct or by changing the sound source, from upstream
speaker (A) to downstream speaker (B). The first method is called ’the two-load method’
and the second method is called ’the two-source method’. Since it has been shown by
Åbom [79], that better results are obtained with ’the two-source method’, this is the
method used in this research. Considering a test set up as in figure 7.1, the task is to
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determine the acoustic two-port across the sample. As discussed earlier, the choice of
variables used in this work are pressure p and the volume velocity v. The test rig has 6
microphone positions. The microphones are numbered (1-6) from left to right in figure
7.1. The distance from the sample to the closest microphone is denoted by l. h is the
sample thickness. Ttot characterizes the complete system between microphone 3 and 4,
and can be obtained by measuring p3, p4, v3 and v4 for two different states. If A and B
denotes the two different states we will get the system of equations:[

pA
3 pB

3
vA

3 vB
3

]
= Ttot

[
pA

4 pB
4

vA
4 vB

4

]
(7.2)

The required velocities in Eqn. (7.2) are obtained using the two-microphone approach
[89]. For the high frequency range microphone number 2, 3, 4 and 5 are being used, and
for the low frequency range microphone number 1, 3, 4 and 6 are being used (figure 7.1).

Figure 7.1: The Transfer Matrix Method measurement rig at Scania AB, Sweden.

7.1.2 Measurement setup for patches (Paper II)

Figure 7.2 shows a schematic diagram of the experimental setup along with the data ac-
quisition system used in the measurements. SIDLAB Acquisition [83, 90] software and
SIDLAB Rig hardware configuration was used to control and post-process the measure-
ments. The measurement duct has a rectangular cross section of side length 110 mm.
The walls of the duct are made of 22 mm thick wooden panels. The two-microphone
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technique [89] is used to perform wave decomposition, and three microphones are used
on each side of the measurement section in order to cover a wider frequency range. The
microphones are mounted flush to the internal wall of the pipe and a loudspeaker is
mounted after the microphones section one each side. A distance of 0.15 m gives a fre-
quency range of 115-920 Hz, and a distance of .04 m gives a frequency range of 425-3400
Hz. The wooden duct was varnished from inside to avoid any possible acoustic absorp-
tion by the wooden walls of the duct. The test rig used for the measurements is depicted
in figure 7.3.

Figure 7.2: Schematic diagram for the Transmission Loss measurement setup

The data acquisition system used in the measurements is National Instruments PXI Sys-
tem. For input signals, the 8-channel dynamic signal acquisition module PXI-4472B was
used. Where the first two channels were used to receive two reference signals from the
outputs of the upstream and downstream loudspeakers respectively. The other six chan-
nels were used for the 6 microphones signals. For the two output signals required for
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the up and down stream loudspeakers, the 8 channel analog output module PXI-6733
was used. To connect the signals to the loudspeaker amplifier BNC inputs, the BNC
connector box BNC-2110 was used. The excitation signals used was white noise. The
microphones were calibrated using B & K Type 4231 sound calibrator producing 94 dB
at 1000 Hz. The mass flow of the supplied air was measured using CS instruments VA420
in-duct flow meter.

Figure 7.3: Realization of the test rig used for the measurements of the transmission characteristics of the patch
(All dimensions in mm)

7.1.3 Measurement setup for TSSM (Paper III)

The duct used for the experiments on the thin slow sound material (TSSM) is 2 m long
upstream of the 4 microphones to allow a fully developed stable flow. The acoustic
source consisted of one loudspeaker and one compression chamber allowing an acous-
tical level of 140 dB in the measurement zone over a wide frequency range (70-3000 Hz).
Downstream of the measurement zone, another acoustic source and another anechoic
termination was established. The use of 2 x 4 microphones allows an over-determination
of the transmitted and reflected waves on both sides of the sample and avoids the prob-
lems in the precision of measurement when the acoustic wavelength is close to half the
distance between two microphones. All the microphones are calibrated in a separated
device relatively to the first microphone which is used as the reference. The microphones
are mounted flush to the wall without their protective grids to avoid any discontinuity.
The microphones signals are recorded by an acquisition system HP 3565. This system is
used in sweep sinus mode and an average is made over 1000 cycles of the signal. The
system drives the acoustical sources on either side of the two sets of microphones.

The flow source is a compressor Aerzen Delta blower GM10S. The flow rate is measured
with a flow-meter ITT Barton 7402 (diameter = 50 mm). This flow-meter is associated
with a measurement of the absolute pressure and of the temperature in order to deduce
the mass flow rate. The flow profile was measured with a pitot tube (diameter 1 mm).
The experimental technique followed in this measurement is detailed in reference [63].
The entrance impedance of one cell has been measured with an impedance sensor within
which there are two microphones and a piezoelectric source (see appendix A of [30]).
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Figure 7.4: Schematic description of the experimental setup [63]. 1: Compressor, 2: Flow meter, 3: Anechoic
terminations, 4: Microphones , 5: Flow-duct,6: Acoustical source, 7: Lined wall.

7.1.4 Measurement setup for porous foam (Paper IV)
The measurement of the transfer matrix for the porous foam configurations was made
according to the standard E2611 – 09, with one microphone that was moved to the dif-
ferent microphone positions in the test rig (figure 7.1). All measurements were made
under no flow conditions. The microphone was placed in the microphone calibrator (B
& K, type 4231) and amplitude calibrated with LMS Test Lab, which was the program
used to acquire the transfer functions between the microphone and the speaker signal.
The microphone was placed in extreme left position, and the complex transfer function
between the microphone and the signal exiting the left loudspeaker was measured. This
procedure was repeated for all microphone positions and for both speakers. For refer-
ence the average temperature and atmospheric pressure was 220C and 100 KPa. The
valid frequency range for the four-pole measurement depends on the distance between
the microphones which is governed by [89],

0.1π
(

1−M2
)
< ks < 0.8π

(
1−M2

)
(7.3)

where M is the Mach number, k is the wave number, and s is the distance between each
pair of microphones positions. A distance of 0.49 m gives a frequency range of 35.3-282
Hz, and a distance of .06 m gives a frequency range of 288-2304 Hz. The cut-on frequency
(Section (2.1))for the measurement pipes can be calculated as follows,

fcut−on =
ca

2d
(7.4)

where ca is the speed of sound, and d is the diameter of the pipe. For the pipe system
considered, the fcut−on = 702 Hz. This fcut−on corresponds to the largest cross dimension
which was the expansion chamber diameter (0.24 m). The final frequency range was 0-
1800 Hz with a frequency resolution of 1 Hz. The excitation signal was swept sine and
for each measurement 50 averages were made.
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7.2 Four-port measurements (Paper V)

This section deals with a technique of measuring a four port network which is a special
case of multi-port network.

Figure 7.5: scattering plane wave pressure representation for a Multi-port element showing the incident and
reflected pressure wave components at each node.

7.2.1 Acoustic multi-port scattering matrix

Figure 7.6: Sketch of Double sided Grazing flow rig

A general representation for an acoustic two-port is a multiport. While a two-port have
only one inlet and one outlet, a multiport can represent an element with any number of
inlets and outlets. The general form of a multiport can be described as shown in figure
7.5. Here n indicates the number of ports of the multiport element. The figure represents
the incident and reflected components of the pressure of the plane wave respectively, at
the node indicated by the subscript number n. In our four-port setup, each of the four
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ports are connected to an excitation source (loudspeaker). To measure all the elements of
the four-port scattering matrix, four measurement runs are needed. Each measurement
run will fill in one of row of the 4x4 matrix (Eqn. (7.5)) which corresponds to figure 7.6.
Here R11-R44 stands for the reflection coefficients at the four ports and T12-T43 stands for
the transmission coefficient for the 12 two-ports formed inside this four port. In each
run, one of the sources is activated, while the incident and reflected pressure values at
each node measured simultaneously. In this case, a total of 12 microphones and 12 data
acquisition channels need to be used simultaneously in each measurement run.

R11 T12 T13 T14
T21 R22 T23 T24
T31 T32 R33 T34
T41 T42 T43 R44

 (7.5)

The MPP sample used has a square perforation pattern with circular holes. MPP thick-
ness is 2 mm, and the diameter of the MPP is 0.5 mm. The distance between the holes
was 3 mm (centre to centre) and porosity was around 2 %.

The double sided grazing flow rig (figure 7.6), has internal dimensions of 0.03 m by
0.03 m for each duct. The length of the measurement section is 1.7 m between the en-
trance plane and the exit plane where the first and last microphones are located. Two
U-tubes are sandwiched together with a 2 mm thick steel plate in the middle to form this
rig which contains an axially-centered test microperforate with a length of 0.2 m. The
two surfaces of the microperforate forms the test sections of the flow ducts. Elsewhere,
the test section side-walls are rigid, with a source upstream of the microperforate and
a termination downstream which is nearly anechoic for frequencies 2 KHz and above.
The two-microphone technique [89] is used to perform wave decomposition. The micro-
phones are mounted flush to the internal wall of the duct and a loudspeaker is mounted
after the microphones section one each side. The high frequency spacing used was 0.025
while the low frequency spacing was 0.24 m. The data acquisition system used in the
measurements is a National Instruments PXI System. For input signals, the 8-channel
dynamic signal acquisition module PXI-4472B was used. Where the first four channels
were used to receive four reference signals from the outputs of the two upstream and two
downstream loudspeakers respectively. The other twelve channels were used for the 12
microphones signals. For the two output signals required for the up and down stream
loudspeakers of each duct, the 6 channel analog output module PXI-6733 was used. To
connect the signals to the loudspeaker amplifier BNC inputs, the BNC connector box
BNC-2110 was used. SIDLAB Acquisition was used to acquire the transfer functions of
each of the twelve microphones in the frequency domain, and post-processes the data
to calculate the scattering matrix. The excitation signals used were stepped sine and 50
averages were made for each measurement. The microphones were calibrated using B
& K Type 4231 sound calibrator producing 94 dB at 1000 Hz. For each of the proposed
configurations, several measurements were performed for different combinations of in-
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let flow velocities of each duct. The mass flow of the supplied air was measured using
CS instruments VA420 in-duct flow meter.

Three microphones were located in the upstream side of both ducts and three micro-
phones were located in the downstream side of both ducts. The analytical eduction
technique described in Section 6.2 needs the amplitude of the incident pressure wave
towards the microperforate at the perforate’s leading edge and exit reflection coefficient
at the microperforate’s trailing edge. This is needed for both of the ducts. These quantit-
ies are measured using the two-microphone technique on both sides of the lined section.
They are then moved to the edges of the liner (z = 0, and z = L). Two microphones (figure
6.1 (a)) on the upstream side are used to calculate the amplitude of the incident pressure
wave at microphone B at z = -0.525 m and then moved to the reference plane at z = 0
using,

a(1)+ =

(
pB

1 + RB

)
· e−jk+zB (7.6)

where,

RB =

(
1− HAB · ejk+s

HAB · e−jk−s − 1

)
(7.7)

where zB is the distance between point B (figure 6.1 (a)) and the leading edge of the
perforate. The last two microphones (positions C and D) on the downstream side were
used to calculate the reflection coefficient at microphone D and then moved to the trail-
ing edge of the lined section at z = L to obtain the exit reflection coefficient,

R(1)
e =

(
1− HCD · ejk+s

HCD · e−jk−s − 1

)
· e−j(k++k−)zD (7.8)

where zD is the distance between microphone D and the trailing edge of the perforate.
This process was similarly repeated for the lower duct to get d+(1) and Re2

(1).

7.3 Natural frequency measurements (Paper II)

The structure considered here for natural frequency measurements is continuous, and
a complete description of a vibration response "mode shape" would involve a set of
response vectors, with three-directional components, at a number of points within the
three dimensional volume bounding the structure. The best technique for such a meas-
urement is a Laser Doppler Vibrometer (LDV).
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Figure 7.7: Schematic diagram of the patch natural frequency measurement setup.

The LDV operates by measuring the velocity of a point addressed by a focused laser
beam, using the Doppler shift between the incident light and scattered light returning
to the measuring instrument. A schematic of this measurement using a LDV is shown
in figure 7.7. An LDV gives a half-way house between the use of accelerometer arrays,
which give Frequency Response Functions (FRFs) at limited numbers of points, and field
measurements, which have a much higher spatial resolution [91]. The Laser Vibrometer
(LVH-110D) with He-Ne laser operating at a wavelength of 632.8 nm, was used to study
the vibrational natural frequency of a rectangular aluminum patch with dimensions 53 x
35 x 0.1 mm. The patch was excited by a 250 W low frequency loudspeaker 10 mm away
from the patch surface. Two different types of holders for the patches were manufactured
for carrying on this test. In the first holder, the patch was bolted to the holder whereas
in the other, the patch was glued to the holder using specialized aluminum epoxy, as
shown in figure 7.8. It was observed that both configurations worked quite well but the
glued patches were preferred, as the clamped patches would obstruct the flow when
placed inside the duct.
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Figure 7.8: (a) Patch bolted to the holder (Top view) (b) Patch bolted to the holder (Bottom view) (c) Patch glued
to the holder (Top view) (d) Patch glued to the holder (Bottom view) (e) Glued patch with holder mounted on
the speaker (f) Bolted patch with holder mounted on the speaker (g) The Patch Holder-Speaker assembly
mounted on the rig for Laser Vibrometer measurements
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Chapter 8

Summary of Appended Papers

8.1 Paper I: Sound attenuation in ducts using locally
resonant periodic aluminum patches

Traditional passive noise control techniques using Helmholtz resonators have size limit-
ations at low frequency due to the large wavelengths. Promising noise reductions, with
flush mounted aluminum with no such constraints can be obtained building on local
resonance phenomenon implemented by acoustic metamaterial techniques. The object-
ive of this work is to introduce locally resonant aluminum patches (see figure 8.1) flush
mounted to an acoustic duct walls aiming at creating frequency stop bands at the low
frequency zone. These patches behave similar to Helmholtz resonators designed for a
particular resonance frequency.

The effect of the aluminum patches on the effective dynamic density and bulk modulus
was also investigated. The bulk modulus achieved was frequency dependent and exhib-
ited behavior similar to the case of an array of Helmholtz resonators flush mounted to
the duct. Realistic techniques for expanding the stop bandwidth have been introduced
and the mutual effect of the locally resonant patches in conjunction with the Bragg band
gap has been investigated. To minimize computational cost, the system was modeled
analytically using the interface response theory of continuous media. Green’s function
is used to predict the performance of the locally resonant patches. Several different con-
figurations of patches flush mounted to the duct were measured with and without flow.
A stop band at the resonant frequency of the patches was observed.

A systematic study of the propagation of the acoustic waves in ducts containing locally
resonant periodic flush-mounted flexible patches was carried and the band structure and
the transmission spectrum were studied for different configurations. The results of the
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8.2. PAPER II: VALIDATION OF LOW FREQUENCY NOISE ATTENUATION USING
LOCALLY RESONANT PATCHES

Figure 8.1: Distribution of the sound pressure level inside the duct showing the reduction effect of the patch.
This is a plot at the resonance frequency of the patch.

analysis of the stop bands of these metamaterials were compared with the simulation
results obtained from finite elements using COMSOL Multiphysics. Proper attenuation,
which gave rise to absolute band gaps in the acoustic band of a periodic structure, was
found. In addition to the band gaps formed due to local resonance effect, other band
gaps, due to Bragg scattering, existed due to the periodic nature of the structure. In the
configurations studied, the band gap width is controlled by the geometrical parameters
including the material properties of the patches but attenuation due to Bragg scattering
is not incorporated in this band gap.

8.2 Paper II: Validation of low frequency noise
attenuation using locally resonant patches

The objective of this paper is to experimentally validate the transmission spectra of res-
onant aluminum patches (as in Paper I) flush mounted to acoustic duct walls aiming
at creating frequency stop bands in the low frequency zone. They can be applied with
practical size constraints by optimally designed enclosures [20] and with zero pressure
drop. In this work, only the first mode of the patch is considered. The reason behind this
is that the first mode is more effective in reflecting sound while the second mode has
low radiation efficiency due to its dipole-like feature. The third and higher order modes
are not very receptive to the incoming low frequency sound, and they are ineffective in
reflecting sound.

In addition to aluminum, alloys such as stainless steel can also serve as a dependable
alternative for the material of the patches. The effect of number of patches as well as the
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Figure 8.2: Relative Transmission Coefficient of four, eight, twelve and sixteen patches. Lowest Resonance
Frequency: 580 Hz, First Bragg Frequency: 850 Hz, Perodicity: 20 cm

periodic arrangements played an important role in the final transmission loss achieved
(see figure 8.2). A study of the propagation of acoustic waves in a metamaterial com-
posed of patch resonators is conducted in this work. The resonance of these patch res-
onators gives rise to band gaps. The gap width can be controlled by the geometry of
the patch. The effective modulus and the effective mass density manipulate the speed of
sound inside the metamaterial. The effect of varying the number of patches was tested
and found to give broader band gap. The effect of flow was also tested and it was found
that the patch section retains its noise reduction properties even with flow. The meas-
urement results were compared to analytical and simulation results and the comparison
show very good agreement.

8.3 Paper III: Low frequency sound attenuation in a flow
duct using a thin slow sound material

This paper studies sound attenuation by a structure with straight rectangular tubes
loaded by periodically distributed resonators. It utilizes the phenomenon of slow sound
propagation associated with its inherent dissipation for designing broad band sound ab-
sorbing metamaterials. This is a study of a thin slow sound material (TSSM) flush moun-
ted to a duct, comprising of coplanar quarter wavelength resonators that aims to slow
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8.3. PAPER III: LOW FREQUENCY SOUND ATTENUATION IN A FLOW DUCT
USING A THIN SLOW SOUND MATERIAL

the speed of sound at selective resonance frequencies. Effect of flow on these samples has
also been investigated. The flow helps in achieving a broadband attenuation covering
a wide band in the low as well as mid frequency regime (see figure 8.3). A good agree-
ment between theoretical analysis and experimental measurements has been reported.
Two modeling approaches are used to estimate the impedance of the TSSM with flow.
In real applications, where the channel height is greater than that of our thin test duct,
the optimal resistance is higher and more easily approachable. Therefore, for practical
use of TSSM a balance must be reached between the thickness of the specimen and the
POA for which an excessively low value results in a very high sensitivity to dissipation,
to effects of grazing flow and to large amplitude-related effects.

Figure 8.3: Modulus of the TSSM transmission coefficients. (a) The symbols represent the measured values
(+: without flow, green circles: M=0.2, in the flow direction T+, green squares: M=0.2, against the flow T−).
The lines represents the multimodal model results (blue continuous: without flow, magenta dashed: M=0.2,
T+, magenta dotted: M=0.2, T−). (b) Zoom around the first peak in logarithmic scale.

The TSSM, built around the recent concept of slow sound, shows its ability to strongly
reduce transmitted sounds, especially at the low frequencies, in airflow channels. The
inherent losses of the TSSM gives rise to wide band peaks, which are widening with a
grazing flow but with a reduced attenuation. A lumped discrete approach inside the
TSSM allows an accurate modeling of the characteristics of this material. This mater-
ial proves to be a promising solution for airflow channels when space constraints and
dominant low frequency noise make the classical silencers unusable.
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8.4 Paper IV: Modeling and characterization of a novel
porous metallic foam inside ducts

A novel porous metallic absorbing material was studied in this paper. This material
proved to be a similar or better sound absorber compared to the conventional porous
absorbers (see figure 8.4), but with a robust and less degradable properties. An efficient
way of characterizing the porous absorber from a simple transfer matrix measurement
was proposed. This measurement can be used to extract the complex effective sound
speed and density, which are fundamental porous material properties. The experimental
results were compared with two-port theory and finite element simulation and a close
agreement was found.
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Figure 8.4: A comparison of the measured Transmission Loss of one sample at the centre with 3D FEM and 1D
Two-port modeling

Several different configurations were modeled with spatially periodic area changes in-
side an expansion chamber using the 1D duct acoustic software SIDLAB [83] imple-
menting the two-port theory and COMSOL implementing the finite element method
(see figure 5.2). Bragg scattering was observed in some configurations with certain lat-
tice constants. The porous material was assumed to follow an equivalent fluid model
and complex speed of sound and complex density was the only input for characterizing
this model.
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8.5. PAPER V: MEASUREMENT OF PERFORATE IMPEDANCE WITH GRAZING
FLOW ON BOTH SIDES

The material characterization was done using a nonlinear unconstrained optimization
algorithm. This analysis provides a faster alternative way to determine the complex
effective density and sound speed of a porous material. These properties are needed to
determine bulk reaction effects when analyzing the sound absorbing behavior of porous
materials.

8.5 Paper V: Measurement of perforate impedance with
grazing flow on both sides

This work presents a technique for measurement of the perforate impedance with graz-
ing flow on both sides. This is based on the impedance eduction techniques where the
impedance can be estimated from a number of pressure measurements inside the duct.
This requires a proper model for the sound propagation inside the measurement duct
that can handle grazing flow on both sides.

For the experimental characterization the MPP sample is placed in between two rect-
angular ducts with solid walls (see figure 7.6). The technique uses the complex acoustic
pressure measured at twelve positions at the walls of the two ducts, upstream and down-
stream of the lined section, and educes the impedance with a mode-matching method.
First, the ability of the code to reproduce the pressure field for given impedance is tested.
Second, the ability to educe the correct impedance for a given pressure distribution is
tested. This configuration represents a four-port. In order to fully characterize this multi-
port, four different excitation cases from the four different inlets/outlets are needed. A
novel type of rig was constructed to carry out all the above mentioned measurements.

A modified version of an inverse semi-analytical technique [39, 40] is used to extract
the grazing flow impedance in this study. The amplitude of the plane wave incident
towards the lined section is measured using the two-microphone technique [41]. The
reflection coefficients at the exit planes are also measured using the same technique.
These measured values are fed to an analytical model for sound propagation through the
lined sections, which is constructed using a mode-matching technique. A minimization
scheme is used to find the perforate impedance value in the complex plane to match the
calculated sound field to the measured one at the microphone positions used for the two-
microphone measurements. A close agreement has been found between the impedance
educed using this method and the two-port theory for a MPP without flow (figure 8.5).
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Figure 8.5: A comparison of Educed Impedance for microperforate with Porosity (σ)=2 % without flow.
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Chapter 9

Conclusions and
recommendations for future work

9.1 Concluding remarks

Throughout this research, concepts of using innovative noise control techniques have
been investigated to achieve increased absorption and transmission loss specially in the
critical low frequency range below 1 KHz. Acoustic metamaterials, micro-perforated
plates and metallic foams have been used to target noise attenuation by using passive
noise control.

A systematic study of the propagation of the acoustic waves in metamaterials contain-
ing locally resonant periodic flush-mounted flexible patches was carried and the band
structure and the transmission spectrum were studied for different configurations using
the interface response theory. The resonance frequency of the locally resonant patches
is dependent on the material and geometry of the patch. Any desirable frequency can
be achieved using proper designs of these patches. The periodic arrangement of the
patches may give rise to broadband attenuation. Promising noise reductions is possible,
with these flush mounted patches incorporating both factors, building on local reson-
ance phenomena implemented by acoustic metamaterials techniques. The results of the
analysis of the stop bands of these metamaterials were compared with the simulation
results obtained from finite elements using COMSOL Multiphysics.

In the configurations studied, the band gap width is controlled by the geometrical para-
meters including the material properties of the patches but attenuation due to Bragg
scattering is not incorporated in this band gap. The effective material properties such
as the effective bulk modulus and the effective mass density manipulate the speed of
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sound inside the metamaterial. The effect of flow was also tested and it was found that
the patch section retains its attenuation properties even with flow.

Another metamaterial called Thin slow sound material or "TSSM" is built around the
recent concept of slow sound. This material shows its ability to strongly reduce trans-
mitted sounds, especially at the low frequencies, in airflow channels. The inherent losses
of the TSSM gives rise to wide band peaks, which are broadened with a grazing flow but
with a reduced attenuation. This material proves to be a promising solution for airflow
channels when space constraints and dominant low frequency noise make the classical
silencers unusable. Both of the acoustic metamaterials have been successfully designed,
constructed, and tested using analytical, experimental, and numerical methods and the
comparison show good agreement.

Concerning the porous material part, an efficient approach to extract the material prop-
erties of a novel metallic foam from transfer matrix measurements has been proposed.
The material characterization was done using a nonlinear unconstrained optimization
algorithm. This novel composite material is lightweight, highly resistive to contamina-
tion and heat and is capable of providing similar or better sound absorption compared
to the conventional porous absorbers, but with robust and less degradable properties.
Bragg scattering was observed due to placement of the foam rings at particular lattice
constants implying spatially periodic area changes. This analysis provides an alternat-
ive way to determine the complex effective density and sound speed of a porous mater-
ial. These properties are needed to determine bulk reaction effects when analyzing the
sound absorbing behavior of porous materials.

The effect of two-sided flow on a MPP plate is studied. A modified version of in-
verse semi-analytical technique [39, 40] is used to extract the grazing flow impedance
in this study. This is based on the impedance eduction techniques where the imped-
ance can be estimated from a number of pressure measurements inside the duct. The
amplitude of the plane wave incident towards the lined section is measured using the
two-microphone technique [41]. The reflection coefficients at the exit planes are also
measured using the same technique. These measured values are fed to an analytical
model for sound propagation through the lined sections, which is constructed using
mode-matching technique. No flow measurements for a classical microperforated plate
was done to benchmark this technique. Several configurations were also measured with
variations of flow on both sides of the MPP.

9.2 Recommendations for future work

Future work may include the following tasks,

• It is interesting to study the effect of flow and acoustics on the consistency and
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robustness of the locally resonant metallic patches. Exterior sound radiation from
the patches is another topic of great interest.

• For the TSSM, further optimizing the design to reach Cremer’s optimal imped-
ance [92] with flow and testing the TSSM’s applicability in real life situations as in
aircraft engines may be the next thing to do.

• Complete characterization of the porous metallic foam with in depth theoretical
and experimental insights of the material, with its fundamental properties like flow
resistivity, tortuousity, isotropy/anisotropy and homogeneity/non-homogeneity
can be an interesting study to pursue. The effect of temperature on the equivalent
fluid model can also be an interesting subject to study.

• The two sided grazing flow studies need to be validated on a broader spectrum,
with more variety of MPP samples, Mach numbers and flow speed combinations
including bias flows. Based on the measurements, derivation of a formula to pre-
dict the effect of two sided grazing flow will also be an obvious next step.
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