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Being exposed to loud noises can lead to hearing impairment, stress, and difficulties in
communication. Active noise cancelling piezo - electric materials, passive foams/foam-
like materials and acoustic metamaterials (near-zero, single negative, double negative)
are common forms of noise dampening alternatives currently in use, although each has
its own set of drawbacks. For the passive foam materials, for instance, weight and volume
are issues because they are quite heavy and occupy a high level of space. Certain vehicles,
like aircraft, may have heavy foam put inside them, which is a major reason for increased
fuel consumption and decreased operational efficiency. Although piezo-based systems
may be lighter or smaller than foams, they still need control hardware, circuits, power
supply etc. These materials frequently exhibit poor sound absorption characteristics
particularly in the low frequency domain, necessitating the use of thicker structures with
dimensions corresponding to the working wavelength of acoustic signals. For application,

such as damping within aircrafts the component sizes and weights are rigorously



restricted and the noise damping structures may be overtly thick or heavy and thus an
engineering tradeoff between the noise absorption, the volume occupancy and the weight
addition leads to a very challenging situation. There is a need in the aerospace industry
for a thin, lightweight, high sound-absorbing material. Many solutions like passive or
active meta-materials are realized for catering to these challenges. Most sub-wavelength
acoustic absorbers exhibit good sound absorption in a specific frequency band, however
the difficulty with that type of structure is that it is not adaptive to band shifting once it is
created. Many researchers have continued to examine the integration of SMPs (Shape-
memory polymer) materials in acoustic meta-structures because of the ability to change
physical properties with external inputs. Therefore, it is intriguing to think that a new
generation of "auto-reconfigurable” AMMSs may soon appear, offering performance far
superior to the state of the art and enabling novel wave functionalities like tunable
focusing, broadband cloaking, dynamic signal processing, and programmable analogue

computing.

We focused our efforts in this work on creating, realizing, characterizing, and applying
the concept of metamaterials to two separate aspects of science and technology. In one
domain, we aim for sound reduction without air circulation by employing a back plate
that does not allow acoustic air to pass through. In the other domain, we have created
some new designs of 1D and 2D ventilated acoustic metamaterials with air circulation
that absorb sound while also allowing acoustic air to travel through. All of the unique
metamaterial designs have been created utilizing a 3D printing machine using fused

filament fabrication (FFF) procedure.

In this thesis, we have created and designed metamaterials to address this issue from a
passive aerostructure point of view. In airplanes, the engine and turbulent airflow around

the fuselage typically produces low frequency excitations and this has been identified as
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the primary source of cabin noise. The target frequency range for noise damping
standpoint further varies between turbofan and turbojets. The turbojet generates a high-
velocity exhaust flow that dominates other noise sources, especially at low frequencies
(200Hz -800Hz). Turbofans, on the other hand, produce high-frequency noise (1000Hz
to 1600Hz). Therefore, the primary objective of our research has been to develop
structural designs of materials which are realizable through 3-D printing to develop test
size coupons and eventually integrated to a scaleup process relevant to aerospace
manufacturing. The designs developed possess thin cross-sections and are amenable to
low and medium frequency band sound mitigation. The first design that we have created
has been inspired from the famous Ashok Chakra structure which show high tunability
independent of thickness. With this design scaled at subwavelength dimensions (A/7),
almost perfect sound absorption (>99%) is observed. This structure however shows only
single-frequency sound absorption behavior once realized and cannot change to variable
acoustic emission spectra. Thus, in a way the structure once planned for a specific
frequency range and optima may only serve a specific situation and in a way has limited
application from damping of dynamic acoustic signals. There has always been a need for
a thin sound absorber that can shrink the vertical and lateral dimensions simultaneously
while obtaining multiple narrow banded absorption peaks. To address these challenges,
we have designed the next solution to get multiple narrow band low frequency sound
absorption through realization of the fractal acoustic metamaterials. (FAM) Numerous
validations have been conducted using numerical modelling efforts (FEM simulations),
closed form analytical solutions (based on equivalent impedance analysis), and
experimental analysis. We have also tried conventional micro-perforated panels (MPP),
with back cavity made out of FAM designs to obtain the cascade neck-embedded

Helmholtz resonator effect with a back cavity of ultra-thin nature (thickness < 2 cm) We
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have achieved near perfect absorption around 1000 Hz, with a broadband absorption
bandwidth. Approximately 1 octave band sound absorption coefficient > 0.5 have been
achieved with single unit cell and more than 0.8 has been achieved within the frequency
range 600-1100 Hz. Maximum relative sound absorption bandwidth of 76% has been
achieved with an integrated two-unit cell configuration and 61% with 4-unit cell
combination. The sound absorption coefficient has been increased by integrating the unit

cells.

Although the previously developed structures have been effective at absorbing sound,
they have also been obstruction to the airflow necessitating the development of a structure
that could do both sound-insulation and air ventilation. Earlier geometries have always
been compromised in a way as most of them have created noise damping through barrier
effect which is sometimes detrimental to the structure as such. To address these
challenges, we have also proposed one-dimensional meta-materials (kink fiber) which
allow passage to the air flow while absorbing the incident sound wave (little reflection)
in the low- to mid-frequency region (800-1600 Hz). These structures are made with a
viewpoint to only muffle the sound over 800 Hz and not low frequency noise which is
what jet engines typically produce and transmit into the aircraft cabin. Thus, while the air
flow through ventilated passageways may result in good reliability of the shrouds and the
dampening structures the basic purpose of meeting the absorption frequency range is
unmet. To address these challenges, we have further designed and developed a
subwavelength-thin (1.4~3.5 cm) metamaterial structure inspired by a flat Fresnel spiral
with good ventilation capacity to obtain broadband multiple sound absorption peaks in
the frequency range of 0-1600 Hz. Very low frequency sound (roughly 200Hz) and

broadband more than one octave while maintaining air circulation of 5~12% is also
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obtained. Further a variation of vacuum pressure within such intelligent materials has

always led to increased absorption coefficients at less than 200Hz frequency.

In conclusion, we have designed and created five different types of acoustic
metamaterials panels for aircraft applications. Three of them are concerned with
establishing targeted frequency sound absorption, multiple frequency sound absorption,
and broadband sound absorption, while the other two are concerned with air ventilation
in addition to sound absorption. We believe that our proposed designs will have a wide
range of applications in noise control, and that the theoretical models produced will
provide a solid foundation for building high-efficiency acoustic panels, silencers, and

barriers with high ventilation and sound absorption.
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Chapter 1 : Introduction

In our everyday experience, we encounter a variety of ways in which sound interacts with
material medium while propagating. Sound waves can resonate through valleys, covering
significant distances. Different musical instruments elicit diverse frequencies, offering
unique auditory pleasures. Conversely, sound can disrupt both sleep and work routines. Amid
these sound occurrences, resulting noise pollution, emanating from sources like vehicle,

industrial, or domestic sounds poses a growing challenge to human well-being and comfort.
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Figure 1.1: Traditional methods for reducing noise and shaping the acoustic
environment.[1], [2] (a) Micro-perforated panels used in aerospace jet; (b) Fabric and soft

foam in cockpit; (c) Helmholtz resonators in automobile

In response to the escalating need for lower noise levels, regulations regarding the

environmental impact of commercial products have become increasingly stringent.



Developed nations and regulatory bodies have established rigorous noise reduction standards
to ensure a habitable environment. A common industrial approach to address noise reduction

involves the implementation of passive sound-absorbing structure.

Figure 1.1 depicts traditional methods for reducing noise. The human aspiration to
comprehend and control sound waves or diminish sound intensity has persisted throughout

history.

The acoustic theory significantly contributes to a comprehensive understanding of both the
quantitative and qualitative aspects of sound propagation. In broad terms, a sound wave
represents a synchronized series of oscillations. Proficiency in comprehending damped
harmonic oscillation is crucial for delving into the intricacies of sound. In this context, the
aim of this thesis is to examine sound absorption, manipulate sound waves, and attenuate

noise signals in metamaterials.

1.1  Sound, Noise and Acoustic

It is believed that humans have the ability to hear before birth.[3] Once born, we can
recognize information communicated by sound, appreciate, and produce sound. One of the
most essential and critical senses for our learning and understanding of the world is hearing.
Sound is essential for many facets of life, including communication, collaboration, artistic
expression, time management and many more. From the smallest living cells in the human
body to the largest skyscraper, everything vibrates and emits sound. In the tapestry of our
sensory world, sound waves paint a vivid and ever-changing portrait of the environment
around us. These waves, composed of alternating compressions and rarefactions of air

molecules, create the melodious symphony of life. As we delve into the intricacies of sound



waves, we uncover the mechanisms that bring music to our ears, voices to our conversations,
and the distant roar of thunder to our senses. As the source vibrates, it compresses the air
molecules in front of it, creating a region of high pressure known as compression.
Simultaneously, it pulls the air molecules behind it apart, creating an area of low pressure
called rarefaction. This cyclical pattern of compressions and rarefactions propagates outward
from the source, creating a sound wave that eventually reaches our ears as shown in Figure

1.2.[4]
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Figure 1.2:Image of sound waves moving through air particles.
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In the midst of the harmonious melodies that dance through our auditory landscape, noise
emerges as an unwelcome disruptor. Unlike the organized patterns of sound waves that create
music and conversation, noise is characterized by its lack of rhythm and structure. It is an
intrusive cacophony that can range from the distant hum of machinery to the jarring blare of
horns in a bustling city. Noise not only disturbs our tranquility but also impacts our well-
being, affecting concentration, sleep, and overall quality of life. As we seek solace in the

symphony of nature, the dissonance of noise serves as a reminder of the delicate balance



between the sounds that uplift us and the clatter that challenges our auditory harmony. What
one person might consider soothing might be noise to another—a testament to the subjectivity

of the concept.

Figure 1.3, various common noise sources are depicted along with their typical frequency
content and placement on a sound level scale. Decibels are used as a measurement unit to
assess the power of sound sources. Human ears, however, respond differently at various

frequencies.
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Figure 1.3: Regular noise sources' typical sound pressure levels and frequency ranges.[5]

Acoustics is the multidisciplinary study of sound, encompassing fields such as physics,
engineering, psychology, and architecture. It seeks to understand the behavior of sound
waves, their propagation, and interactions with various mediums. Simply said, acoustics is

the study of the generation, reception, and transmission of sound. Greek is the language's



original home of the word acoustic. Its root words are akoustikos, which means "of or for
hearing, ready to hear," and akoustos, which means "heard, audible." This also comes from
the verb akouo, which means "I hear." Acoustics encompasses the design of sound barriers,
the optimization of building materials for noise reduction, and the creation of acoustic

treatments that transform noisy spaces into serene retreats.

In conclusion, Sound, noise, and acoustics are integral facets of human existence, shaping
how we perceive and interact with the world. By comprehending the properties of sound, the
detrimental effects of noise, and the science of acoustics, we empower ourselves to create
harmonious environments that enhance our well-being and preserve the delicate balance of
our sonic world. From the awe-inspiring symphonies of nature to the controlled acoustics of
performance spaces, the interplay of sound enriches our lives in myriad ways, reminding us

of the profound connection between science, art, and the human experience.

The critical factor in quantifying noise is the physical quantity known as sound pressure,
which represents the incremental pressure fluctuations caused by the oscillation of waves in
the air above and below the ambient pressure. Even within the boundaries of ear pain, the
sound pressure is quite tiny in comparison to the static air pressure. For instance, sound
pressure comprises a series of rapidly alternating positive and negative values that vary over
time. These are commonly assessed using a device that provides a statistical representation,
such as the root mean square (rms) sound pressure, which averages out the instantaneous

fluctuations. This is given by:[6]

1 T
pms = |7 | p20de Njm? )
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where T is a time period sufficient to allow the statistical process to accumulate. The root
mean square (rms) value of pressure typically holds significance, leading to the omission of
the rms index from the pressure symbol. The representation of sound pressure is not
expressed in absolute terms; instead, it is referenced to a specific quantity, typically the
pressure at 1 kHz corresponding to the average audibility limit of a typical healthy individual.

Thus, the sound pressure level (SPL) is defined as:

SPL =20 Xlogq

o (1.2)

SPL is a measure of how loud a sound is mathematically, instead of calculating amplitude
directly in acoustics, the sound pressure level is defined as where p is the pressure of sound

and p, is the reference pressure 2 x 107> Pa.

Sound propagates in waveform, which is not merely a sine or cosine wave. From a different
viewpoint, it can be described more generally in mathematical terms as a wave and expressed

as [7]
w(x, t) = g(x — ct) + h(x + ct) (1.3)

Where g(*) and h(*) generally shows the wave form. It’s important to note that waveforms
g and h effectively illustrate patterns across both space and time. These also propagate
through space and time via the x + ct or x — ct connection. For deeper understanding of
wave propagation, see the Figure 1.4. This figure illustrates the evolution of the function "g"
along the x-axis over time. We observe that the "g" function moves a distance ‘ct’ through

space. Importantly, we can now visualize the wave represented by the "g" function in space,

specifically noting its temporal changes relative to its spatial variations along the x-



coordinate. The result is obtained by rewriting the wave “g” function in terms of time as

shown in equation 1.4.

g(x),t=0
/ glx—ct)t=r1

ct

Figure 1.4: The wave travels in a positive (+) x direction; g expresses the wave's shape, ¢

determines the wave's speed, and t and x specify the time and coordinate.

glx—ct) =g(—c (t - g)) (14)

According to equation 1.4, when a wave moves through time, it can be perceived as a right-
moving wave in space. Equation 1.4 can be used to define the sine wave, a particular wave.

The sine wave propagating to the right is stated as
w(x, t) =Y sin (k(x — ct) + @) (1.5)

where k converts the units of the independent variable of the sine function to radians; Y
denotes the amplitude, @ is an arbitrary phase, and x and ct are length units. These values

rely on the sine wave's beginning value of amplitude.

Equation (1.5) can be rewrite as

w(x, t) = Y sin((kx — kct) + @) = Y sin (kx — wt + ¢) (1.6)



where kc = w and it is measured in rad/sec because the sine function's independent variable
must be expressed in radians. It connects the variable representing the change in space(x), k,

with the one representing the change in time(t), w. That is,

k_a)_an_z 1 2m L7)
T T T '

where k is the number of waves in one unit of length. This is referred to as a wave number
or propagation constant. We also call this “dispersion relation “which shows space and time
relation. In contrast to generic waves, those with a cosine or sin form is regarded as unique
types. Only in these unique cases does the dispersion relation apply. Nevertheless, we are
aware that any wave can be generated or expressed through a Fourier integral or series by
superimposing sine and cosine waves. Therefore, comprehending single harmonic waves is

both the foundation for further study and the place where we must always start.

One-dimensional wave is shown in equation (1.3), now let’s understand the physical meaning

by calculating the derivative of this equation with respect to time and space.[7]

6y_ "+ h' (1.8)
ox 9 '

where ' shows the derivative of each function

0 1.9
O_Jt} = —cg' + ch’ (9)
Which leads to,
2g , 2g (1.10)
=-—Ccg =—C—

ot 0x
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oh (1.11)

It is basically stated in equation (1.10) and (1.11), that a wave’s rate of change (g) is related

to the change in its spatial location by factor “-c”. However, wave h’s rate of change is related

to its change in space by the factor “c” and is propagating in the opposite direction. With

respect to space, the g wave moves upward when there is a negative slop and downward

when there is a positive slop.

If we differentiate equations (1.10), and (1.11), we get.

0%g

otz

0%h

Jat?

zazg (1.12)
dx?2
" 0%h (1.13)
C 327
X

This shows that any one-dimensional wave y (X, t) which has left-going and right going wave

with respect to the selected coordinate satisfied the partial differential equation.

0%y

ot?
Equation (14) can be expressed as

0%y

0x?

0%y
= c? 1.14
c 722 (1.14)
2
_10% (1.15)
c2 0t?

Equation (1.12) is the one-dimensional wave equation, and it can be extended to third

dimensional wave asy (X, Y, z, t)
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_10%

20 — 7
Y c? Jt?

(1.16)

It is possible to theoretically consider any wave as one of the solutions to this equation and

the steady-state boundary condition.

The interaction of acoustic waves in a compressible fluid is influenced by three main physical
aspects: acoustic pressure, fluid particle velocity, and fluctuating density. These factors are
interconnected and do not operate independently. Various laws and equations, such as the
linearized Euler equation, the conservation of mass, and the gas state equation, are employed
to describe the relationships among them, as illustrated.in the Figure 1.5. The linearized Euler

equation effectively demonstrates that a fluid with mass per unit volume will flow with an
acceleration of 3—1: ,in response to a slight pressure change over a short distance (9x).

According to the conservation of mass equation, a steeper negative velocity gradient in space
results from a faster rate of temporal compression. According to the equation of state, the
features of the medium affect the speed of propagation. We will achieve a faster propagation

speed if there is a smaller density change per unit pressure change.
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Figure 1.5: Three factors that control the propagation of acoustic waves are represented in a
picture. ( p, and p, express the mean pressure and static density respectively; p’ and p’
signify, respectively, changing density and acoustic pressure; ¢ represents the sound speed

and u is the speed of the fluctuating acoustic medium)

Acoustic Impedance is a valuable quantity in acoustics. It gauges how much the motion

brought about by pressure being applied to a surface is slowed down. The ratio of pressure
to velocity is an obvious choice for this measure because frictional forces are often

proportional to velocity:[6]

(1.17)

R=—=—"— (1.18)
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Sound absorption coefficient o is defined:

a=1-|R|? (1.19)

The impedance with no reflection (of a plane wave) is thus:

Reflection and transmission due to impedance mismatch

Medium

Medium?2
Zy

Figure 1.6: Wave in two mediums of different impedance.

We begin by examining the one-dimensional wave equation to explore how waves propagate
and interact with their medium and boundaries. In a condensed and straightforward manner,
this will enable us to comprehend more complex general waves. The many different one-

dimensional waves that could exist are represented by waves moving along a medium.
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Let's first look at waves moving across two different media, as shown in Figure 1.6. A wave
moves in the right direction, as seen in this diagram. Let's refer to this incident wave, which
travels in the positive x direction, as g1 This wave appears to be propagating in the positive

time axis when observed with regard to time.

Assume there is a thinner medium between an incident wave (g1)and a reflected wave
(h1)(see Figure 1.6). Assume additionally that the thicker material is just a conduit for the
transmitted wave g2. At this stage, we're trying to figure out how the transmitted wave g2

and the incident wave g1 are related to reflected wave h1.

The incoming wave, reflected wave, and transmitted wave can be expressed as:

bi = Di e_iw(t_%) (1.21)

p = p e (t+3) (1.22)
T T

p, = p, e (t=22) (1.23)

The first thing we realise is that the mid-surface (x=0) must have constant pressure.
Additionally, a fluid particle’s velocity must also be continuous. In other words, the incident
and reflected waves combined resultant velocity at x = 0 must be equal to the transmitted
wave's velocity at x = 0. This is a straightforward result of the assumption that the medium

Is continuous; velocity is thus continuous.

Initially, the pressure continuity at x=0 can be expressed as:

Pi T Pr = Pt (1.24)

The velocity continuity can be written as:
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U,—U, =U, (1.25)

Where P and U are the complex amplitude of pressure and velocity.

Now the incident wave (p;), reflected wave (p,.), and transmitted wave (p;) can therefore

written as
p;(x,t) = Pe” @tk ) (1.26)
p,(x,t) = P.e~{{@t+kiX) (1.27)
p(x,t) = P H(@t-kz ) (1.28)

Where k, and k, are defined as

ky = :’—1 ky = % (1.29)

Where c1 and c2 are the speed of sound in medium 1 and 2.
For plane wave we can rewrite equation (1.25) as

Pi DPr _ Dt

Ly (1.30)
Z1 Z1 Z2

In which we use the relation Z = P/U
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The ratio of p, to p; that is, the reflection coefficient R and p; to p;, the transmitted wave

can be obtained from equation (1.24) and (1.30),[7]

pr_, _22-121
n 72+ 71 (1.31)
pe_ . _ 2X72 (1.32)
pi  Z2+71

We can explore these equations by taking a look at extreme situations, like when Z1 << Z2
or Z1 >> Z2. Figure 1.7 illustrates how waves move when they encounter a change in
impedance. It's evident that the characteristics of the transmitted and reflected waves are
entirely determined by the impedance mismatch, which, in the current scenario, arises from
a discontinuity in mass density. The first example demonstrates how the reflected wave is

entirely inverted. To put it another way, there is a phase difference of 7 ,[7]
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Figure 1.7: Incident, reflected and transmitted waves on a medium when Z2/Z1 less than or

equal to 1.

If Z2 is significantly larger than Z1. In this instance, Equation (1.31) approaches -1,

indicating that the incident wave's amplitude and phase have been reversed in the reflected

wave. The transmitted wave will be very tiny as Z2 exceeds Z1, and Equation (1.32) will be

very close to zero. However, the phases of the reflected waves are not reversed from the sixth

example (z2/z1=1) in Figure 1.7 when there is a perfect impedance match.
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1.

Equation (1.31) states that the incident wave will be entirely reflected without changing phase
if Z1 significantly exceeds Z2 (Z1 >> Z2). Although Equation (1.32) shows that the
transmitted wave's amplitude is double that of the incident wave, this is highly improbable
in practice. The amount of power communicated can be used to explain this paradox, which
is somewhat puzzling. Even if the transmitted wave amplitude is twice that of the incident

wave, it is clear that the power is zero because the transmitted velocity is zero.

Dispersion Relation: Acoustic dispersion is the process of a sound wave breaking up into

its individual frequencies when it travels through a material. The sound wave's phase velocity
is considered as a function of frequency. Therefore, the variation in phase velocities as the
radiated waves traverse a specific material is utilized to determine the dispersion of
component frequencies. The dispersion relation explains how the relationship between a
wave's frequency and sound speed fluctuates. Since the wave frequency and wavenumber

scale linearly in many simple vibrating systems seen in nature, in that case the sound speed
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Is constant at all frequencies. The dispersion relation can represent by the following equation.
[6]

w(k) =ck (1.33)

In the equation, “k” represents the wavenumber, w (k) denote the angular frequency, and “c”
stand for the speed of sound. In a non-dispersive medium like air, all frequencies of a sound
wave reach the listener simultaneously. However, in dispersive mediums, such as the classic
example of light passing through a prism, the speed of sound varies with frequency, causing

each frequency to reach the listener at different times.

Understanding the dispersion relation, also referred to as the dispersion diagram or band
diagram, is crucial in modeling acoustic metamaterials and phononic crystals using wave
band theory. In such systems, the dispersion relation not only illustrates a nonlinear
relationship between frequency and wavenumber but also reveals specific frequency bands,

known as band gaps, where sound energy cannot propagate.

The mass-Law: The mass-law establishes a relationship between a wall's mass and how

well airborne sound travels through it. The introduction of acoustic metamaterials is seen to
be of particular importance since, unlike conventional materials, they are capable of breaking
this law. According to the mass-law, the transmission of a sound wave through a material

submerged in a fluid is defined by, [6]

2

T~ ( 2pc ) (1.34)

m'w
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In the equation, p represents fluid density, ¢ denotes the speed of sound in the fluid, m" =
pmh 1s the mass per unit area of the materials, where p,, is the material density, h is its
thickness and o stands for the angular frequency of the sound wave. As a result, doubling the
mass, density, or thickness of a material, or doubling the frequency of the input sound wave,
will halve the sound transmission through a wall. A 6 dB SPL attenuation corresponds to

halving the sound transmission.

However, acoustic metamaterials can challenge the mass-law by attenuating sound well
beyond 6 dB for a doubling of thickness in specific frequency bands, without the need to

increase mass, density, or frequency.
1.2 Noise control technique

An array of tactics is used to lessen the effects of noise. For noise suppression, a variety of
methods are employed. The three most common conventional ways, however, are noise

isolation, noise absorption, and noise suppression.

Noise isolation: The practice of preventing noise from spreading from one area to another is
known as noise isolation. It frequently refers to preventing noise from escaping from its
source or spreading to a particular area. Acoustic panels, partitions, and barriers are
frequently used as solutions for noise isolation. They can be utilized as office panels,
partitions, sound barriers, and other structures. These goods are often heavy when made of

traditional materials in order to effectively suppress noise.

Noise absorption: Reduced noise intensity is achieved through noise absorption. It can be
utilized in aircraft engine lining, ventilation, exhausts, ceilings, walls, sound absorbers in

acoustic rooms to enhance the sound quality, etc. Porous materials like fiberglass, acoustic
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foam, and blankets are preferred by traditional designs. Additionally, in tough situations
requiring hard surfaces and exposure to high temperatures, microperforated plate (MPP) is
widely employed for sound absorption applications. The quarter-wavelength principle, which
states that high-performance designs must have a thickness in wavelength scale, is still the
major factor affecting how well these designs function. They are ineffective in absorbing at

low frequencies as a result.

Noise silencing: Acoustic silencers and liners frequently use the noise-silencing technique
to absorb and block exhaust noise. Silencers have a classic design that includes a number of
chambers, necks, and perforation separations to create resonances at appropriate frequency
ranges. Resonant frequencies allow for the blocking or absorption of noise. The majority of
modern silencers, however, have winding structures that prevent optimal airflow and optical

transparency.

1.3 Mechanism of Acoustic Control

In today's contemporary environment, where noise control has become increasingly crucial,
this section explores the diverse strategies employed within the noise control sector. The
decibel scale serves as the measure for noise, with sound considered reasonable if it falls
below 85dB. However, when sound levels exceed this threshold, they can pose significant
health risks. In such cases, personal ear protection or noise barriers are essential. It's
imperative to develop techniques for managing and reducing noise when it surpasses safe

limits.

These approaches are broadly categorized into two mechanisms: active control and passive
control. Active control utilizes electro-acoustical methods, employing either anti-phase

signals generated by speakers or addressing structural vibrations to mitigate sound. On the
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other hand, passive control involves modifying the environment surrounding the source or

receiver, utilizing materials designed to absorb, diffuse, or deflect sound.

Both active and passive strategies can be further classified based on the underlying physics
employed for noise filtration. The flow chart depicted in Figure 1.9, provides a visual
representation of this classification of control mechanisms, simplifying the understanding of

the topic.

Noise Control
Mechanism

Active Control Passive Control
Mechanism Mechanism

Acoustic Active Damping Helmholtz Sound Acoustic Spring-mass Viscoelastic
Source Control Mechanism Resonator Absorbing Metamaterial Damping Damping
Material System System

l

Bragg Local Deaf Band Acoustic Nl Topological

Scattering [ Resonator Based Quantum effect
Hall effect

Figure 1.9: Noise control mechanism classification.
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1.4 Acoustic metamaterials

The potential to manipulate sound waves in novel ways is what spurs the search for new
materials in acoustics. For instance, acoustic metamaterials could replace conventional
materials by dampening sound through the use of compact, lightweight structures. They
could also be used to control vibrations, bend sound in multiple directions, create acoustic

cloaks, and create energy-harvesting devices.

Acoustic metamaterials have made tremendous progress in research labs during the past ten
years. However, there has only been a little amount of development from the lab setting to
industrial manufacture. Despite this, the sector is expanding quickly, and in the upcoming
years, new innovations and practical products are anticipated. The primary uses that have
been suggested involving sound management in audio equipment, noise attenuation in the
automotive and aerospace industries, acoustic cloaks, acoustic super lenses, and energy

harvesting devices.

These two factors, effective mass density (p) and bulk modulus (k), are crucial for creating
the metamaterials because they affect how acoustic waves propagate inside the designated
structure. In general, mass density, which are defined as mass per unit volume and bulk
modulus as resistance to applied external compression. Due to their chemical composition
and atoms' bonding arrangements, both (p) and (k) have positive values in ordinary materials
and are susceptible to change. Metamaterials, on the other hand, display a range of effective
acoustic parameters, including negative values that cannot be generated with conventional

materials.

Acoustic metamaterials can be categorized into four different groups, depending on the

positive and negative signs of the acoustic parameters: (1) negative mass density; (2) negative
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bulk modulus; (3) double negative parameter s; and (4) near-zero and approaching infinity

mass density.
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Figure 1.10: Each quadrant in the effective mass density and bulk modulus planning diagram

illustrates a particular type of metamaterial and demonstrates how to obtain a negative

acoustic parameter.

Any metamaterial's sound speed can be determined using the equation ¢ = \/%, where k

stands for bulk modulus and p for density. If one of the values becomes negative, the speed
of sound is revealed to be fictitious, which illustrates the sound wave's decay or absorption
by the MM. These types of MM prevent sound waves from being transmitted, causing sound
waves to be dampened internally. The speed of sound is real if both acoustic parameters

exhibit negative values, but energy and phase velocity are in the opposite direction, i.e.,
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negative reflection, and are useful for creating superlences. Figure 1.10, illustrates how
AMM are categorized depending on the sign of the mass density and bulk modulus, how they

are used, and how to produce this unconventional behavior utilizing acoustic elements.

1.4.1 Effective mass density and bulk modulus

Acoustic metamaterials (AMM) differ from normal materials in that they have an additional
degree of freedom that is concealed in their specifically constructed microstructure. The
major features of AMM that stand out are its capacity for displaying negative mass density
and bulk modulus, which means that medium particles accelerate in the opposite direction of
the external force applied and medium particles expand upon compression. Scientists use

unit cells that are smaller than the phonos wavelength to obtain these peculiar features.
Dynamic Density

The spring mass system can be used to comprehend the idea of a negative behavior of mass
density and bulk modulus as shown in Figure 1.11(a). Theoretically explained by using the

straightforward spring mass system.[8]
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Figure 1.11:(a) Arrangements of simple spring-mass system (b) Effective mass response as
a function of angular frequency with respect to frequency difference. (M1=0.002kg,

M2=0.001kg, k=1)

The entire spring mass system is depicted in Figure 1.11(a), together with the hidden degree
of freedom that is symbolized by a smaller spring mass system. Assuming that there is no
friction between the masses and an external force, we may use Newton's second law of
motion to explain the motion as follows.
M1x1 — K(x2 — x1) = F(w)
(1.35)
M2x2 —K(x2 —x1)=0
where x1 and x2 are displacement of M1 and M2, solving these differential equations for the

applied force.

K .
F(w) = (Ml + m) x1 (1.36)



26
F(w) = Myspx1 (1.37)

When the driving frequency crosses the resonance of the concealed mass, which is

represented by the local resonance w, = /K/M2, Figure 1.11(b), displays the negative
effective characteristics that are emphasized in the box. When using the AMM to represent
a mass spring system mathematically, we can use equation (37) to drive the effective density

as

! (M1 + il )
=— — 1.38
Peff =7 g% — w2 (1.38)
where V is the volume of the system. The effective density shows the negative value in the

range of wy? < w < /% +wo? when we consider the two-object system as a homogenous
one-object system.

Bulk modulus Generally bulk modulus represents the resistance of the materials to an

external pressure, which is given by.

AV
AP = —B7 (1.39)

where, correspondingly, P stands for pressure change, AVV for volume strain, and B for bulk

modulus. A straightforward Helmholtz resonator, which typically consists of a big cavity
coupled to a small neck as illustrated in Figure 1.12(a), can be used to illustrate the negative

bulk modulus notion. According to Fang et al.,[9] the effective bulk modulus is expressed.

Bess ' =By '|1— : (1.40)
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where w, is the resonant resonance frequency, F is the geometric factor, and is the dissipation
loss in the resonating Helmholtz resonators. Once more, we can infer that the effective bulk
modulus turns negative close to the resonance frequency. Near the resonance frequency, the
cavity begins to expand as a result of external resonant pressures, but the cavity contracts as

a result of external compressive force, producing a positive bulk modulus.

(a) (b)

Neck area (s) x10'

Neck length
(8}

| (

L(c) “

Cavity
volume (V)

'] 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency (Hz) =10*

Figure 1.12: (a) Simple Helmholtz resonators system. (b) Effective bulk modulus of rigid

Helmholtz resonator.

To prove this concept, we use a Helmholtz resonators (HR) as shown in Figure 1.12 (a)
having dimension of neck area(s)=16.63 mm? ,L=3mm,V=199.45 mm?3, L(c)=7mm and S(c)
=32.17 mm? . The natural frequency of HR can be calculated with the following general

equation.

= ¢ S (1.42)
f_2n VL '

Where L is the effective length of the neck, V is the cavity volume, c is the speed of sound,

s is the cross section of neck. The resonance frequency of the proposed HR is calculated from
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equation (41), and it came around 1.386x10* Hz. The negative bulk modulus as shown in

Figure 1.12(b) around the resonance frequency.

Noise reduction is one of the most popular uses for acoustic materials, and that is also the
main goal of the research detailed in this thesis. The capacity to defy the mass-law and create
thin, light materials that can attenuate low frequencies are, of course, the main benefits of

using acoustic metamaterials for noise attenuation.

Acoustic metamaterials have either negative dynamic mass density or effective bulk
modulus. When these characteristics are negative, sound propagation inside the material ends

and noise is filtered out since the speed of sound is only made up of the imaginary portion.

1.4.2 Bragg scattering and local resonance

Two crucial qualities bragg scattering and local resonance of some metamaterials displaying
within the design itself. Researchers are interested in learning how to regulate or alter the
flow of mechanical energy that manifests as vibrations or, more properly, acoustic waves. In
order to create acoustic materials that defy the well accepted mass-density law for sound
transmission, local resonance mechanism has been used. For dissipation of acoustic energy
inside the metamaterials, researcher uses bragg sctaering and locally resonant structure.

Based on these concept many researcher design acoustic metamaterials[10]-[13]
Bragg scattering

We know that the wave in space can be seen as the wave propagation in time and it can be

described by a cosine wave as expressed in

y(x,t) =Y cos (wt — kx + @) (1.42)
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where k = ¥/, = ZE/A is the wave number and w = 27T/T is the angular frequency. ¢ is a

phase.
The capacity of waves to interfere is one of their most significant characteristics and

destructive and constructive interface depend upon the phase.
Destructive interference when A = m and constructive interference happen when Ap = 0

Let us now consider a wave that strike with the scatterer. When wave is strike with the
scatterer, the scatterer get excited and some of the energy get absorbed in it and some of the

energy get radiated in the space as shown in Figure 1.13 (a).

-
Pamt _-—
7 A l’ N
I N I 4 ‘l ‘
S” \\_‘/’

Wave
Scatterer Scatterer is '

excited Scatterer is
excited and
radiated wave

‘ ’ ’ ’ | | cos(kx — wt + AQ)
\\ G
cos(kx — wt) cos(kx — wt + AG + kAx )

Figure 1.13: (a) Scattering phenomenon when wave is strike against it. (b) Bragg

phenomenon.



30

Let’s now consider two scatterers presented in the way of travelling wave. The distance
between these scatterers are Ax as shown in Figure 1.13 (b). The time lag, i.e. the phase
difference A¢ between the incident wave and the radiated wave by scatterer 1 and Ap + kAx

is the phase difference between incident wave and the scatterer 2.
We can observe from the Figure 1.13 (b) is that.

when kAx=n the scattered wave interferes destructively
Ax = 7T/k = 2/2, lead to strong destructive effects

If we deal with periodic arrays of scatterers, this phenomenon is known as "Bragg scattering."
The fundamental principle of phononic crystals is Bragg scattering. At frequencies where the
Bragg condition holds true, it is not difficult to envisage that periodic arrays with a typical

length-scale AL can have tremendous effects on wave propagation.
AL = /1/2 (1.43)

In particular, a condition where waves cannot travel at the particular frequencies where the

Bragg condition is satisfied. This is known as a band gap.

Local resonance

@ @ , (O ()
2n-1 20 2n+1 Y

Figure 1.14: The one-dimensional diatomic harmonic crystal is shown schematically. Odd

atoms have a mass of m2, while even atoms have a mass of m1. The springs' force constant
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IS y. The crystal's periodicity is 2a, where “a” is the space between the mass while they are

at rest.

The infinitely long chain of masses, m, in the one-dimensional (1-D) monoatomic harmonic
crystal interact with their nearest neighbors via harmonic springs with a spring constant, y .
The spacing between the masses while they are at rest is known as “a”. The model system is

shown in Figure 1.14.

Understanding the coupling of two oscillators is necessary to comprehend the idea of local
resonances. Let consider that the displacement of oscillators 2n is x(t) and 2n+1 have the

displacement y(t) and angular velocity of oscillation is ® for both the oscillators.

By using newton’s law of acceleration, we can write the equation as

¥ (t) = —w?x(t) + y2y(t) (1.44)

y (1) = —0?y(t) + y*x(t) (1.45)

Let’s assume that the movement of the oscillators are.

(-6

We have to find the combined solutions.

So

(-

Solve the equation (1.44), (1.45), (1.46) and (1.47) and do some algebraic manipulations, we

got the following expression.
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xO —a)z yz xO
()= (50 22) o) as
Yo 14 —w"/ \Yo
This is the eigenvalue problem of w.. And after solving the equation (1.46), we got.

w = \/wz—i-yz (1.49)

We can easily generalize that the two coupled oscillators have different frequency instead of

single frequency as discussed above.

Let assume that the angular frequency of oscillator 1, is w; and second osscilator is w,

Sfinally got the solution[14],

2
w? + w2\’ w2 — w2\?

from the equation (1.50), we can conclude that, the strongest coupling effect occurs when

(1.50)

two oscillators are degenerate or have the same frequency. The main effect is due to coupling
i.e. y and play important role to split the frequency of two oscillator system. The wave and
the local oscillator's degenerate system will be divided by the coupling. Where the two
frequencies overlap, this effect is strongest. A frequency window is opening where no waves
may travel, just like in the Bragg scattering phenomenon. But this time, the frequency is
determined by the frequency of the local oscillator rather than the spacing of the periodic

array.
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1.5 3D Printing

Additive manufacturing, sometimes referred to as three-dimensional printing, is a technique
for building up physical objects layer by layer. The item is initially created in STL format
using Computer-Aided Design (CAD) software or by three-dimensionally scanning an
existing shape. The STL file is divided by the three-dimensional printing software into layers
of a specific thickness, which is determined by the highest resolution of the printer. The
object can then be constructed layer by layer using a variety of three-dimensional printing
techniques. The three methods that are most frequently used are melting powders, extruding
heated materials from a nozzle, and hardening liquid polymers. The printed item is then
polished and cleaned. In the past ten years, three-dimensional printing has gained popularity
as a quick prototyping technique in both industry and academia. The use of additive

manufacturing in finished goods is beginning to emerge as these methods are improved.

The use of three-dimensional printers could be extremely advantageous for acoustic
metamaterials. Numerous models have been published in the field of acoustic metamaterials,
but in comparison, few labs have made samples, and even fewer have created fully functional
products. The difficulty of manufacturing several identical unit cells could be the cause of

the paucity of experimental research.
1.6 Impedance tube measurements

The most popular method for calculating the acoustic absorption coefficient of material
samples is the impedance tube. A sound source is located at one end of the tube, while a test
sample is located at the other. The measurement of absorption is based on the analysis of the

interaction between the incident sound wave's acoustic pressure and the plane wave's
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reflected sound wave at the positions of the microphones. An impedance tube, sometimes
referred to as a standing wave apparatus or standing wave tube, is a tool frequently used to
gauge how well acoustic materials absorb sound. One can measure the absorption and
reflection coefficients as well as the usually incident acoustic impedance using a standing
wave tube and two microphones as shown in Figure 1.15. It is also possible to obtain

transmission coefficients using four microphones.

> \ uss
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| Generator 7 —

X2,
Microphone 1 icrophdne 2 Piston Disk

P I F
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Figure 1.15:Diagram of an impedance tube featuring two microphones.

The incident wave's acoustic pressure,p;(x) , and the sample's reflected wave, p,-(x) make

up the wave field inside the tube p(x).
p(x) = pi(x) +pr(x) = Ae™/** + Be/k* (151)

where A and B are the acoustic pressure amplitudes of the incident and reflected waves,

respectively.

The sound pressure amplitudes of the incident and reflected waves are compared to determine
the reflection factor, which is equal to the ratior = B/ A. In terms of the likelihood of a wave

phase shift, the reflection factor r is seen as a complex number. While it holds true that the
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acoustic absorption coefficient and the reflection factor r (acoustic reflection coefficient) are
dimensionless quantities with values between 0 and 1, and the absorption coefficient can be

calculated as
a=1-—|r|? (1.52)

The acoustic absorption coefficient a= 1 (r = 0) is the scenario where the material completely
absorbs the energy that is incident. For sound absorption, materials with a porous or fibrous
structure are advised. The acoustic absorption coefficient « = 0 (r = 1) occurs if the material

perfectly reflects all incident sound waves from the surface.

In order to determine the reflection factor:

le _ e—ij

2jk(S+x2) 1.53
- e .
e]ks - le ( )

r="n+jr=

where S is the distance between microphones, X2 is the separation between the sample and
the position 2 microphone, k is the wave number, H;, is the transfer function between

locations 1 and 2.
The following equation often holds for a complex acoustic transmission function:

p(xz2)  Siz ,
= =2 =} +JH, 1.54
12 p(xl) 511 T _] l ( )

where H, is the realm component and H; is the imaginary component of the transfer function
H,,, S1, is the cross power spectral density of the signal (from microphone 1 and 2) and

S11is the power auto-spectral density of the signal (from microphone 1)

The ASTM E1050-12 Standard suggests using the following equation to compute the transfer

function in the event that white noise is used to trigger acoustic waves in the tube:
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SZZ .
H12 == S_ == HT +]Hl (155)
21

where S, is the power auto-spectral density of the signal (from microphone 2), S,; is the

cross power spectral density of the signal (from microphone 2 and 1)

put the equation (1.55) or (1.54) in equation (1.53) and get the reflection factor. Once the

reflection factor calculated, from equation (1.52), absorption coefficient of the sample.
1.7  Finite element modelling method

It is common to rely on mathematical and analytical models, as in the case of the transfer
matrix described in the previous section. When analyzing the acoustic behaviors of systems
based on well-known acoustic systems, such as musical instruments, pipes, and Helmholtz
resonators, or of systems based on simple geometrical objects, like circles and rectangles. By
connecting Newton's laws of motion to the principles of energy conservation,
thermodynamics, and other physics that characterize it, the analytical approach models the
physics of the acoustic systems under test and derives the equation of motion of such an
object. However, when the system under examination is characterized by a complicated
geometry, various boundary conditions, or many materials, analytical models and the related
differential equations can become highly challenging to solve or rely on oversimplified
assumptions. Finite Element Modelling is a substitute for analytical models (FEM). FEM
techniques reduce complicated geometries into basic shapes like triangle, quadrilateral, or
tetrahedral parts using meshes. Depending on the parameters of the application or physics
domain, a number of degrees of freedom are assigned to the nodes at the intersection of
meshes or element vertices. The next step is to create and solve a set of differential equations

at each node. The user can easily create or import a CAD design, select one or more domains
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(such as acoustics, structural mechanics, heat transfer, or optics), set material parameters and
boundary conditions manually or by choosing predefined models and materials using
software ANSYS acoustic module,[15] which was used for research throughout this
dissertation. The user can then choose an analysis type and a mesh, and the package's ANSY'S
Acoustic module can be used to analyze the data. When employing FEM methods, significant
trade-off considerations must be made because the choice of mesh resolution impacts the

computation power and accuracy of results.
1.8  Acoustic Circuits

It is possible to draw a direct comparison between electrical circuits and how sound travels
through pipes or other enclosed spaces. A lumped-parameter model is appropriate when the
dimensions of the region in which the sound propagates are significantly less than the

wavelength. Importantly, the phase is essentially constant throughout the system.

1.8.1 Acoustic impedance of an open and closed pipe

Assume that the tube is hollow, cylinder-shaped, open at one end, and closed at the other end
by impedance Z;.The location of the tube's open end is chosen as the coordinate system's
origin. We’ll presume that the tube's diameter is modest enough for the waves to travel down
it with planar wave fronts in a tube. This is only true if the ratio of the sound wave's

wavelength to the tube's diameter is more than roughly 6.

Let’s assume that the initial travelling wave inside the pipe in the positive “x” direction is P;,
when the wave propagates at the point x = [, a reflected wave PB., travelling in the negative

direction of “x”. the corresponding particle velocity can be written as
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vV = Vi ei(wt_kx) (1.56)

P, P
Where V; = l/PoCo’VT = r/poco

A

X=0

Figure 1.16: A tube with terminated with acoustic impedance Z¢
At any one moment, the tube's overall pressure is.

P = Pi + Pr (1-58)

The total particle velocity is
P; P
V=vi+v,= Ypicot /pyco (1.59)

Therefore, the basic formulation for the acoustic impedance that accounts for the reflected

wave is.

P pocopie ™ + pe™
ZA - = ikl Kl (160)
Sv S pie i —p,el

So, we know the impedance at x=0, [ as
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PoCo PitDr
A7 s ppe O (1.61)
—ikl ikl
_ PoCo pie” " 4pret_
o = S pie-tki_p ikl “f (1.62)

Combined the equation (1.61) and (1.62), we can express the impedance of the open-end

x=0, as a function of the impedance Z;

, PoC
poco Zr + 1252 tan (ki)

S B804 iZptan (kI)

ZAO = (163)

Let’s consider an air in a tube with length [ and area S. Assume the tube is open on both ends
and is acoustically stiff. When the tube's dimension is substantially less than the
corresponding wavelength, all values are in phase, causing it to move with displacement
when an unbalanced force is applied. Because of the open ends, the entire portion moves

without experiencing a noticeable compression.
Substitute equation (39) with Z,; = 0
Substitute equation (39) with Z,; = 0, [16]

C
Zyo = j%tan (k1) (1.64)

Since [ is much smaller than wavelength,kl = 27Tl//1 is a very small value, the tangent can

be replaced by the Taylor series form,
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3 5

1.65
3 15 (69

tan(kl) = kl +

When kl < % , we keep only first term and neglect the higher term within about 5% error.

So, we can define the acoustic inductance for an open-end tube as

" ] N < I >

=~ 0000000 - |
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Figure 1.17 :A tube with open end and rigid end is analogous to an acoustic inductor and

acoustic capacitor respectively.

l
LAL, = jw p?" (1.66)

In the case of open pipe there should be considered the radiation correction factor for accurate

calculation, and itis ' = I + 8a/3m=[ + 0.85a, where a is the radius of the tube.
If the tube is rigidly closed at one end , substitute Z,; = oo in equation (1.63)[17]

C
Zyo = —j%cm (k1) (1.67)

For small value of k! ,the cotangent cab be replaced by the equivalent series form.

1 ki k)3
cot (k)= -2 - .. (1.68)

from equation (1.67) and (1.68),
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ZAO_]—U+JO)§+”' ......... (1.69)
w(?)

Moreover, if the second term is small enough, we may omit it, so that the impedance of the
cavity can be written as an acoustic capacitance. Zy, is valid within 5% for [ up to A1/8 series

as a combination of an acoustic inductance and capacitance.

v
C, =
n = (1.70)

Neck area
S

Neck length
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Figure 1.18: A Helmholtz resonator and its electrical acoustic circuit.

Let’s understand the concept of inductance and capacitance with the help of Helmholtz
resonators as shown in Figure 1.18. Compared to the fluid in the neck portion, the fluid inside
the cavity is much easier to compress. Additionally, the pressure gradient along the open
neck is substantially higher than the pressure gradient inside the big cavity. With the smaller

neck acting as an acoustic inductor as a result of the cavity's capacitive characteristic. The
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cavity having volume of V act as a closed pipe and the neck as an open pipe, therefore
Helmholtz resonators can be represented as a series connection of inductance and

capacitance.

1.9 Motivations and an outline

Exposure to loud noises can cause hearing loss, stress, and communication problems, hence
sound-absorbing materials are desirable in many vehicles and buildings. Active noise
cancelling piezo - electric materials[18]'[19], passive foams/foam-like materials and acoustic
metamaterials(near-zero, single negative, double negative)[20][21][22][8] are common
forms of noise dampening materials currently in use, although each has its own set of
drawbacks. For the passive foam materials, for instance, weight and volume are issues
because they are frequently rather heavy and voluminous. Certain vehicles, like aircraft, may
have heavy foam put inside of them, which could increase fuel consumption and decrease
operating efficiency. Another drawback of passive foam materials is that they are often not
intended to absorb sound in frequency ranges of importance that are particular to a given
application. Although piezo-based systems might be lighter and/or smaller than foams, they
still need hardware, like electrical parts, circuits, and power supply. In comparison to passive
foams, piezo-based systems are typically more difficult to build, install, operate,
troubleshoot, and repair. The reliability of the systems might also be a problem. Perforated
panels, porous and fibrous materials, gradient index materials, and similar items are used in
several traditional methods of acoustic absorption. These materials frequently exhibit poor
sound absorption properties in the low frequency range, necessitating the use of very thick
structures with dimensions corresponding to the working wavelength. For particular

applications, such as aircraft applications where component sizes and weights are rigorously
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restricted, the structures may be overly thick and/or heavy. There is a need for a lightweight,
thin sound-absorbing panel, air ventilated effective panel and broadband sound absorber, that

is effective in dampening noise within an interest frequency range, such as at low frequencies.

In this dissertation, we will use metamaterial structures to design noise control devices that
overcome the limitations of current designs, as discussed above. Based on Ashoke chakra
and fractal structure and a broadband sound absorption acoustic panel will be proposed and

cover in the chapter 2, chapter 3, and chapter 4.

Other two novel metamaterials have been designed for the air circulation as well as the sound
absorption will be discussed in chapter 5, and chapter 6. Traditional acoustic barriers that are
intended to isolate sound also prevent airflow transfer. While in reality, there may be some
specific situations that require both airflow passage and noise suppression at the same time.
For instance, natural ventilation, a crucial element of green architecture, unavoidably results
in residents having to put up with the "intrusive™ noise that goes along with it. The
conventional thinking is to construct a one dimensional and two-dimensional planer
metamaterials to provide an airflow path in order to achieve a soundproof barrier that also

allows airflow through.
The outline of the thesis as follows.

Chapter 2, Introduction of a one-of-a-kind Ahok Chakra-like metamaterial for optimal
sound absorption in the low frequency band. The finite element approach is used to
investigate the effect of resonant frequency tunability at various parameters such as circular
hole diameter, number of spokes, spoke length ratio, and cavity thickness. The simulation,

theoretical modelling, and experimental results are all in good agreement.
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Chapter 3, Fractal-based acoustic observer is presented in this chapter, specifically. Acoustic
energy is damped inside the structure by using fractally distributed Helmholtz resonators that
is created at the local resonant mode of the metamaterials. A thorough theoretical model

analysis of the FAM is created and validated via FEM simulation and experimental.

Chapter 4, The design of a high-performance broadband sound absorption and lightweight
acoustic panel uses a cross perforated plate with absorption performance that is introduced
in this chapter. Investigation is also conducted into how the cross-perforation ratio of the
frame affects the panel's unit cells' ability to retain performance. The resulting design's testing
result matches simulation well and exhibits outstanding sound absorption in a broadband in

the middle and low frequency zones.

Chapter 5, A study is presented on the development of a one-dimensional kink hollow fiber
structure and high-performance acoustic absorption with air ventilation. Once more, a
thorough theoretical analysis (Transfer Matrix Method) has been created and successfully

validated using both simulation and experimental results.

Chapter 6, The flat spiral resonance created in coupled channels, and a ventilation channel
for air circulation, is first examined in. Here, a novel subwavelength device with a thickness
of 14mm (about 2 cm) is introduced. In this work, a miniature prototype that is built on a
Fresnel spiral shape with numerous arms is designed and made. Through experimental and
numerical investigations, the proposed ventilated metamaterial's acoustic characteristics in
terms of sound absorption and air ventilation were identified. The findings of the experiment
demonstrate excellent sound attenuation with a broad bandwidth (greater than one octave in
the range of > 884 Hz), acoustic qualities that may have applications in the low- and mid-

frequency regions of urban noise management.
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Chapter 7, Finally, some noteworthy dissertation conclusions are presented in this chapter.
Summary of the main findings of the work mentioned in section 1 and section 2. It also
outlines the future scope of the programmable type metamaterials using shape memory

polymers.
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Chapter 2 : Ashok Chakra-structured meta-structure as a perfect sound

absorber for broadband low-frequency sound

2.1 Background

Absorption of undesired noise is an indispensable aspiration in the field of acoustics. A sound
absorber generally changes acoustic energy into some other form typically thermal energy via
irreversible processes. The dissipation of acoustic wave propagation is governed by the
frequency power law function.[23] The absorption of sound in deep subwavelength by
homogeneous materials have always been a challenging task because of the dissipative power
being quadratic in acoustic field amplitudes requiring high energy localization density inside
the material.[24][25] The sound absorption in this domain needs either higher field
concentration or longer sound wave path.[26] The conventional method of acoustic absorption
makes use of perforated panels, porous media and fibrous materials, gradient index materials,
etc. These absorbers usually show a low level of impedance with respect to the incoming sound
wave resulting in a poor sound absorber in low frequency and do require an overall bulky
structure with dimensions comparable to working wavelengths. From the past decade,
considerable efforts have been made to enhance the sound energy dissipation at deep
subwavelength. Recently, total sound absorption has been realized by creating local resonant
effect inside the artificially engineered acoustic meta-structures such as decorated membrane
resonators (DMR),[27][28] asymmetric absorbers,[29] honeycomb-corrugation hybrid core
metamaterials,[30] Helmholtz-type resonators,[31][32] acoustic coherent perfect absorbers
(CPASs),[33] Mie resonance-based metamaterials,[34] etc. In recent years, a new type of
technique called, the ‘concept of coiling up space’ has been used to increase the sound wave

path in a thin structure of dimensions less than one-quarter of the working wavelength.[35]'[36]
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This type of meta-structures exhibit unique acoustic properties such as near-zero index, double
negativity.[21] The coiling of space results in slow propagation of sound inside the meta-
structure and dissipates the sound through thermal and viscous loss, which facilitates the
achieving of sound absorption in low-frequency regime.[37] However, the current acoustic
meta-structures are mostly reflective, and the effective bandwidth is too narrow to attenuate
the noise. Recently, some progresses have been made in the development of perfect sound
absorption systems. Wu et al. demonstrated a tunable acoustic absorber which possess a split
tube resonating architecture.[38] Tang et al. proposed a hybrid meta-structure for absorption
of low frequency sound. The structure proposed by them consisted of a perforated plate with
honeycomb-corrugation hybrid core and exhibited broadband sound absorption behavior.
Wang et al. reported the sound absorption using a layered acoustic metamaterial structure

comprising of a porous sandwich layer between two coupled membranes.[39]
2.2 Structure design strategy

In this study, we propose a highly efficient tunable acoustic metamaterial panel for broadband
noise reduction based on Ashok Chakra like meta-structures with subwavelength thicknesses
as shown in Figure 2.1(a) consisting of an array of unit cells each of which is an Ashok-Chakra
structure. Perfect sound absorption is achieved by dissipation of incident sound energy through
the designed meta-structures. Figure 2.1(b) illustrates the basic design concept of a highly
absorptive acoustic meta-structure in one unit cell of the array shown in Figure 2.1(a). It
consists of a thin panel with circular hole (top), an intermediate layer, inspired from the
artificially textured Ashok Chakra-like frame (a circular wheel comprising of 24 radial spokes),

and supported with a back plate.
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Figure 2.1: (a) Schematic representation of the proposed highly efficient tuneable acoustic
metamaterial panel with an array of Ashok chakra shaped unit cells. (b) Schematic of a unit
cell of the proposed acoustic metastructure, the exploded view of the absorber (right). (c)

Schematic of the acoustic structure assembly d,, is the diameter of circular hole of the plate
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dia, d,, tp are diameter and thickness of perforated plate, [, /[, is the spoke length ratio, h is

the spoke thickness, and «a is the obtuse angle of spoke called spoke angle.

The Ashoka Chakra structure has 24 spokes radially connecting two concentric annular with
the spoke layout designed in a manner so that the inter-spoke distance for some fraction of the
spoke length in the radial direction is divergent beyond which it converges. The thin front panel
contains a cut-through circular hole to allow for propagation of acoustic waves into the
absorber. Then, the acoustic scalar waves would propagate along the converging-diverging
channels, i.e., along the gaps between the two spokes from the center point to the outer
periphery as shown in Figure 2.1(b). The bottom panel is a thin, rigid plate which prevents

sound leakage. The details of an absorbing unit cell are shown in Figure 2.1(c)
2.3 Theoretical modeling

First, the sound absorption characteristics of the proposed meta-structure (at the unit cell level)
are analyzed using an impedance-based numerical analysis scheme. In general, the acoustic
surface impedance at the inlet of the meta-structures is given by: Z;, = Zp + Z, where Z, and
Z. are the acoustic surface impedance of the perforated plate and cavity respectively. The
acoustic impedance of perforated plate Z, is calculated from a relationship which was arrived
at for a small circular tube based on the solution of Crandall by Tang et al.,[30] Ruiz et al.,[40]

and Maa:[41]

-1
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Here, d,, and t,, are the hole diameter and thickness of the perforated plate, respectively. w is

the angular frequency, p, is the density of air. J,, J;are the Bessel function of the first kind of
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zeroth and first order respectively. y, is a dimensionless factor which is the ratio of hole

diameter d,, to the viscous boundary layer thickness &,,;sc, and may be termed as the perforate

constant. It is determined from the relation, &,;sc = /21/(wp,) , where 7 is the dynamic
viscosity coefficient of air (Pa.s). ¢ = ndpz /44, , Acis the total area of the plate, Indicate
porosity of the perforated plate side. The last two terms on the right-hand side in equation (2.1)
are the end corrections corresponding to the sound dissipation and radiation around the
perforated hole inlet and outlet, respectively. For the perforated plate with uniform circular
hole, the relative acoustic impedance is given as: z," = Zp/Z, = z = 1, + jx, , Where r,, and
x, are the resistance and reactance of the acoustic impedance of perforated hole and can be

expressed as[41]

32nt K2  2Kd
r T Pl A+ 4cl4p (2.2)
¢p0Cdp 32 32 tp
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LY. 2 U, (2.3)

Here, K = dp./ wp,/4n. For the back cavity, the acoustic impedance is determined from the

following equation:

a
Z, = —jaTCZocotkCtC (2.4)

cn

where Z, = poc, is the impedance of air, t. is the cavity thickness and k. = 2rf /c is the

acoustic wave number. a, = mr? is the cross-sectional area of the cavity, a.,, is the cross-
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section of the unit cell in the incident side which is calculated as, a., = n x {(t, X w) +
(2 xjxt.}, where n is the number of slits (Figure 2.1 (b)) and j is the slits thichness.
Therefore, the relative acoustic surface impedance for the whole system can be given as, Z =
Zs/Zo = (Zp/Zo) + (Zc/Zo) =715+ x5 = 1, + j(x, + x.), Where with the normalized
surface impedance of the back plate x.. Here, (x, + x.) is the reactance offered by the
perforated hole and compensated by the back cavity and 7, is the acoustic resistance of the
structure which matches that of air. For a normally incident acoustic plane wave, the reflection
coefficient can be related to the relative surface impedance as: R = (Z — 1) /(Z + 1). Finally,
the sound absorption coefficient of the sound absorber can be analytically obtained from the

following equation:

4
a(f) =1 |R|? = i _ (25)
1+ rp)z + (xp + xc)

As is evident from equation (2.5), for perfect absorption is achieved when R — 0. In other
words, for perfect absorption, two conditions, (x, +x.) -0 and r, - 1 have to be
simultaneously achieved. To achieve these conditions, the thickness of the cavity, t., yields to

be, t. = (coaen/w ac) cot™  x,,.
2.4 FEM (ANSYS) Simulation

Using the above relations, we analytically predict the sound absorption coefficient by
considering the basic physics of sound absorption through the proposed acoustic meta-
structure. The acoustic performance of the meta-structure is studied using a finite element-
based simulation performed in ANSYS Acoustic Module[42] as shown in Figure 2.2. The

acoustic-thermoacoustic interaction module is selected to perform the simulation of the sound
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pressure wave in the air for a single unit cell as illustrated in Figure 2.1 before. The surrounding
medium is chosen as air, for which the mass density, sound speed, and dynamic viscosity
values are 1.2 kg/m3, 343 m/s and1.8 x 1075 Pa.s, respectively. Mechanical properties
are same as used in Polyamide PA2200 polymer normally considered in 3D printing of the
samples for the unit cell. The sound hard boundary conditions are applied at the interface of
the air and solid. The plane wave radiation boundary is imposed at the termination of the
downstream air domain to avoid multiple reflections of the sound waves. In order for the FEM
method to be effectively applied, it's crucial to determine the cutoff frequency. This frequency

marks the point below which only plane waves propagate within the duct. The cutoff frequency
of the rectangular cross-section can be calculated as f,y¢orf = CO/  [41], where H is the largest

cross-sectional dimensions and c, is the speed of sound. Both upstream and downstream

domains have the same cross-sectional dimensions 100 mmx 100 mm x 200mm.

Anechoic

termination

Unit Cell
Upstream air

domain

Downstream

air domain

Figure 2.2: Noise attenuation performance of the proposed acoustic metamaterial: Acoustic

analysis model to numerically evaluate the noise attenuation performance.
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2.5 Acoustic characteristics of proposed structure

It is discerning that the resonant frequency and sound absorption bandwidth of the meta-
structures are considerably dependent on the geometrical parameters. So, in the following, the
effect of various geometrical parameters on sound absorption performance is examined
through simulations. It is observed that with an increase in the circular hole diameter, the
overall sound absorption coefficient increases (Figure 2.3(a)). It is due to the fact that if the
perforated hole is too small, the fluid resistivity is very high, the incoming waves hardly
penetrate the Ashok Chakra embedded rigid plate, and acoustic waves are thus reflected back.?°
There is almost no change in resonant frequency with the change in number of spokes while
sound absorption coefficient increases with the number of spokes. This is due to the increased
resistance at the air-wall interface. Also, as can be seen from the Figure 2.3(c), the spoke-
length ratio highly influences the resonant frequency of meta-structures while a small variation
in sound absorption coefficient is reported. A higher value of spoke length ratio (leading to a
higher value of diverging side 1,), results in a left shift of the resonant frequency. In addition,
the sound absorption of meta-structure increases with increase in cavity thickness of the meta-
structure. Larger size of the central hole results in a right shift of the resonant frequency of the
meta-structure (Figure 2.3(d)).As is evident from Figure 2.3, absorption coefficient of meta-
structure depends on various geometrical parameters such as perforated hole diameter, number
of spokes, spoke length ratio, back cavity thickness, etc. So, it is very cumbersome to choose

appropriate sizes of the meta-structure.
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Figure 2.3 : Simulation results of various parametric sweeps to study the resonant frequency
tunability of the acoustic meta-structure. a, Circular hole dia. b, Number of spokes c, spoke

length ratio and d, back cavity thickness.

A circular unit cell sample of acoustic metastructure of 100 mm diameter is fabricated by 3D
printing technigue using a thermoplastic polyamide polymer (PA2200). The photograph of the
fabricated samples by 3D printing is shown in inset of Figure 2.4 (a). The fabricated sample is
mounted into an impedance tube system (Briel & Kjear type-4206) to measure its absorption
coefficient by using the standard transfer-function method. Five consecutive measurements are

performed and averaged to increase the signal-to-noise ratio.

Figure 2.4 , shows the absorption coefficient curve of the acoustic absorber in the frequency

range of 63-1600 Hz. The experimental result exhibits the high absorption coefficient (>40%)
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over a wide frequency range (800-1600 Hz) and almost perfect absorption (@ = 0.998) is
obtained at 1000 Hz. The corresponding working wavelength to thickness ratio of the proposed
meta-structure at the resonant frequency is 7.08 (>4) which confirms that the sample is within
the subwavelength scale. Therefore, the proposed Ashok Chakra-structured meta-structure

with sub-wavelength sizes, showed significant absorption in the low-frequency domain.
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Figure 2.4. Sound absorption coefficient vs. frequency: experimental, theoretical and

Numerical.
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Further, the experimental results are quite comparable with simulated absorption coefficients.
An overall good agreement is seen between the simulated and experimental results except that
the absorption coefficient values are higher for the experimental case. This discrepancy
between the two may have resulted from improper fitting of the sample in the impedance tube?*
and the excitation of plate modes of the solid medium of the meta-structure. Additionally,
unlike the numerical simulation (smooth surface considered), surface of the 3D printed sample

is generally rough which further enhances the energy dissipation in the meta-structure.

The array of four and six identical unit cells having 7 mm thickness were placed periodically
in the y-z plane as shown in Figure 2.5 ((a),(b) ), so that an acoustic metamaterial panel could

then be built for observing the broadband behaviour of the structure.

Absorption Coefficient

Figure 2.5: (a) 2x2 Unit cells arranged in rectangular manner. (b) 3x3 Unit cells arranged in
rectangular manner. (c) Sound absorption coefficient vs. frequency: unit cell, 2x2 unit cells

and 3x3 unit cells
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In Figure 2.5(a)-(c) we are able to see multiple peaks coming from the 2x2 unit cells array and
the 3x3 unit cells array where there is an overall reduction in the absorbance over multiple
frequencies. This behavior of the simulated data may correspond to the broad band dampening
effect although at some cost of reduced overall absorbance. In summary, a sound absorbing
panel containing the Ashok chakra-like frame has been designed and fabricated. Almost perfect

absorption (>99%) is achieved with the proposed design with subwavelength dimensions
A/7).
2.6 Conclusion

A sound absorbing panel containing the Ashok chakra-like frame has been designed and
fabricated. Almost perfect absorption (>99%) is achieved with the proposed design with

subwavelength dimensions (k=7).

Acknowledgement

This work was supported by Boeing International Corporation India Private Limited (Grant
No. BOEING/ME/2016081). A U.S. patent (Publication No.: U.S. 2020/0239125 A1) has been

filed based on the results reported in this manuscript.



58

Chapter 3 : Novel fractal acoustic metamaterials (FAMs) for multiple

narrow-band near-perfect absorption

3.1 Introduction

The metamaterial concept was first introduced in the field of electromagnetics and was
subsequently extended to acoustics. Acoustic metamaterials are planned and designed
structures exhibiting damping properties that are generally not found in naturally occurring
materials. The acoustic properties, namely, effective mass density and effective bulk modulus
of the metamaterials, depend upon the structural design/geometry rather than the chemical
composition. The effective noise absorption at a low frequency of generally 100-1600 Hz is
very difficult to obtain by using traditional acoustic materials due to the long wavelength of
acoustic signals (3.43-0.21 m) and weak intrinsic dissipation. For sound absorption in this low-
frequency range, porous materials are generally preferred, which follow the mass law.[43]
According to this law, the lower the target frequency at which dissipation should occur, the
greater the thickness of the structure and the mass. A similar damping behavior is found to
happen in some alternate structures like micro-perforated plates and Helmholtz resonators
showing less dependency on structural thickness. Metamaterials of this type are based on
distributed cavity volume through intensive micro-structuring. These alternate structures are
light in weight and effective as sound absorbers and serve in many modern industrial

applications, such as within aircrafts, automotives, and vibrating machinery.

In the past few years, acoustic metamaterials (AMs) have attracted a great deal of attention of
the research community because of their remarkable properties, such as perfect absorption

(nearly one),[44] negative mass density/bulk modulus,[45][21] reflected sound
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manipulation,[46] resistance for sound propagation,[47][48] acoustic cloaking,[48][49] etc.
For achieving perfect absorption or broadband absorption in the low-frequency range,
researchers have used various strategies like labyrinthine or space coiling type of sound
paths,[50]:[51] [52] membrane-type acoustic metamaterials,[53]:[54]'[55] periodic distribution
of thin closed slits in combination with Helmholtz resonators,[56] Helmholtz resonators with
embedded apertures,[57][58] materials combining double negative acoustic properties,[21]
radial acoustic meta-structures,[59] etc. By coiling channels and cavities, researchers have
been able to achieve near-perfect sound absorption in small thicknesses almost to within a
fraction of the incident sound wavelength. These designs have some drawbacks that limit their
usefulness in real life scenarios. First, the lateral dimensions of these designs are high, which
are linked to the effectiveness of sound absorption. Also, it is difficult to adjust the absorption
bandwidth of these structures owing to their long sound paths. Spiral meta-structures or equally
dividing cavities have been reported to produce perfect sound absorption at desired
frequencies.[59] The performance of these structures depends upon the channel thickness and
length and, thus, there may be inconvenience in tunability. However, these structures need a
careful selection of structural parameters at the very initial stages in order to realize near-
perfect sound absorption at the targeted frequency. Moreover, these complex geometries can
only show single frequency sound absorption and pose many limitations in terms of their easy
manufacturability. Hence, developing thin sound absorbers that can shrink the vertical and
lateral dimensions simultaneously while obtaining multiple narrow banded absorption peaks

remains a challenging task.

The development of fractal geometry is generally inspired by an in-depth study of the naturally

created patterns found in clouds, trees, foliage plants, galaxies, etc. The term “fractal” is
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derived from the Latin word “fractus,” meaning broken, fragmented, or irregular, and was
conceived by the mathematician Benoit Mandelbrot in 1975. He studied the different patterns
found in nature and produced his immense work in his book titled “The Fractal Geometry of
Nature.” [60] He defines fractal geometry as “that that can be split into parts, each of which is

(approximately similar) a shrinking copy of the whole.”

Fractal metamaterials have been extensively used in electromagnetic applications because of
their many unique properties like miniaturization, multiple resonating peaks, multiple modes,
and self-matching aspects.[61][62][63] Similarly due to properties like self-similarity,
researchers have used these materials in the field of acoustics to realize acoustic barriers,[64]

acoustic lenses,[65] labyrinthine fractals,[66] etc.

To overcome the above-mentioned challenges, in this paper we explore a novel, thin, and
highly efficient tunable fractal acoustic metamaterial (FAM) panel based on side branch
Helmholtz resonators. The FAM structures use different sizes of the side branches distributed
fractally on the wall of a backing plate in the meta-structures. Moreover, the proposed
structures use four equal fractals arranged at angles of 0°, 90°, 180°, and 270°, respectively.
Each of the Helmholtz resonators further subbranch into reduced dimension structures with the
same aspect ratios but with scaled down dimensions. The purpose of this geometry is to
increase the absorption coefficient and shift the resonance peak toward lower frequencies.
Furthermore, this shift happens without changing the overall thickness of the metastructure.
We report an analytical model based on the equivalent impedance method that represents the
complete acoustic characterization of the meta-structure and further helps to estimate the
absorption coefficient. This model has been further corroborated through finite-element

analysis and thorough experimental validation.
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3.2  Fractal metamaterial description and theoretical modeling

3.2.1 Fractals acoustic metamaterial design strategy

Figure 2.1 shows the different steps of constructing this new kind of FAM structure. Figure
3.1(a) depicts the base unit of the fractal shape with a design that contains multiple Helmholtz
resonators. In the first step of realization, the unit shape is rotated by 90°, 180°, and 270°,
respectively, to create four arms of the FAM, and these are interconnected in a cross-road-like
manner [Fig. 3.1(b)]. As the Helmholtz arm iterates “n” times to a scaled down geometry, it is
connected to the base arms (Helmholtz resonators) after a rotation of 90°. The scale factor used
for such an iteration is 0.6 in respect to the previous dimensions without any change in the
aspect ratio [Fig. 3.1(c)]. The final acoustic metastructure up to which we have investigated,

corresponds to a “n” value of 3 [Fig. 3.1(d)].

w

c . d.

0.36x base

-

Figure 3.1 :Design procedure of the proposed acoustic fractal meta-structure geometry. (a)
Basic unit shape. (b) First order fractal geometry. (c) Second order fractal geometry. (d) Third

order fractal geometry.
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The resonator design, as attached to each duct through a narrow side branch, is shown in Fig.
3.1(a), where the basic assumption is that the wave propagating through the duct is a plane
wave and the sound attenuation would happen through an impedance mismatch in the resonator
neck due to a sudden enlargement in the cross-sectional area. We achieve a perfect sound
absorption and tunability by fractally arranging the Helmholtz resonators in the overall scheme

shown in Fig. 3.1.

The designed structure uses the Helmholtz resonator to achieve perfect sound absorption
behavior at a definite frequency of 1000 Hz by dissipation of the incident sound energy. Figure
3.2(a) shows the fractal acoustic meta-structure unit consisting of 12 resonators corresponding
to a fractal order “n” of value 3. It consists of a thin panel with a single circular hole on the
wave incident side at the middle of the FAM structure that is outlaid on a thin backing plate.
The thin front panel with the perforation covering the FAM structure is used for propagating
the plane waves into the metastructure, and, thus, the total acoustic energy is distributed into
the fractals. [Figure 3.2(b) shows a plan view.] The bottom panel prevents any sound leakages
and adds to the sound confinement within the structures. The FAM exploded view of the unit
cell is shown in Fig. 3.2(c). The sample is made through the fusion deposition modeling (FDM)
process using the materials’ polylactic acid (PLA), as shown in Fig. 3.2(d). Absorption occurs

mostly at the viscous and thermal boundary layers formed along the resonator walls.
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Figure 3.2. (a)Schematic diagram of a unit cell of the proposed acoustic meta-structure. (b)
Schematic of the acoustic structure assembly. “dp” is the diameter of the pore and “d,” and
“t” are the diameter and thickness of the meta-structure, respectively. (c) Exploded view of the
absorber. (The acoustic structure consists of a front panel with a pore, a fractal frame, and a

backing plate, and the assembled view) (d) 3D printed sample having optimized dimensions of

“dp” =11.68mm, “WZ/Wl” =2, “ll/ 1, =20, and “tc” =8.5m

3.2.2 Theoretical analysis

We first introduce the equivalent impedance model representing the acoustic behaviour of the
proposed meta-structure and present the optimization scheme adopted. The broad objective in
this optimization is to converge on a design which possesses perfect absorption properties at

targeted 1KHz frequency. In general, acoustic absorption of any system is defined as the sound
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energy dissipation inside the material structure, as the sound traverses through a predetermined
path. The acoustic absorption coefficient, a, of such a structure can be found by its normal

acoustic impedance, Z , and this relationship can be given by[17].
(3.1)

where, Z refers to the surface impedance of the acoustic absorber, p, is the static air density
and C, is the sound velocity. To get perfect sound absorption, impedance of the structure
should match with the impedance of air, i.e., Re(z) = p, C, and Im(Z) = 0 as indicated by

equation (3.1).
The surface impedance of the proposed structure can be represented in a general form as:
Zy=1Z,+Z, (3.2)

where 'Z,," denotes the surface impedance of the circular pore and 'Z." is the surface impedance

of the meta-structure.

3.2.3 Surface impedance of the meta-structure calculation

The surface impedance of the circular pore 'Z," can be determined from a relationship for a

small circular tube based on the solution of Crandall’s theory by Maa[67] and Tang et al.[30]

as shown in equation (3).

. ] _1
_ jwpoty 21 (/=) V2ny, . 0.85wped, (3.3)
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where 'd,," and 't,," are the pore dimeter and the thickness of the front plate, ‘w”, 'py” and o, J;

refer to the angular frequency, density of air contained within the structure and the first kind
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of Zeroth and first order Bessel functions, respectively. The term y,, is a dimensionless factor

which is the ratio of pore diameter to the viscous boundary layer thickness that is further
represented by 6,;cc = +/2n/(wpy) , (Where n is the dynamic viscosity coefficient of air). The

porosity of the perforated plate is represented by the term ¢ = nd;,” /4a, . The last two terms
on the right-hand side of equation (3) are the end corrections corresponding to the sound

dissipation and radiation around the perforated hole inlet and outlet, respectively.

The surface impedance of the circular pore can also be represent in terms of resistance and

reactance by the expression given as 2®[68]
Ly =1y +jXp (3.4)

From the equation (3.3) and equation (3.4), we get.

32nt, K2 ~2Kd,
= —)t+—=— 35
"= e\ (T3 T2 39
wt KZ -0.5 dh (36)
xp=¢—cp 1+[1+7] +0.85—
p

The terms 'r," , "x,," represent the resistance and reactance of the acoustic impedance offered

by the perforated holes. The term K = d\/w/4n.
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3.2.3.1 Impedance of the cavity (z.) calculation
As mentioned in the main manuscript, the surface impedance of the proposed fractal

metamaterial absorber is represented with a general form as below:
Zg= Zp'l'ZC (3.7)

Where Z, and Z. are the acoustic surface impedance of the perforated plate and cavity

respectively.

The proposed structure consists of four identical units (having 3 Helmholtz resonators) of the
type as shown in Figure 3.2 (a), placed parallelly with the perforated hole. Using an equivalent
impedance concept, we can explain the acoustic characteristics according to the resonator’s

arrangement.

Plane Wave sd

L 6 ;'\_}fc

X2

X1

Figure 3.3. One branch of the unit cell of the FAM

The sound pressure (p) and the velocity (U) can be expressed as follows:

P, = Ae Jk* + B eJkx p, = Ce/k* (3.8)

U, = i (Ae—jkx _ Bejkx) U, :% (Ce—jkx) (3.9)
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The impedance of the resonator Zr at section ‘X1’ can be expressed as

Zr = -jZ. cot(kh) + Zi (3.10)

3.11
Zn= i_: [0.0072 + jk (1 4+ 0.75)] (3.11)

Where zc = P C/Scis the impedance of the cavity and Z, neck impedance of the resonator.

[69][70]
Sh is the cross- sectional area of the neck.

We now take one complete branch of the unit cell and calculate the equivalent impedance of
the cavity formulated therein. We make an electrical analogy of the structure as shown below

in Figure 3.4, 3.5 and 3.6.

M network model

| u jliry
X0 1 xR A

Unit1

E—
201 - Als———
B
X0 x1

Figure 3.4 : Impedance model for one branch for a corresponding n value of 1
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zr+ztr

Zr=-j.zcL.cot(k-h1)+Zy where Zy=(5-)(0.0072 +j. k. (Lh1 + 0.75)

U2

Z01=z (=

zL1

)+jtan(k.L1)

1+j.(

zL1
z

)tan (k.L1)

Z01

P2

IV

Ductl

Duct2
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(3.12)

(3.13)

(3.14)

(3.15)

h2



69

Figure 3.5: Impedance model for one branch with a corresponding n value of 2

_Zr2 Ztr (3.16)
2x2 = Zr2+Ztr
3.17)
)+ kL22 (

Zx1 =2Zd2 (Zdzzjzl tan(kL22)
1+j (75, )tan (kL22)

Zeq =[ (UZO1) +(1/ZX1)]* .

)t (3.19)
Z02 = Zd2 (;Tile);e_; tan (kL21)
1+(Za2)tan (kL21)

z02 a3,
- Se2 h3

sh3

iLtr!
[l

1 H
= e

w !
2N
i

i L32

L31

X0 X1 X2 ¥3

Figure 3.6: Impedance model for for the complete branch with a corresponding n value of 3

_ Zr3 Ztr
Zr3+Ztr

ZX2

(3.20)
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Zx2 .
~ (322)+] tan(kL32)
Zeo =[ (1/Z02) +(1/ZX1)]* (3.22)
Ze4) +j tan (kL3
703 = Zd2 (Z‘“)ij tan (k31 (3.23)

1+j(Zo2)tan (kL31)

There are 4 identical cavities placed parallelly in the complete unit cell, so the total impedance

of the cavity.
Zc = 703/4 (3.24)

Putting the value of Z,, and Z. in equation (3.7) can lead to the calculation of the surface

impedance Z, of the meta-structure. Now finally, the sound absorption coefficient can be

obtained analytically by equation (3.1).

3.3  Optimization of the fractal structure

3.3.1 Regression analysis

Multivariate linear regression analysis is used to develop a functional relationship between the

sound absorption coefficient a(f), and the geometrical parameters (perforated hole dia, Neck
and cavity width ratio, Neck and cavity length ratio, and back cavity thickness) of the acoustic

meta-structure. In this analysis, scores on the response variable (¥) is predicted from the scores

on predictors or regressors (X’s) using the following relationship.
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Y= B, + zn: G X; + Zn: Zn: Bii XX (3.25)
i=1 A

L

Where B, B; and B;; are called the regression coefficients, i = 1,2, ...,n is the number of

regressors.

RA (Regression Analysis) is performed by using Design Expert 8.0 software to form the

equation connecting input and output response.

Using the Table 3.2, a second order regression model is developed which is given as
A=d, B :(V”Z—j) ,C=(l/1,), D=t,

a(f) =-1105.72 +11979.01* A - 2661.78* B+272.75* C+0.6820* D-0.2008* A *
B+11978.56* A* C+0.7707*A * D-2662.29* B * C-0.0236* B * D+0.3695* C * D+7985.91*
A+0.2713* B2 +2436.62* C2 + 0.0236*D+0.6126*A*B*D -
0.3315*A7*B+7985.89*A2*C+0.0348*A>*D-0.7647A*B2-0.3227*A*D>-
0.6108*B**D+0.5445 *A-0.2662*B+

+1057.72*C3-0.0005*D3+0.2589* B*

Values of "Prob > F" less than 0.0500 indicate model terms are significant. In this case there

are no significant model terms.

Table 3.1: ANOVA Table

Std. Dev. 0.0633 R-Square 0.9965
Mean 0.6090 Adj R-Squared 0.9487
CV.% 10.39 Pred R-Squared N/A
PRESS N/A Adeq Precision 13.9092

"Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. Our
model ratio of 13.909 indicates an adequate signal. This model can be used to navigate the

design space.lt can be concluded that the developed model fits the data well.”



Table 3.2: Control factors and their levels

Control factors

Perforated hole Dia (d,,), mm

Neck and cavity width ratio(w2/w1)

Neck and cavity length ratio (I, /1,)

Back cavity thickness (t.), mm

|_| Faf:tor| Mame | L.Inits| Type | SubType | Minimum | Maximum| Coded L0w| Coded High| Mean| Std. Dev,

_|A dp

_|B w2wl

_|C /12
D tc

mm

mim

MNumeric | Continuous 10.00 14.00-1 ~ 10,00 |+1 —~ 1400 | 11.93 1.01
Mumeric  Continuous 2.00 600 -1+~ 200 |+1 5600 3.57 1.44
MNumeric  Continuous 6.67 2000 -1 - 667 | +1~ 20,00 9,49 5.38
Mumeric | Continuous 6.00 9.00-1 ~ 7.00  |+1 +~ 9.00 8.37| 0.9994

Table 3.3:Simulation results of the swastika type acoustic metamaterial.

Run d, w2/wl L/, t. Alpha o (f) at
1000Hz
1 10 2.85 6.67 9 0.5
2 10 2 20 9 0.75
3 10 2 20 8 0.82
4 11 2 20 8 0.7
5 11 2 20 7 0.87
6 11 2 20 9 0.9
7 11 2.85 6.67 6 0.27
8 11 6 6.67 9 0.87
9 12 2.85 6.7 9 0.9
10 12 2.85 8 9 0.25




11 12 2.85 10 0.4
12 12 5 6.67 0.9
13 12 3.33 6.67 0.6
14 12 2.5 6.67 0.45
15 12 2 6.67 0.45
16 12 2.85 6.67 0.38
17 12 2.85 6.67 0.3
18 12 2.85 6.67 0.2
19 12 2.85 6.67 0.15
20 12 5 6.67 0.9
21 12 5 6.67 0.73
22 12 6 6.67 0.9
23 13 2.85 6.67 0.1
24 13 2.85 6.67 0.4
25 13 6 6.67 0.79
26 13 4 6.67 0.91
27 13 4 6.67 0.72
28 14 6 6.67 0.95
29 14 6 6.67 0.91
30 12 5 20 0.3

73
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The Model F-value of 20.88 implies the model is significant. There is only a 4.67% chance
that an F-value this large could occur due to noise.

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, AC, BC,
A2, C?2, A2C, C3 are significant model terms. Values greater than 0.1000 indicate the model
terms are not significant. If there are many insignificant model terms (not counting those

required to support hierarchy), model reduction may improve your model.
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Figure 3.7: (a) Relationship between actual and predicted value ,(b), (¢), (d) and (e), are the

contour plots showing the interaction effects between geometrical parameters on absorption

coefficient.
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3.3.2 Meta-structure optimization by Response surface methodology

Numerical and graphical optimization algorithm is performed, using design Expert 8.0

To maximize || sound absorption coefficient

a(f) =-1105.72 +11979.01* A - 2661.78* B+272.75* C+0.6820* D-0.2008*

A * B+11978.56* A * C+0.7707*A * D-2662.29* B * C-0.0236* B *

D+0.3695* C * D+7985.91* A2+0.2713* B2 +2436.62* C2 +

(3.26)
0.0236*D2+0.6126*A*B*D -0.3315*A2*B+7985.89*A2*C+0.0348*A2*D-
0.7647A*B2-0.3227*A*D2-0.6108*B2*D+0.5445 *A3-0.2662*B3+
+1057.72*C3-0.0005*D3+0.2589* B4

Subjected to:
10 <d, < 14
w2
2< (ﬁ) <6
(3.27)

6.67<1,/1, <20

6 <t <9
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Table 3.4: Comparison result of FEM simulation and Design Expert Software

Method d, w2 1/, t, a(f)
wl

Design ~ Expert  numerical | 11.68 | 2 20 8.5 0.99

optimization

ANSYS 17.0 Simulation 12 2.4 20 8 0.92

3.3.3 Comparison between new structure and conventional

(a) (b)
Backplate
d=11.68mm
ickness of front panel t= 2mm
Ln=8.5mm
d=99.5mm

Front
panel

Figure 3.8: (a) Conventional structure without fractal structure (b) Corresponding equivalent
Helmholtz resonator. (Equal VVolume)

The natural frequency of the given Helmholtz resonators shown in fig 3.8(b) can be calculated

by the expression given as [71]

fi=— |— (3.28)
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Where f, is a fundamentals frequency, c is velocity of sound, A is surface of opening area, |

is the neck length and V is volume of cavity?

When we put all the value in the above equation, the natural frequency came around f, =

1700.24 Hz .

-

T 1 1
—without Fractals core
—With fractals core (Exp. results) | |
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o
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Figure 3.9 :(a) absorption coefficient of a sample with fractal core or without core.

3.4 Numerical simulation, Theoretical and Experimental validation

For understanding the acoustic characteristics of the proposed meta structure, the impedance
tube testing has been performed and the results are further validated by the numerical

simulation and theoretical modelling approaches [Fig 3.10 (c)].
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3.4.1 Numerical simulation (FEM) and geometric optimization

For numerical validation purposes, the FEM acoustic model of fractal absorbers is used in
ANSYS 17[15] (Acoustic module). A plane wave with unit amplitude is applied at normal
incidence to the sample. Acoustic hard boundary conditions are imposed on all the walls of the
acoustic absorber. This is important due to a huge impedance mismatch on the air-wall
interface within the structure. Meshing is done using Tetrahedral elements. The largest optimal
mesh element size is taken to be dimensionally smaller than 1/6™ of the shortest incident
wavelength and further mesh refinement is carried out in the elements which are in regions of

high error.

The sound absorption signature of the structure depends upon various geometric parameters

like perforated hole diameter (d,,), neck and cavity width ratio (w2/w1), neck and cavity length

ratio (I, /1), back cavity thickness (t.) etc. Thus, iterating to the most appropriate dimension
of the independent variable is difficult for obtaining perfect sound absorption at a pre-defined
frequency. For getting the optimized combination of four independent parameters to achieve
perfect sound absorption, we have utilized the “Response surface methodology (RSM)”
technique (Design Expert 11) for a target frequency of 1000 Hz. In this, we have used a
statistical regression analysis tool[72] , and applied response surface methodology for
optimizing the independent geometric parameters. The numerical values of the control factors
and their different set levels are illustrated in Table 3.1. A number of simulation results are
evaluated with the use of different parameters and their respective sound absorption coefficient
at 1kHz peak within 0-1.6kHz frequency band are obtained [Table 3.2]. The high value of the
coefficient of determination (R? =0.9965) of our model indicates the existence of an effective

correlation between the experimental and predicted response values. The resulting structure
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coming out of this optimization scheme is illustrated in Figure 3.2(d) and contains the

geometrical parameters d,, =11.68mmW2/ , =2, 11/,,=20 and ¢.=8.5mm. [ANNEXURE

B.2}

A sample is further built using 3D printer with a diameter of 100 mm, as shown in Fig. 3.10
(a). The speed of sound and the density of PLA (i.e., the material used for fabrication) are ¢ =
1200 m/s and p = 2700 kg/m3, respectively. The sound wave particle velocity flowing inside
the structure is estimated, as shown in Fig. 3.10 (b). The absorption coefficient of the fabricated
specimen within a range 600-1600 Hz is shown in Fig. 3.10 (c), as measured on a B&K type-

4206T impedance tube system.

—Theoretical
—Experimental
0.8 — Numerical Simulation

0.6

0.4

Absorption coefficient

0.2

J
600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Frequency [Hz]

Figure 3.10: (a) Photograph of the experimental sample having thickness of 8mm. (b)
Simulated sound velocity vector at 1000 Hz. (c) The absorption coefficient of the proposed
fractal metamaterial. The solid black line, blue line and red line represent theoretical results,

numerical simulation, and experimental results, respectively.
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The acoustic absorption coefficient is measured following the ASTM-E1050-12 standard.4
The following parts are used to make the impedance setup: (a) an impedance tube (an inner
size of 10 x 10 cm2), (b) two microphones (1/4-in.-diameter) (labeled M1 and M2), (c) a
measuring module “Acoustic Material Testing” that is used to measure the absorption
coefficient, etc. The thickness of the waveguide wall is treated as 6 mm. Because the rear of
the wall is a hard boundary condition, we can assume that there is no sound transmission
through the wall. By placing a structured material block inside the tube, the absorption spectra

can be measured for the corresponding meta-surface of this block.

Figure 3.10 (c) shows a comparison of sound absorption coefficient at a target frequency of
1KHz obtained through theoretical analysis, FEM simulation and experimental analysis. The
results show good agreement with each other. The experimental and theoretical measurement
bandwidths are both large than the FEM simulated data which may intuitively be thought to be

coming from viscous-thermal losses which are not considered in the FEM modelling.

Figure 3.10 (a) shows the actual thickness of the optimized FAM sample that is used for the
impedance tube experimentation. Figure 3.10 (b) depicts how the sound wave particle velocity

flows inside the chamber at the target frequency of 1000 Hz.

3.5 Results and discussion

3.5.1 Fractal order and its simulation

Fractals are generally defined as “an infinitely complex structure with self-similarity at
different scales. The repetition of the process at different scales is known as the fractals order.
In this paper, we used Helmholtz based fractal’s structure and three order of it as shown in

figure 3.11. Helmholtz Resonators (HRs) are generally used in the design of silencers for noise
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reduction. Noise reduction in these mostly happens due to impedance mismatch causing a
reflection of the incident acoustic energy and attenuation in the resonator neck. Inspired by
silencer design and physics we have designed the reported fractal metamaterials (FAM) using
multiscale HRs arranged in a fractally reduced order of dimensions (orders signify the scaling
down). The acoustical properties of first order, second order and third order fractal acoustic
metamaterials have been evaluated. The Helmholtz resonators present in this FAM structure
play a vital role in order to get maximum absorption and shifting of the resonance peak. The

resonance frequency of HR (four in first order, eight in second order and twelve in third order)

is calculated through the relation f = c¢/2n /% where V is the volume of resonance chamber,

A is the cross sectional area of the neck, [’ is the effective length (including end correction) of
the neck can be expressed I'=l + 0.6a, here [ is the length of the neck and a is the radius of its
cross section. The extra length or end correction added to the geometric length of the neck
because of an extra volume (both inside and outside) move the air in the neck region. This is

approximately 0.6-times the outside radius.
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Figure 3.11: Sound absorption signature of first order, second order and third order fractals

metamaterials absorbers and cross ponding SPL (sound pressure level) profile.

The characteristic resonant frequencies of three identical HRs present in a single arm of the
FAM structure are 3126 Hz ,4967 Hz and 7832 Hz respectively. The comparison of the output
of the FEM based numerical and theoretical models for various orders of geometries of the
FAM structures are shown in Figure 3.11. As one can see from this plot, the absorption peak
shifts towards the left as one goes from first to third order. The shifting of the resonance
frequency happens due to an increase in the number of HRs. In the first order FAM there are
only 4 identical HRs, in the second order a total of 8 HRs and in the third order a total of 12
HRs are present. This also indicates that as the order of fractals increase (i.e., ‘n’ value is
increased) we can get desired acoustic absorbing frequencies whereas the absorption
coefficient can peak with a shift towards the lower frequency bands as one increases the ‘n’

value.
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3.5.2 Influence of geometrical parameters

We further use the acoustic FEM model to probe the effect of different design parameters of

the FAM structures such as perforated hole dia. (d,), neck and cavity width ratio (w2/w1),

neck and cavity length ratio (I,/l,) and back cavity thickness (t.) etc, on the acoustic
absorption coefficient of the structures. The results are illustrated in Figure 3.12. With a fixed
value of the parameters “d,”, (w2/w1), and (l;/1,), and with an increase in the thickness from
Smm (AM69) ~ 25mm(A/18), the sound attenuation band is found to move to low frequency
domain [Fig. 3.12 (a)]. Moreover, when the ratio of Neck and cavity width ratio (w2/w1l) is
more than 3.33, two absorption peaks are obtained in the frequency range 600-2000 Hz [Fig.
3.12 (b)]. This happens due to the neck region of the HR narrowing down as we increase the
ratio of w2/w1 causing an increase in sound dissipation. When w2/w1 is less than 3.33, we get
a single absorption peak with a shift towards the left as we increase the neck and cavity length
ratio (1,/1,) [Fig. 3.12 (c)]. Since we know that the resonance of HRs is inversely proportional
to the neck length and the volume of the cavity, a similar behaviour is observed in Figure 3.12
(d) showing the interaction of neck length and resonators cavity volume on the absorption

coefficient.
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Figure 3.12: Absorption coefficient of the designed metamaterial with different acoustics
parameters. (a)- (e) Varying absorption spectra with thickness ¢, neck and cavity width ratio

(w2/w1l), neck and cavity length ratio (I, /1) of the Acoustic metamaterials

Figure 3.12 (d) shows the effect on the absorption spectra as we increase the neck and cavity

1

length ratio (I, /1,) with other parameters fixed. In this case the resonance frequency f o NI

and the absorption both depend on the combination of neck and cavity length illustrating an
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abrupt shift in the resonance frequency due to a change in the energy dissipation rate inside
HR regions. The relation between neck and cavity lengths shows a linear dependence. For
example, as the cavity length is double of the neck length, and the cross section of the neck is
increased in comparison to the cavity cross-section, the two absorption coefficient peaks (o>
0.9) are found to shift towards the left. This signifies a high loss of acoustic energy inside the

neck of the resonators as shown [Fig. 3.12 (e)].

3.6 Conclusions

In summary, we have demonstrated a new kind of fractal structure with reducing geometric
dimensions that possess properties of acoustic metamaterials. We have also analyzed the
absorption behavior of these geometries at low frequencies. Multiple validations have been
carried out through closed form analytical solutions (based on equivalent impedance analysis),
numerical modelling efforts (FEM simulations) and experimental analysis. In addition, the
structure is optimized geometrically to possess a peak absorption at 1 KHz frequency using
Response surface methodology (RSM). By altering the internal geometry, the FAM is found
to be amenable to tuning at multiple frequencies with narrow band absorptive behaviour and

can be eventually used for acoustic cloaking in the low frequency domain.
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Chapter 4 : Hybrid fractal acoustic metamaterials for low-frequency
sound absorber based on cross mixed micro-perforated panel mounted over

the fractals structure cavity

4.1 Introduction

Numerous uses for the deep-subwavelength thick broadband low-frequency sound absorber
can be found in acoustic cloaking and noise reduction. An acoustic metamaterial is an excellent
candidate to tackle all challenges with careful design of structures that may possess
extraordinary acoustic properties like broadband noise absorption [73][74][75][76][59],
sound insulation [77][78][79] , noise cloaking properties [80][81] , acoustic jetting properties
[82] etc. Acoustic metamaterials are well known as artificial or man-made structures that may
be programmed through negative effective density [83][84], negative effective modulus
[9]1[85], and simultaneous negative modulus and density [86][87][88]. Researchers have
recently proposed 2D fractals acoustic metamaterials[89] and 3D labyrinthine fractal acoustic
metamaterials [66], which can possess multi-band sound blocking properties in the low
frequency domain. Another broadband low frequency sound isolator is designed through a
spider web-inspired membrane-type meta-material [90]. Researchers may seek to find the
lightweight structures of different material designs to possess excellent sound absorption to
solve challenges related to noise control[91][92] . Further, it has long been a challenge to get
broadband sound absorption while keeping thin and light weightedness as structural properties.
Metamaterial design like multi-coiled structures [93], can achieve perfect absorption at
extreme low frequency of 50 Hz with a thickness of 1.3 but cannot tune once it is fabricated.

Researchers have also tried conventional micro-perforated panels(MPP) [94][95][96]'[97],
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with back cavity, Cascade neck-embedded Helmholtz resonators based metamaterials[98],
MPP with neck-embedded Helmholtz resonator[99], and successfully achieved an overall good
sound absorption level at low frequencies. However, the thickness of the backing cavity is
usually more than 5cm for obtaining a broadband sound absorption behavior. Ultrathin
membrane metamaterials (MM) [100]-[101], are a very good candidate for broadband sound
absorption behavior but the problem in MM is membrane loosening effect which may come in

due course of time after repeated use.

This article has developed a new type of tunable micro-perforated face-sheet design (with
perforation diameter < 1mm) backed up by fractal geometry as shown in Figure 4.1, of
subwavelength dimensions that demonstrate excellent broadband sound absorption behavior.
The thickness of this classical metamaterial design is less than 2cm, and it can be easily

programmed/ tuned according to the industrial need and scope in different fields.
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Figure 4.1: (a) Schematic of cross perforated fractal structure hybrid metamaterials panel
composed of a cross-micro-perforated top face-sheet, a Helmholtz swastika fractals structure
as core, and a back plate as bottom face-sheet. (b) One unit cell, sidewall cut-off vertically to
see details inside. (c) CMPP with different perforation sizes in direction one having perforation

diameter d1 and direction two is d2 and the back fractals cavity. Courtesy (ANSYS 17.0%°)

The series-parallel circuit analogy is applied to obtain an equivalent impedance method
through which a theory to calculate the sound absorption coefficient is established for this new
class of fractal designs. This works also experimentally validates and compares with the
theoretical model and a finite element model. Perfect sound absorption is achieved around
1000 Hz, together with broadband sound absorption starting from 400~1600Hz, when the
thickness of these unique metamaterials is about 20mm. Almost perfect sound absorption has
been found around 1000Hz, together with one-octave relative absorption bandwidth starting

from 800Hz, when the thickness of the metamaterials is just 20mm with the integration of two-
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unit cells. We have also integrated the four-unit cells to achieve broadband sound absorption
and successfully achieved 61% higher relative bandwidth and sound absorption coefficient

greater than 80%.

4.2 Theoretical Model

The proposed acoustic metamaterial having two face-sheet and a swastika fractal structure
core, as shown in Fig. 4.1. The top face-sheet consist of cross perforation having uniform
perforation diameter in direction ‘1’ (d1) and direction ‘2’ as (dz2), in a micro-perforated panel
(CMPP). The unique Helmholtz resonator are fractally distributed and act as an acoustic cavity

core with the bottom face-sheet in the shape of a rigid backing plate. The fractal core is

designed based on novel fractal (1) shapes and contains multiple Helmholtz resonators along

the arms of the fractal shape. In the first level branches, the unit shape (side branched
Helmholtz resonator) is rotated by 90°,180° and 270° respectively to create four arms of the
fractal structure and interconnected in a crossroad like manner. As the Helmholtz arm iterates
‘n’ times to a scaled down geometry connected to the base arm (Helmholtz resonators) at every
90 deg. Rotation angle a scale factor of 0.6 is used for every iteration. The final acoustic meta-
structure up to which we investigate corresponds to an “n” value of 3 and the final core

structure shown in Fig 4.1 (c).

In general, the absorption coefficient of any acoustic metamaterials with a rigidly backed panel

can be estimated through its impedance as

(4.1)
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where, z; is known as the surface impedance of the acoustic absorber. z, = pyc, is the
characteristic impedance where p, and c, are mass density and sound speed in air,

respectively. The surface impedance of the proposed fractal CMPP have been calculated as:
Zs= ZyptZec 4.2)

where, zy, and z;. are the acoustic impedance of the CMPP and the fractal structure

containing cavity, respectively.

4.2.1 Impedance of the fractal’s cavity

We have first calculated the equivalent impedance of one unit cell of the cavity through an

electrical analogy[102] developed as shown in Figure 4.2 (c).

Plane
wave

Unit1

Figure 4.2:(a) One representative branch of the fractal structure core metamaterial which
consist of four equal branches. (b) Representative side branch of Helmholtz resonator structure
in the fractals. (c) Electrical analogy using network model and their corresponding equivalent

impedance
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The impedance of the side branch resonator Zr at X1 as shown in Figure 4.2 (b) ,is expressed
as [103]'[104][105]. zr1 and ztr1 are parallelly connected enabling us to use parallel circuit

connection model as below (electrical analogy).

701 = p.C

cl= scl 4.3)

Zsl = zrl. ztrl (4.4)
T+t '

zrl1=-j.zcl.cot(k.h1)+Zy, (4.5)

ztrl = —j.z44. cot (k. Ltr) (4.6)

Where z;; = pocy/sdl characteristics impedance and

.C
7h = (5}1—1)(0.0072 +j.k.(Lh1 + 0.75) @7

Using equations 4.3 to 4.7, we can calculate the impedance of the first side branch Helmholtz
resonator [103]

(%) + jtan(k.L1)

1+ (%) tan (k. L1)

Z01 = Zdl

(4.8)
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Figure 4.3: (a) Second iteration of fractals geometry and its equivalent side branch resonators

model. (b) Electrical analogy or m network model of second iteration. (c) Third iteration of

fractals geometry and its equivalent side branch resonators model. (d) cross-ponding Electrical

analogy or i network model of the third iteration.

We now calculate the equivalent impedance of the second iteration as shown in fig 4.3 (a, b),

with the help of series and parallel electrical circuit analogy and repeat the same procedure as

above.

752 = Zr2 . Ztr2 19
X Zr2 + Ztr2 (4.9)
(%) +j tan(kL22)
Zx1 = Zd2 (4.10)

. (Zx2
1+ (775 tan (kL22)
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Where ztr2 = —j.z4,.cot (k. Ltr) and z4, = pyco/sd2

Zeq =[ (1/201) +(1/ZX1)]* (4.11)
(é 7a3) +J tan (kL21)
702 = 7d2 4.12)
Ze
1+ (7g%) tan (kL21)

Similarly, we use the same procedure for the third iteration as shown in fig. 4.3 (c, d)

750 = Zr3 .Ztr3 413
Xe = Zr3 + Ztr3 (4.13)

(Z x2

+ j tan(kL32)
7x1 = 7d3 7z5) (4.14)

1+ (g dg) tan (kL32)

Where ztr3 = —j.z45.cot (k.Ltr) and zy3 = poco/sd3

Zeo =[ (1/202) +(1/Zx1)]* (4.15)

Equivalent impedance of the first branch of the fractal acoustic metamaterials as

Zeq

703 = 7d2 (Zd3

Ze
1+ (7g%) tan (kL31)

) + j tan (kL31)

(4.16)



96

There are 4 identical cavity placed parallelly so the total impedance of the cavity

Zs. = 103/4 (4.17)

4.2.2 Impedance of the Cross microperforated plate

Impedance of the micro-perforated plate can be calculated by Maa’s Model [106]:[107]

MPP impedance

Zm =T+ jom (4.18)
where,
32n t x2 V2 d
= —(1+= X = (4.19)
pocedz (1T a5 *9)
and
=t 1+ ! + 0.85 d
m_(bco ( [ xz 1 ) (4.20)
9+ >
where @ = Porosity

n = dynamic viscosity

a = perforation constant

d= diameter of hole

t= thickness of the perforated plate
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w
x =d ,ﬂ
4n

We can now calculate the total impedance of the cross perforated plate of single unit as

1 1

=(—+—)1 4.21
“mMp (zm1+zm2) (4.21)

Where zm1 is the impedance of the direction 1 and zm?2 is the impedance of the perforation

in direction 2.

We are thus enabled to put the equations 4.21 and 4.17 as inputs to the equation 4.2 and we
can thereby theoretically calculate the sound absorption coefficient of the cross micro-
perforated fractal acoustic metamaterials with the help of equation 4.1. The absorption

coefficient spectrum of the theoretical model is obtained by using MATLAB (R2016a)%.

Fig. 4.4, depicts the broadband sound absorption in this case. As we can observe clearly that
the initial peak of the absorption coefficient of the experimental result is disappeared in the
FEM simulation, and the last peak in the theoretical model. Although the experimental,
theoretical, and numerical results are overall matching in terms of the amplitude of maximum
absorption. In theoretical model, linear superposition principle has been used as shown in
equation (8). Thus, the nonlinear coupling effect of perforation and cavity is disappeared in the

theoretical spectrum.
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Figure 4.4: Sound absorption coefficient of CMPP predicted by the analytical method, FEM

model and Experimental results. Courtesy (MATLAB R2016a)*°

In numerical simulation, MPP converting into porous rigid materials, and considered fractal
core as in ideal condition (without visco-thermal losses[108][109][110]), thus the first
absorption peak shown in simulation results disappear in these conditions. It also observed that
the experimental frequency bandwidth is wider than numerical and theoretical prediction due
to additional loss of acoustic energy around the rough surface created by 3D printing
[111][112]. A near-perfect absorption peak occurs around 1000Hz with relative bandwidth of
50% for parameters d1=0.5mm and d2=1mm and has a porosity @,;=4.91% and ¢,=19.63%,
respectively. Here the relative bandwidth is calculated as the ratio of the full width at half the
maximum of the absorption coefficient to the resonance frequency. There are two high

absorption peaks corresponding to >0.8 absorption coefficient at 700 Hz and >0.95 absorption
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coefficient at 1000Hz. The small differences in the results of the FEM and theoretical

predictions occur due to neglecting the thermal dissipation at the perforation region and

considering only viscous energy dissipation.

4.3

Results

4.3.1 Broadband sound absorption.

We start by varying the thickness of the CMPP fractal acoustic metamaterial to achieve varying

sound absorption values in the lower frequency range. Given specific values of fixed cross

perforation parameter (d1, d2) and porosity of @,and @, Variable fractal core thickness of ‘t’

the sound absorption bandwidth is obtained at a particular frequency, as shown in fig. 4.5 (a).
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Figure 4.5: Sound absorption coefficient of CMPP with different acoustic parameters (a)

Thickness of the fractals core. (b), (c) Porosity of CMPP. Courtesy (MATLAB R2016a)*



100

As the thickness ‘t’ of the fractal core increases, the sound absorption curve gradually shifts
from high to low frequency at fixed perforation parameters d1=0.5mm and d2=1mm,
respectively. A near-perfect sound absorption peak (96.66%) is obtained at 800 Hz with a
relative absorption bandwidth of 50% when t=30mm. Similarly, 95.55% sound absorption at
850 Hz,1150Hz,1100, and 1200Hz with relative bandwidth (o> 0.5) of 50% , 30%, 29% and

27.6% is obtained as the thickness “t” becomes =24mm ,14mm,12mm and 10mm respectively.

We have also investigated the effect of cross porosity variation on the broadband sound
absorption spectra. In the first sample, A1 we have created a geometry corresponding to
d1=0.3mm, @,=7.07% and d2=0.4mm, @,=12.56%. Similarly, in the second sample A2, the
geometrical parameters are changed to d1=0.5mm, ©,=19.63% and d2=0.6mm, @,=28.26%,
in the third sample A3 the parameters are d1=0.7mm, @,=38.46% and d2=0.8mm, ¢,=50.24%,
and in the fourth sample, A4, the parameters are changed to d1=0.9mm, @¢;=63.59% and
d2=1mm, @,=78.5% respectively. Further other four samples with different porosity
combinations (A5 to A8) with fractals core have been investigated and their acoustic behavior

as shown in fig 4.5(c).

The samples are investigated with fixed fractal thickness t=20mm. The sample ‘A1’ shows the
maximum sound absorption peak (91.2%) to be at 950Hz with relative bandwidth 58%.
Similarly, for the sample A2 and A3 we obtain a similar behavior although as the cross-porosity
ratio is increased the resonance frequency is shifted towards the right as shown in fig 4.5 (b).
The sample A4 shows a relatively lower value of 65% absorption at the maximum perforation
[ details shown in table 4.1]. The two samples Al and A5 shows the higher relative bandwidth
of sound absorption with maximum sound absorption of 91% and 95%. So, we can tune the

novel sound absorbers with a combination of different cross perforation diameters (< 1mm) in
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each unit cell. For brevity, we have only shown eight combinations here as shown in fig. 4.5

(b) and 4.5 (c).

Table 4.1: Fractals CMPPs metamaterials parameters and its acoustic absorption behavior of

a unit cell
S.no. | Samples | Cross porosity Frequency at maximum | Relative
absorption coefficient bandwidth
1 Al ?,=7.07%, 0,=12.56%. | @950 Hz (o > 91%) 58%
2 A2 0,=19.63%,0,=28.26% | @1200 Hz (o > 90%) 45%
3 A3 ?,=38.46%,0,=50.24% | @1300 Hz (o > 91%) 50%
4 A4 ?0,=63.59%,0,=78.5% | @1450 (o> 65%) 40%
5 A5 ?,=7.07%,0,=19.63% | @1000Hz (a > 95%) 60%
6 A6 0,=7.07%,0,=50.24% | @800Hz (0. > 81%) 37.5%
7 A7 0,=19.63%,0,=50.24% | @1000Hz (a. > 98%) 25%
8 A8 ?,=38.46%,0,=78.5% | @1200 Hz (o > 40%) 0%

In order to expand the relative absorption bandwidth, we have further integrated two-unit cells
with different cross porosities into one resonator as shown in fig.4.6 (b). Unit 1 and unit 2 have
the same thickness and fractals cores but with different top CMPP geometries having
perforation diameter d1,d2 of unit 1 and d3 and d4 for unit 2. We have also investigated a core
containing a pair of unit cells integrated to CMPP and developed six samples S1,52,5S3,54,S5
and S6 with different geometrical parameters having various combinations of perforation
diameters (d1,d2 and d3, d4) and porosity ratios (¢, , ¢, and @5 and ¢,).[Details in Table

4.2]
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Figure 4.6: Two-unit cells with different cross perforation (a) Sound absorption coefficient of
combined two-unit cells with different cross porosity. (b) Top view of the samples of two-unit

cells. Courtesy (ANSYS 17.0*° and MATLAB R2016a%9)

Sample S1, shows higher sound absorption coefficient (92%) at 1000 Hz and 60% relative
bandwidth, sample S2 has a 76% absorption coefficient with approximately one-octave sound
absorption bandwidth, t thickness 20mm as shown in fig.4.6 (a).All the samples show broader
relative sound absorption bandwidth within the range 39-76% and the approach shown here
demonstrates the ability to customize the sound absorption bandwidth as per requirements by

careful consideration of the correct combination of the core with various CMPP geometries.
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Table 4.2: Fractals CMPPs metamaterials parameters and its acoustic absorption behavior of

a two-unit cells

S.no | Samples | Cross porosity Frequency at maximum | Relative
absorption coefficient bandwidth
1 s1 ©,1=7.07% , @, =12.56 % | 1000Hz (o > 92%) 60%
and ¢3=7.07% and ¢,=19.63
2 S2 ©,1=7.07% , ¢, =12.56% and | 1300 Hz (& > 60%) 39%
©3=38.46% and ¢,=50.24%
3 S3 ©1=71.07% , ¢, =19.63 %and | 1100 Hz (&> 90%) 47.27%
©3=12.56% and ¢,=28.26%
4 S4 ©,1=7.07% , ¢, =19.63 %and | 1250 Hz (a = 80%) 40%
3=38.46% and ¢,=63.59%
5 S5 ©,1=7.07%, ¢, =12.56 %and | 1250 Hz (a. >70%) 41%
¢©3=19.63% and ¢,=63.59%
6 S6 ©,1=7.07% , ¢, =19.63 %and | 1050 Hz (a2 =90%) 76%  (800-
©3=12.56% and ¢,=63.59% 1600Hz)
One octave

We have further integrated 4 different unit cells reported in fig.4.7 (b), to get a broader sound

absorption response from these geometries. The porosity of the cross MPPs is optimized

numerically to get suitable combinations to achieve a maximized sound absorption bandwidth.

The perforation dimensions are

d5=0.7mm,d6=0.8mm,d7=0.9mm and d8=1mm.

d1=0.3mm, d2=0.4mm, d3=0.5mm,

d4=0.6mm,
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Figure 4.7: Four-unit cells with different cross perforation (a) Sound absorption coefficient of
combined four-unit cells with different cross porosity. (b) Top view of the samples of four-unit

cells. Courtesy (ANSYS 17.0% and MATLAB R2016a°)

As we can see from the fig. 4.7 (a) that the sound absorption bandwidth from 800-1400Hz
demonstrates an absorption coefficient of greater than 80% and the average relative bandwidth

of 61%.
4.4 Discussion

Effective and efficient Attenuation of noise requires limited thickness, light weightiness and
perfect sound absorption performance in broadband frequencies, especially in the lower
frequency range. We have proposed a novel class of cross micro-perforated hybrid acoustic
metamaterial with Helmholtz fractal cores that possess outstanding sound absorption over
broadband low frequency range with excellent tunability. Using electrical analogy methods the
equivalent impedance to sound propagation within the fractal core is evaluated in combination
with the classical improved Maa Model [94],for the CMPPs. We have developed a theoretical

approach to calculate the equivalent sound absorption coefficient for a bunch of geometric
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combinations. This theory is then validated through a numerical approach (FEM) as well as
experimentally. The results show that novel sound absorbers 20mm thickness can achieve near
perfect absorption around 1000Hz, with a broadband absorption bandwidth. Approximately 1
octave band sound absorption coefficient > 0.5 have been achieved with single unit cell and
more than 0.8 has been achieved within the frequency range 700~1100Hz. Maximum relative
sound absorption bandwidth of 76% has been achieved with an integrated two unit cell
configuration and 61% with 4 unit cell combination. The sound absorption coefficient have

been increased by integrating the unit cells.

45 Methods

4.5.1 Numerical Simulations

The sound absorption coefficient of CMPP is carried out using ANSYS 17, [113] with its
acoustic module. We have approached the problem by first converting the MPPs into rigid
porous materials and used equivalent fluid model in numerical analysis FEM simulation to
obtain the final estimate [Figure 4.8]. The equivalent fluid CAD model of CMPPs as shown in

fig.4.9(b).
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Figure 4.8:Equivalent fluid model conversion of MPP to rigid porous materials using the

parameters of @, o, p, A and A’.

The equivalent fluid model is defined with the parameters that can be calculated by the

equations below. These calculated values have been used in FEM simulations as shown in

Figure 4.9 below.
A=A = E (4.20)
2
o= 32T/®d2 (4.21)
where 7 is dynamic viscosity and d is the diameter of the perforation.
p14 2 % 0.48Vmr2(1 — 1.14V/0) 4.22)

t

where r is the radius of the perforation and t is the thickness of the CMPP.
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Figure 4.9: FEM simulation setup to analyze the sound absorption coefficient. (a) Simulation

setup. (b) Equivalent fluid model of proposed CMPP fractals acoustic metamaterials.

The 3D model of CMPP acoustic metamaterials shown in fig. 4.9 (a) created in the
DesignModeler of ANSYS 17.0.*° A plane wave with unit amplitude is applied normally and
hard boundary conditions is applied on all the walls of the interface between air and the surface

at the subsurface levels of the structure.
4.6 Conclusion

The proposed work enumerates a hybrid thin, deep-subwavelength (2 cm) acoustic
metamaterials acting as a completely new type of sound absorber, showing multiple broadband
sound absorption effects. Based on the fractal distribution of Helmholtz resonator (HRS)
structures, integrated with careful design and construct hybrid cross micro-perforated panel
(CMPP) that demonstrate broad banding approximately one-octave low-frequency sound
absorption behavior. To determine the sound absorption coefficient of this novel type of
metamaterial, the equivalent impedance model for the fractal cavity and the micro-perforated

Maa’s model for CMPP are both used. We validate these novel material designs through
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numerical, theoretical, and experimental data. It is demonstrated that the material design
possesses superior sound absorption which is primarily due to the frictional losses of the
structure imposed on acoustic wave energy. The peaks of different sound absorption
phenomena show tunability by adjusting the geometric parameters of the fractal structures like
cavity thickness ‘t’, cross perforation diameter of micro perforated panel, etc. The fractal
structures and their perforation panel are optimized dimensionally for maximum broadband
sound absorption which is estimated numerically. This new kind of fractals cavity integrated
with CMPP acoustic metamaterial has many applications as in multiple functional materials

with broad-band absorption behavior etc.
Data Availability

The datasets generated during and/or analyzed during the current study are available from the

corresponding author on reasonable request.
Code Availability

The FEM simulations were performed using ANSYS 17(Academic)® and for plotting of all
the graph, and theoretical coding, used MATLAB (R2016a)* (License no. 40765629). The

code is available from (bhattacs@iitk.ac.in) on reasonable request
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Chapter5 : Design and development of one dimensional acoustic

ventilated metamaterial

5.1 Abstract

The recent emergence of acoustic metamaterials presents unparalleled possibilities for sound
control across diverse scenarios. However, achieving both broadband sound absorption and
unrestricted airflow concurrently in a one-dimensional scenario poses a challenge. In many
scenarios there is an acute need to naturally ventilate spaces and structures to make them
livable. Acoustic solutions which promote ventilation through intelligent design leading to
attenuation/ confinement of acoustic signals within designated places are a critical need of the
industry. In response to this design challenge, we present a subwavelength (7 cm) one-
dimensional acoustic meta-structured blanket, demonstrating broadband sound absorption
bandwidth of one octave with 0.5-0.9 absorption within the 500-1600Hz range. In this study,
we theoretically (through transfer matrix method), numerically (through FEM), and
experimentally (through Impedance tube method) have showcased that this challenge can be
surmounted by employing various configurations of kink fiber-based metamaterials.
Broadband absorption has been obtained by dissipating incident propagating sound waves
inside an array of kinked hollow fibers with differently configured unit cells making up the
meta-structure. Additionally, the meta-structures’ simple distinctive design enables a
simultaneous air circulation promoting natural ventilation and sound absorption at the same
time. Whereas simultaneous natural ventilation and noise mitigation are very important
features which have been integrated into the same architecture, the proposed novel solution

may find use in a lot of architectural acoustic modulation related to building spaces. Following
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the concept developed in this article there has been efforts to develop blankets using hand layup
method which can be deployed in real world setup based on one-dimensional acoustic damping

concept introduced in this work.

5.2 Introduction

Acoustic metamaterials have advanced quickly over the past 20 years in a variety of domains,
including acoustic cloaking,[114][115] subwavelength imaging,[116][117] topological
acoustics,[118][119], and sound insulation and absorption,[21][59][120] offering hitherto
unheard of means of controlling sound waves, which have essential theoretical and practical
values.[121][122] However, free fluids like air cannot be used with these acoustic
metamaterials. Another significant issue in acoustic engineering is acoustic absorption and
insulation by acoustic metamaterials in vented structures. This issue has numerous potential
applications in real-world settings, including noise control for air conditioners, cars, and
building ventilating ducts etc. Acoustic metamaterials [123][124][125][126][127][128]
synthetic subwavelength unit structures having dynamical features not found in nature, have
been used to design acoustic insulation ventilated channels (AIVC) in earlier research.
Additionally, the vast majority of acoustic metamaterials with air circulation developed and
demonstrated during the past years have two dimensional meta-surface geometries
[37][129][130] and three dimensional.[131][132] Most of the sound is reflected back by these
metamaterials, not all the sound passes through, which is their fundamental flaw. Additionally,
it is a constant goal to simultaneously attenuate noise and provide ventilation in a variety of
locations, including stations, cabins for large machines, and buildings. However, sound-
insulating effectiveness and ventilation capacities have always had to be compromised when

creating conventional acoustic barriers.[133][134][135] To address these issues, one-



111

dimension acoustic ventilated metamaterials absorber (ODVAM) is proposed and

experimentally and numerically demonstrated.
5.3  Design strategies

In this chapter, we present a vented metamaterial absorber (ODVMA\) that can absorb incident
energy with great efficiency (>80%). The ODVMA, as its name suggests, does not require any
reflectors, allowing fluids to flow in both directions. Additionally, the ODVMA can operate in
both waveguides and free space, opening up a multitude of operational possibilities. We firstly
propose a fabrication method to realize the ventilated panel and then numerically and
experimentally investigate the acoustic behavior of the proposed metamaterial. As depicted in
fig.5.1(a), shows the fabrication method (Hand layup method) to designed ODVAM panel.
The glass hollow tube placed on the glass mat with adhesive in x direction as shown in fig
5.1(a) and the gap is filled with the adhesive. This process is repeated in y direction with several
layers of glass fiber mat and hollow fiberglass insulation sleeves to get the ventilated panel as
shown in fig 5.1(b). The hollow glass fiber permits the flow of air passing through the absorber

as well absorb the sound as shown in fig.5.1(c).
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Figure 5.1:(a) Fabrication process and materials use for designing one dimensional ventilated
metamaterial. (b) Proposed acoustic ventilated panel. (c) The schematic diagram of the

ventilation and sound insulation of ODVAM.

Now we proposed five different kinds of hollow glass fiber tube unit cell to design and
developed the ODVAM panel. The geometric parameters for the ventilated panel as shown in
Tablel. The length of each tube is 7cm. The first sample (A) is built entirely of glass mat,
which restricts the panel's ability to breathe freely. The sample (B) made of the hollow straight
fiber that allow to flow air freely. Sample (C), (D), (E)and (F) is fabricated with different kink
design at the center to shift the absorption peak toward left and allow air to flow through. The
kinking diameter of the unit cell (C), (D) and (E) is around 0.5 and for sample (F) is around

Imm.
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Table 5.1:Geometric parameter of the all the unit cell of the proposed ODVAM.

Design strategy of unit cell

Sample Name of the unit Cell
No.
(A) GMM (Glass Woven Mat)

The thickness of
mat (t) = 0.2mm

SHF (Straight Silicon Hollow

(B) Fiber)
D=1mm
© KF (Kink Fiber)
D=1mm D=0.5 D=1mm
(D) YAM (“Y” Type kink Fiber)
D1=2m D=0.5
) CDAM (Converging
Diverging Kink Fiber) R
35 D2=1m
} ., D1=D2=2m
Internal straight
) IRAM (Ir?terne}l Resonator resonator d
Kink Fiber) having D= 1mm
(Kinking

dia.=1mm)
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For the acoustic impedance tube test, we made a sample as per circular impedance tube
standard. The dimeter of each sample is 100mm and length is 7cm. The different kinking
hollow fibers are fabricated by using silicone coated fiberglass sleeve and the heat shrinking
tube made up of thermoplastic (Polyethylene terephthalate (PET)) that shrinks when exposed
to heat. Shrinking temperature is approximately 70°C(158°F) — 190°C(374°F) and density
1.38 g/cm3.The fabrication process of the sample as shown in fig.5.2(a). In order to
experimentally verify the acoustic performance of the proposed concept in term of sound
attenuation, an experimental sample is fabricated as shown in Figure 5.2(b). The outer cylinder
case is fabricated by using 3D printer using PLA, with the accuracy of 0.1mm. The sample has
kink channels and a circular cross section, designed as a ventilation structure with a diameter

of 10 cm, which is in accordance with the size of a typical acoustic impedance tube.

(@

Incident
sound wave

NS e
OGO RN (R

(D)

Figure 5.2: (a)The sample fabrication hand layup method, the dimension of the kink dia.
approximately d1=0.5to 1mm, L1 and L2 =35mm. (b) Created samples for acoustic impedance

testing.
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5.4  Theoretical modeling

The kink channels are greatly improving the sound insulation performance of the structure,
while retaining the opening part to ensure its ventilation performance. The resonance
frequency of the channel's length determines the first-order resonance frequency, and their

relationship can be defined as follows[16]:

fi= C0/4Ll. (5.1)

Li=Lr+06D (aslongasA> D) (5.2)

The equation (5.1) is valid for the unform cross section open tube geometries, where ¢, is the
speed of sound in the air, L;is the effective length of the tube, L is the total length of the tube,
fi is the resonance frequency corresponding to the tube length and D is the diameter of the
uniform pipe.And the first fundamental frequency of the straight hollow fiber from the
equation (5.1) is f; = 1193.4Hz .Particularly at resonant frequencies, thermal viscous effects

in the channels need to be considered. The channel's attenuation coefficient o is provided by

(5.3) [16]

1 |[uw

" de |20

(5.3)

where  is the angular frequency, d is the diameter of the hollow pipe, 1 and p, are the
viscosity coefficient and mass density of air, respectively. Resonance causes a significant
increase in the thermal viscous loss in the channel, and the coupling of these two processes

improves the structure's capacity for sound insulation.
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The kink hollow fibers are composed of three parts, two identical parts having the length of L
and L,and the middle is the kinking having a diameter d5 as shown in Figure 5.6. An
investigation of resonance conditions for pulsating air flow through an aperture in a duct pipe

with an orifice of practical length L.

All wavefronts are taken to be planar, and any distortions that may occur as the wavefronts

converge or diverge at junctions are disregarded. Displacement at any section:
6= Ajei(‘”t_kx) + Bjei(‘“”k") (5.4)
And excess pressure:
p = ikpc?(A;je'@t=F0) 4 pell@t+kx)y (5.5)
where k = ¥/ and w = 2nf
Boundary conditions: at x=0, l = L, + L + L, , for complete reflection at the open end, excess

pressure is zero. At x=Lq,( L; + L ), there is a continuity of excess pressure and volume

displacement.

The following equations, with complex coefficients to allow for any phase shifts, can be

obtained from the aforementioned conditions:

Al == _Bl ) @ (XZO) (5.6)
A1€_ikL1 + B1€ikL1 = Aze_ik]“l + BzeikLl, @ (X=L,) 8)

Ale—lkLl _ BlelkLl — ml(AZe—lkLl _ BzelkLl ’

2 (5.9)
(Where m1 =43 / g ») (area ratio)
1
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Aye~kWatl) 4 B oik(Li+l) — g p=ik(Li+l) 4 g oik(Li+L) (5.10)

(x=L; + L)

mZ(Aze_ik(L1+L) — Bzeik(L1+L)) - A3e_ik(L1+L) _ Bgeik(L1+L)’

i (5.11)
(Where m1 =3 / 2)
d,
For m1=m2 =m
here we use k=K to include the viscus thermal loss
After manipulation of the above equation
—2iK 4L
A e iKali((1 — e~2iKal2) 4 14 e "Mam2
1 m
- = . . (5.12)
A3 iK i e—leL1 _I_ eleLl
—iKgL1 — piK4L
((e 1 — etKal1) 4 —

The modulus |A1/A3| is referred to as the sound absorption coefficient. The following equation

can be derived to get the resonance frequency of the kink hollow fiber.

mtan K;L; + tan K L + mtan K;L, — m?tan K;L; X tan K;L X tan K L, = 0 (5.13)

And solving for k =2rf /c , we can calculate the fundamental resonance frequency.

The first fundamental frequency of kink fiber calculated from the equation (5.13) is around
fr1 =995.23 Hz. Over time, it has been noted that thermo-viscous boundary layer effects can
have a major impact on the propagation of sound along small, rigid-walled channels, giving

air substantial acoustic absorption in the audio frequency range.
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5.4.1 Visco-thermal losses inside the tube

When a plane wave travels through a pipe/duct having uniform cross section, the complex
frequency dependent density and bulk modulus are evaluated to account for viscothermal

losses in the pipe. [136] In the case of an r-radius circular duct:

The equivalent complex density p,; and equivalent bulk modulus K, of the central through-

hole air can be expressed as [47]

_ 2 J1(rGy)
Pa = Po [1 TG, Jo(Gy) (5.14)
_ 2(y = D) J1(rGy)
K, =k, [1 R (5.15)

where G, = /@ , Gy, = /w , and the air bulk modulus ko, = yp,. r is the radius of

the pipe,/,, is the Bessel function of the first kind and order n. The normalized acoustic
impedance is given by z;' = ded/m‘z

The medium is air with mass density p, = 1.213kg/m3, sound speed c, = 343 ml/s,
atmospheric pressure p, =101 325 Pa, dynamic viscosity T =1.79 x 10—5 kg/(m - s), specific

heat ratio y = 1.4, Prandtl number Pr =0.7167.

5.4.2 The Transfer Matrix Method (TMM)

The transfer matrix method (TMM) shows the relationship between the initial sound pressure

“p” and the volume flow rate V. Assuming that the wave flowing inside the tube is the plane
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wave and according to the continuity boundary conditions of sound pressure and velocity flux,
we can get

Py, vy T P, v

x=0

Figure 5.3: Schematic diagram of hollow glass fibre.

B (a1 |

(5.16)
Where T is the system transfer matrix.

5.4.2.1 Obtained the acoustic properties of straight, kink and IRAM fiber
using the TMM.

Straight hollow fiber

Incident e
sound wave

Open-ended

Figure 5.4: Schematic diagram of hollow glass fibre

The hollow glass fibers are shown in fig.5.4. The sound wave incident at one end flows through

the pipe and comes out from the second end. The transfer matrix of the hollow pipe



cos(KyL) izs'sin (K4L)

T =
f

1
i; sin (K4L) cos(K4L)
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(5.17)

The pipe is surrounded by air on both sides. Then, the acoustic impedance at both of the end

IS Zy = poCo - S is the cross-section area of the pipe, and the normalized acoustic impedance

is given by z;' =V ded/

r?

The transmission coefficient is given by[137]

ZeinL
Trs = T
Ty1 + ZLOZ + Ty1Zo + Ty
T, +22_7, 7 T
11 ZO 2140 22
R =
T
Ty + ZLOZ + Ty1Zo + Ty

The absorption coefficient can be calculated as

a=1—|R|* —|Trs|?

(5.18)

(5.19)

(5.20)
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Figure 5.5: Validation of theoretical model with the experimental result of straight hollow

fibre.

Kink hollow fiber

The kink hollow fibers are composed of three parts, two identical parts having the length of L,
and L,and the middle is the kinking having a diameter d;. An investigation of resonance
conditions for pulsating air flow through an aperture in a duct pipe with an orifice of practical

length L.
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Figure 5.6: Schematic diagram of kink hollow glass fibre

The hollow kink fiber can be divided into a four segments or elements and each element
represented by a transfer matrix. Then, the transfer matrix can be combined to obtain the
system matrix in order to evaluate the acoustical performance for the hollow tube metamaterial.
The Figure 5.7, illustrated the dimensions of the kink fiber and the basic elements, labeled 1-
5, indicated by dash line. Elements 1,3 and 5 are simple pipes of constant cross section.

Element 2 is an area contraction and element 4 is area expansion with extended outlet pipe.

2

—

Figure 5.7: kink fiber and its equivalent straight tube combination and it Segmentate into basic

element.
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The four elements are characterized by the transfer matrix T through T® , therefore the

system matrix T can be obtained by matrix multiplication.

TG = TOT@ TAT@TEG) (5.21)
All wavefronts are taken to be planar, and any distortions that may occur as the wavefronts
converge or diverge at junctions are disregarded. Here cross-sectional area of element 1 and 4
Is same and it is “s1=s2=s4=s5” and the average or equivalent area is “s3=s=mnr;” where r; is

the radius of the fiber.

The transfer matrix of element 1 ,2,3, and 4 are.

cos(KyL,) i(zf'/S1)sin (Kq4L,)) (5.22)
TW =] S1
i; sin (KzL1)) cos(KyL1))
f
@) _ [1 0 ] (5.23)
0 s3/s2
cos(KyL) i(zf'/S3)sin (K4L)) (5.24)
TG =1 83
i; sin (KyL)) cos(KyL))
f
@) — [1 0 ] (5.25)
0 s4/s3
cos(Ky4L,) i(z¢'/S5)sin (K4L5)) (5.26)
TG =| S5
i; sin (K4L,)) cos(K4L,)
f
T() = [Tn T12] (5.27)
Ta1 T
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Put all the value of transform matrix in the equation 5.21 and we will get.

ZeinL
T =
T (5.28)
Ty + 12/pc +pcTo + T
T.

T, + ﬁ — pcTy; — Ty
R = T (5.29)

T11 + p_C + pCT21 + TZZ

R is the complex acoustic reflection coefficient in the situation. This absorption coefficient can

be estimated using hard-backed impedance tubes.

a=1-—|R|?—|T|? (5.30)

-

—Theoretical Result
—— Experimental Result
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Figure 5.8: Validation of theoretical model (TMM) with the experimental result of kink hollow

fibre.
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Figure 5.9: Validation of theoretical model (TMM) with the experimental result of CDAM

hollow fibre.

IRAM hollow fiber

; 8y | S3
SS E I Sl lz i
Incident wave \ LZ—, outgoing wave i >
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S, Istraight \ S,
Sudden Contraction Sudden Expansion

Figure 5.10: Schematic diagram of IRAM hollow glass fiber with section view
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The 4-pole transmission matrix for the IRAM can be calculated as the sequence of the segment
(starting from the left as shown in Figure 5.10 ): (1) sudden contraction, (2) straight chamber

in the middle, (3) sudden expansion.

The transmission matrix for these expansion and contraction chambers is given by[138]

1 KM,Y,
T, = C2S; C282Z; — M Y1 (€151 + S3K) (5.31)
C1S,7, + S,MsYs C,S,7, + S;M5Y,

C
Z, = g cotK,l, (5.32)

2

v — c

i = S, (5.33)
M, =i/, (5.34)

Table 5.2 :expansion and contraction cross-section parameter

Type Cy C, K
Expansion -1 1 (5_3 B 1)2
S1
Contraction -1 -1 1(1 3 5_1)
2 S3

where V; is the mean flow velocity through the cross-section of the area S; and M; is the Mach
number through cross-section S;. There is no mean flow (M; = 0). K is the wave number k =
% , and the constants C1 and C2 are selected to satisfy the compatibility of the cross-sectional

areas across the transition.

Then the equation (5.31) turns out
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1 0
T=|C 1 (5.35)
C1Z,
The 4-pole matrices for each of these segments are,
1 0 (5.36)
Contraction: T; = 52 ]
—jccotKyl,
jc . (5.37)
COS(Kd lstraight) ? Sln(Kd lstraight)
Straight pipe: T, =
? Sin(Kd lstraight) COS(Kd lstraight)
1 0 (5.38)
Expansion: T; = [ S2 ]
jccotK,l,
Tiram = T T2T3 (5.39)
IRAM T21 T22
Comparing equations (5.39) and (5.40), we can obtain, [139]-[140]
ZeinL
T= T (5.41)
Ty + /pc + pcTyy + Ty
T
T, + ﬁ —pcTy; — Ty
R = (5.42)

T
Ty, + ﬁ + pcTyy + Ty

R is the complex acoustic reflection coefficient in the situation. This absorption coefficient can

be estimated using hard-backed impedance tubes.
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a=1-—|R|?—|T|? (5.43)
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Figure 5.11: Validation of theoretical model (TMM) with the experimental result of IRAM

hollow fibre.

5.5  Setup of simulations in ANSYS 2021 R1 Acoustic module

The sound absorption coefficient of ODVAM is carried out using ANSYS 2021 R1, [113] with
its acoustic module. The 3D model of ODVAM acoustic metamaterials shown in fig. 3(a). A
plane wave with unit amplitude is applied normally and hard boundary conditions is applied
on all the walls of the interface between air and the surface at the subsurface levels of the

structure.
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Figure 5.12: 3D CAD model setup for FEM simulation in ANSY'S (Harmonic ACOUSTIC)

5.6 Physical properties of the 1D metamaterials

Table 2 shows the physical properties of all the sample made of the six different unite cells.
The weight of each sample, weight penalty and packing density and the corresponding
frequency range of higher sound absorption coefficient shown in table 5.3. Weight of all
samples kept nearly equal to the glass woven mat sample (GWM). The weight reduction of the
sample as compared to GWM, ranging from 3.9% to 14.47%, the higher weight reduction is in
the KFAM and the lowest is in the IRAM. The open area for the ventilation is varying 49% to
68% as compared to GWM, which is sufficient for the air circulation through the sample. The
highest ventilation is in SFAM and lowest in the IRAM. The sample volume of each sample is

around 501411.83 mm3. The benchmark sample is in our case is straight hollow fiber based,

which have the density=678 kg / m3 ;number of fibers is around 9000 and the total void volume

is around 494800.84mm?3.
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Table 5.3. Physical properties of the all the test sample made of the proposed ODVAM.

S.No. | Type of fiber | Weight | Weight penalty | Packing Bandwidth (Hz)
arrangement of each | w.rt. glass | density (Solid
sample | woven mat | volume /
(Kg) fiber (% | (solid + void
reduction) volume)
Glass woven
1 mat fiber 0.380 NA NA 0590 i’iof (')*922
(GWM) ' '
Straight glass 0 1000-1200Hz
2 fiber (SHF) 0-340 10.52% 065 0.78 <0.<0.8
. . 900-1100Hz
0,
3 Kink glass fiber | 0.325 14.47% 0.60 0.89<q < 0.88
. 1000-1400Hz
0,
4 YAM fiber 0.355 6.57% 0.56 0.7 < 0. <0.79
5 CDAM Fiber 0.330 13.15% 0.49 800-1000Hz
0.8 <a<0.88
700-950 Hz
0,
6 IRAM 0.365 3.9% 0.68 0.9 < g <0.95
5.7 Results and discussion

We then use ANSYS 2021 R1 acoustic module to analysis the acoustic performance of

ODVAM. The setup details of the FEM simulation are shown in FIG 5.12. To assess the

acoustic performance of the meta-structure in the frequency domain (0-1600Hz), a typical

inbuilt pressure acoustic module has been chosen. We take the single hollow fiber for the FEM

simulation for study the acoustical properties of proposed different hollow fiber based one

dimensional ventilated metamaterial. The frictional resistance at the boundary between the air

and the kink walls causes the sound waves to dissipate inside the channels. Fig. 5.13 (a-d)

shows the matching experimental data in addition to the numerical simulation. According to

ASTM E1050-12 standard, the acoustic absorption coefficient is measured in the tests using
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the standard B&K type-4206T impedance tube system. The experimentally measured
absorption peak exhibits excellent agreement with the predictions from simulations.
Simulation results shows narrow band as compared to experimental results because of visco-
thermal losses which is not considered in the acoustic silencer simulation run. Additionally
other factor like manufacturing and the rough surface of the hollow glass fiber and glass mat

show additional losses, resulting widening of the absorption spectrum.

T
—Exp.(d1=2
YAM (Y acoustic metamaterials) 75\: ((u1=z':1",:-:)

Sim.(d1=3mm) | |

°
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03+ —— Sim_(GWM)
——Exp. (GWM)
Exp.(SHF)
——Sim.(SHF)
——Exp. (KF)
Sim.(KF)

{ L L
0 200 400 600 800 1000 1200 1400 1600

Frequency [Hz]
T
— Exp.(IRAM)
Exp.(SHF) | |
——Sim. (IRAM)

P L L
[ 200 400 600 800 1000 1200 1400 1600

(c) oo

Absorption
Absorption
[ 4
©

A i1
il
{ | . . I I L L | L Il - L |

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

Frequency[Hz] Frequency[Hz]

i
n il
It

Figure 5.13: Sound absorption spectrum of experimental and numerical simulation of the four
different sample with respect to frequency. (a) GWM, SF and KF sample absorption spectrum.
(b) YAM sound absorption spectrum signature. () CDAM metamaterials absorption spectrum

signature. (d) IRAM metamaterials sound absorption spectrum signature.
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Figure 5.13(a), show the influence of kinking of hollow glass fiber on the acoustic performance
of the metamaterials. Its shows the absorption signature of the glass mat, hollow straight fiber
and the kink fiber having the same length. The glass mat shows excellent relative sound
absorption (higher than 50% over a wide frequency range) in the range of 300Hz to 1600Hz
but it hinders the flow of air through the structure. Moreover, it also limits the application
where air circulation is needed. For providing the defined path for air flow and getting
maximum incident sound go through the structure (not possible in 2D and 3D structure), we
proposed kinking method at the center of the hollow tube. The absorption signature of the
hollow straight tube and kinking tube as shown in Figure 5.13(a). The results show that the
highest maximum sound absorption around 0.87, occur at 1100Hz in straight hollow fiber, but

when we kink at the center, the absorption peak shift towards the left and achieved around

970Hz. The % of the shifting peak is around 11.82% calculated as % shift = M x 100.
sf

The absorption signature of another design within the shape of “’Y”” and the kink at the center,
reported in the Figure 5.13(b). There is no absorption peak shift as compared to the straight
fiber as proposed in table 1. The straight fiber has the diameter of 1mm, and the “Y” type has
the maximum diameter is 2mm. But changing the larger diameter to 3mm, absorption peak
shift toward the left and it came around 9%. The absorption signature (numerical and
experimental) of CDAM design reported in table 1, sample (E), shown in Figure 5.13(c). The
maximum sound absorption has been achieved at 900Hz and the sound absorption is 87%. The
sifting of sound absorption peak was around 18.18% and the sound absorption coefficient is
higher than the straight hollow fiber. The last design is IRAM as shown in table 1, sample (f),
designed based on internal open resonator and kinking at the center have been reported. It can

be tuned as per the requirement in the range of 750 to 900 Hz without changing its height. The
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absorption spectrum of the IRAM sample shown in Figure 5.13(d). The sound absorption is
higher than all the samples and it is more the 91%. The shifting of the resonance peak around
25.45%. as compared to straight hollow fiber. The detail physical configuration and

dimensions are shown in Figure 5.14.

(a) p AR O

ACADEMIC
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L'r =70mm
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Figure 5.14: Geometric parameter and design of IRAM ventilated metamaterials. (a) isometric
CAD view of IRAM and its dimensions, D1=D2=d. (b) The CAD model and the fabricated

unit sample. (c) Horizontally cut section of the IRAM unit cell. (d) Detailed view of IRAM

Figure 5.14(a) and 5.14(c) shows the schematic view of the unit IRAM cell, in which the
internal resonators have been clearly seen. Figure 5.14(b) shows the CAD model and the real
unit cell of the IRAM sample. To demonstrate the notion, a thorough pilot simulation using
several geometrical parametric sweeps was carried out to establish the parametric range of
each variable for the desired frequency range (0-1600 Hz). Figure 5.15 (a) shows the cross-

ponding sound absorption spectrum with internal pipe resonators that range in length from 10
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mm to 60 mm while maintaining a fixed main kink hollow resonators length of 70 mm. As we
increase the internal resonators length, the sound absorption peak begins to move to the left
while also becoming lower sound absorption, as seen in Figure 5.15 (a). Around 830 Hz, with
I=20 mm, the maximum amount of sound is absorbed, with 90% efficiency. The sound
absorption coefficient of the two extreme cases, one at (=10 mm the absorption coefficient is
around 87% at 850 Hz and second case when [ = 60mm, the absorption coefficient is around
82% at 750Hz. As we can absorb that as [, is inversely proportional to the natural frequencies.
as length of the internal resonators increases the resonance frequency going to be shift left.
Figure 5.15(b) shows the influence of the kink resonators length on the overall sound
absorption signature of the proposed structure. As the length of the kink resonators increases
the absorption peak start shifting left. The resonance peak shifts by around 25%, when the

length ranges from 70 to 100 mm.

' I | ° L L L L L
800 200 1000 1100 [] 200 400 600 800 1000 1200 1400 1600

Frequency[Hz] Frequency [Hz]

Figure 5.15: (a) Sound absorption signature of the metastructure (IRAM) under different
internal resonator length. (b) Sound absorption spectrum with varying external diameter of the

IRAM.
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5.8  Analysis of ventilation characteristics

GMM exhibits no ventilation, whereas SHF features 100% ventilation. The remaining four
samples showcase almost complete airflow (nearly 100%) air flow through the structure with
minimal reflection as shown in table 3. In order to demonstrate the efficacy of the proposed
models, it is crucial to not only assess their acoustic performance but also to incorporate CFD
simulations. These simulations provide analyzing essential parameters such as pressure drop

and velocity to further validate their effectiveness.

Table 5.4: Ventilation characteristics of the all-unit cell of the proposed ODVAM.

Sample _ Ventilation (Ai/AO) X 100 % (4; inlet area
Name of the unit Cell

No. and 4, outlet area of the unit fiber

(A) Glass woven mat fiber (GWM) 0

(B) Straight glass fiber (SHF) 100

©) Kink glass fiber 100

(D) YAM fiber 100

(E) CDAM Fiber 25

(F) IRAM 25

To analyzing airflow performance of the ventilated one-dimensional structure, a
Computational fluid dynamic (CFD), ANSYS workbench module was used. A pressure of 110
kPa (P, = 101.32 kPa) pressure was used at one end of the fiber, while the opposite end
was subjected to the gauge pressure 0 kPa pressure, and then performed the FEM simulation.

The pressure and velocity variation across the fiber as shown in Figure 5.16 (a) and 5.16 (b).
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Based on the results, it becomes evident that as the velocity increases, there is a corresponding
rise in pressure drop. Contour plots of ODAMSs show how the air flows inside the fibers. All
contour plots depict the inlet pressure of 110 kPa and corresponding velocities variations. The
straight fiber and YAM fiber exhibited positive pressure drops, whereas the other fibers
demonstrated negative pressure drops at the kinking point, resulting in enhanced absorption

coefficient.

Length (m) Length (m)

Figure 5.16 : (a) Air pressure signature across the fibre length. (b) Air velocity signature across
the fiber length.
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Figure 5.17: (c) Contour plots of ODAM: pressure drop and velocity variation inside the fibers

5.9 Conclusion

In conclusion, we numerically and experimentally verify a one-dimensional acoustic ventilated
metastructure that exhibits robust broadband sound absorption in the low- to mid-frequency
range (500-1600 Hz). According to the experimental findings, a higher relative bandwidth
results in almost complete sound absorption. It has also been demonstrated that by altering the

various geometrical parameters, the acoustical performance of the suggested metastructure
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design could be customized over a broad frequency range. Additionally, high absorption from
the suggested metastructure over broadband frequencies is accomplished by experimenting
with various kinking method configurations and hollow fiber dimensions. The suggested
concepts also showed how they might be used in engine shielding and architectural acoustics,
both of which demand vented windows with good noise-isolating qualities. Finally, our
suggested plan might work well for low- to mid-frequency noise suppression in small spaces

that need adequate ventilation and very little sound refraction.
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Chapter 6 : Noval flat spiral ventilated metamaterials with low frequency

and broadband sound absorption

6.1 Abstract

The new development of acoustic metamaterials opens up previously unimaginable
possibilities for sound management in a variety of contexts, however it is still difficult to
achieve simultaneous free air movement and broadband high sound absorption specially in the
low frequency regime. This article introduces two types of ventilated novel subwavelength
device VAM (ventilated acoustic metamaterials) and RTVAM (Rainbow trapping ventilated
acoustic metamaterials) with a thickness of 14 mm (or 1.4 cm) to 78mm (or 7.8cm). It has the
potential to provide air ventilation and noise reduction at the same time. We demonstrated a
novel ventilated metamaterials which is consisting of many disks and each disk has four spiral
channels in a one plane can resolve the problems of very low frequency sound (around 200Hz)
and broadband more than on octave while maintaining the air circulation of 12% to 5%. In this
work, a miniature prototype that is based on a multi-armed spiral shape was designed and
constructed. In order to ascertain the suggested ventilated metamaterial's acoustical
characteristics in terms of sound absorption, numerical, theoretical and experimental research
were conducted. We report near perfect sound absorption at nearly four frequencies extending
from 200 to 1600Hz for panel made up of 10 discs with a total thickness of 7.8cm, which is
22times smaller than the wavelength at 300Hz. The experimental examination reveals strong
sound absorption with high bandwidth (more than an octave), acoustic qualities that may have

uses in reducing low- and mid-frequency noise in metropolitan areas. The proposed
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metastructure can enable airflow to effectively dissipate heat and stop noise from continuing

to spread, which can better address the issues with noise and heat dissipation.

6.2 Introduction

Using sound insulation or absorption while maintaining the air flow through the structure, to
control low frequency and broadband noise is a crucial scientific challenge in acoustic
engineering. Due to their physical properties, shape controllability, and small volume/size,
acoustic metamaterials[141],[121],[21] and acoustic metasurfaces [142] have emerged as the
most promising candidates for noise control engineering and advanced acoustic material design
and manufacture in recent years. Ultra-broadband working bandwidth[99],[143],[144],[145],
ultrathin efficient tunable metastructure,[146],[59] has been designed for acoustic
metamaterial/metasurface absorbers. which aid in the creation of the theoretical acoustic

device known as the acoustic meta-absorber.

Another significant issue in acoustic engineering is acoustic absorption and insulation by
acoustic metamaterials in ventilated structures. This issue has a wide range of potential
practical applications, including noise control for air conditioners, vehicles, and building
ventilating ducts. In some cases, it is also necessary to simultaneously transfer heat and absorb
noise. Recent developments have shown a number of ventilated meta-material
absorbers.[37],[110], typically containing labyrinth-like structures,[147],[148],[149],[21] and
meta surfaces made up of Helmholtz resonators[150],[151]. However, certain recent
developments in the field of metamaterials offer a fresh perspective on the prospect of
unconventional wave management in ventilated spaces. Ghaffarivardavagh et al. [148]
proposed a spiral-coiling metamaterial with roughly 60% of its surface area accessible to

airflow. By using the narrow band Fano-like interference spectrum, this structure was shown
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to be effective at reducing harmonic industrial noise. Reducing structural complexity, lowering
and enlarging sound shielding bands, and even expanding multifunctional applications are all
ongoing goals in noise control engineering.[125],[152] Despite the reported advancements, the
majority of current attempts are still restricted to a particular function and have either a small

bandwidth, high thickness , or highly restricted functionality.

In light of this, this work describes a carefully built sound barrier that not only has the thinnest
construction but also permits broadband sound insulation at very low frequencies. It was
inspired by the space-coiling method in one plane. Furthermore, we investigated the sound
absorption acoustic characteristics with the help of the transfer matrix method. Through
changing the size of the coiled channels and a disk, it is possible to tune a particular frequency
and at the same time the broadband sound absorption, which may facilitate multifunctional
applications beyond sound proofing realm, such as tunable sound absorption and air
ventilation. The type 1 VAM (Ventilated acoustic metamaterials) was intent to design the
thinnest metamaterial to produce a broadband sound absorption mid and higher frequency
while RTVAM was design to exhibit low frequency specially around 200Hz and broadband

perfect absorption.

6.3 Ventilated absorber design strategy

To create spiral-shaped subwavelength metamaterial structure with a ventilation capability for
broadband sound modification at low frequencies. Four spiral channels make up the
construction, which also has a vented aperture in the middle that lets air travel through. These
spiral tubes decrease the propagation of the acoustic wave by rotating it around the center
opening. In order to overcome problems with broadband sound absorption and transmission

caused by facades and acoustic barriers, the construction consists of linking an array of four
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identical spiral arm resonators. The current study concentrated on the noise attenuation brought
on by the connection of four spiral resonators with a broad bandwidth and a thickness that was
subwavelength in size. The author proposed two types of acoustic ventilated panel ,1) uniform
cross section central hole ventilated metamaterials and 2) the converging center cross section
hole metamaterials as shown in Figure 6.1. The unit cells of each panel are shown in Figure
6.1 (b, e). we chose the spiral resonator as a basic structure to design the noise absorber.
Because the sound absorption performance of the ventilated meta-structure of the spiral
resonators is only related to the side length of the cross section and the resonance frequency is

only related to the length of the resonators, which is easily tuned as per requirement.[153]

The color path as shown in Figure 6.1(c, f), depicts the lateral flow of noise path in each
channel. In one plane there are 4 channels placed at 0°,90°, 180° and 270° as shown in Figure
6.2 (b). Each channel has the cross-section dimensions is 6mmx 3mm. The length of each
channel of the uniform ventilation metamaterials is around 408.96mm. The convergent cross
section ventilated metamaterials of each disk have the spiral length are around

398.18mm,383.07mm, 355.01mm and 319.22mm.
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Figure 6.1: Type 1: (a) Broadband ventilation barrier consisting of periodically arranged unit
cells with uniform ventilated cross section (VAM). (b) shape of the unit cell composed of set
of eight spiral resonators (2 disks) coupled around the air passage hole having the thickness of
15mm. (c) Colored channels show the acoustic wave flow path inside the spiral chambers.
Type 2: Rainbow trapping ventilated acoustic metamaterials (RTVAM) (d) low frequency and
broadband barrier absorber consisting of periodically arranged unit cells with diverging
ventilated cross section. (e) The unit cell of the absorber (4 disks). (f) Colored channels show

the acoustic wave flow path inside the spiral chambers.

[P

The ventilated diameter of the disk D as shown in Figure 6.2 (a) is d,=23mm, disk “c” is

d;=30mm, disk “B” is d,= 40mm and the disk “A” is d;=50mm as shown in Figure 6.2 (d).
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In the Figure 6.2(b) shows the 4 channels in one disk and the red spiral line shows the path of
the acoustic wave flow direction. The diameter of outer disk D,=100mm and D; = 23mm. The

thickness of the partition between the units is Imm. The total thickness of single unit is a +

2t.

(@)

Figure 6.2: (a)Type 2: The exploded view of the ventilated metamaterials. (b) showing the

path of the spiral channel. (c), (d) Front view of the metamaterials
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6.4 Theoretical modeling

P N b
(a) AN : ' (b) (e) 5

i=1 i=4
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ti /2

Figure 6.3: (a-d) UVAM and RTVAM cross sectional view and the channels dimensions; (e)

Sectional view of the ventilated metamaterials x-y plane.

The transfer matrix method (TMM) is employed for conducting theoretical analyses on the
suggested metamaterials. We designate the sound pressure of the sound wave as ‘p’ ‘and the
normalized sound velocity in the horizontal direction as v,. Assuming the presence of solely
plane waves in the waveguide, based on the continuous boundary conditions of sound pressure

and velocity, we derive the following:

I e L )

Here, ‘T’ represent the system transfer matrix. which can be obtained by deriving it from the
transfer matrix of 'N' central through holes of varying sizes and the spiral tubes coiled around

them. This is demonstrated in the subsequent formula:[154]
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1=4
r=mk, | |mimimiz 62)
i=1

Where M'is the transfer matrix of the central through hole of the i-th unit, ML, is the transfer
matrix of the spiral coil tubes of the i-th unit, M}is the modified transfer matrix item of the

central through hole of the i -th unit considering the radiation effect.

For visual display of the proposed meta-structure, we replace the coiled channels with long
straight tubes as shown in Figure 6.3 (€). Due to the small cross-sectional area of the central
through hole and the S-C tube, we should consider the visco-thermal losses. So, we introduce
the equivalent complex index. The medium is air with mass density p, = 1.213kg/m3, sound
speed ¢, = 343 m/s, atmospheric pressure p, =101 325 Pa, dynamic viscosity T =1.79 x 10-5
kg/(m - s), specific heat ratio y = 1.4, Prandtl number Pr =0.7167. The equivalent complex

density pj and equivalent bulk modulus k/; of the central through-hole air can be expressed as

[47]
i _ 2 ]1(riGp)
i _ _2(]/—1)]1(7‘in)
Kalw) = ko [1 rGy ]o(Tin)] o9
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where G, = /_i(:p(’ , G = f@ , and the air bulk modulus k, = yp,. J,, is the Bessel

function of the first kind and order n. The normalized acoustic impedance is given by z;* =

i, /

Tr2

Next, we can get the transfer matrix of the central through hole of the i -th unit M ,

cos (kiL;)  iZksin(kiL;)

Mi=|(i ., : (6.5)
s Z—ésm (kiL))  cos (k4iL;)

Where k} is the equivalent complex wave number of the central through hole of the i-th unit,

Let’s now calculate the impedance of the spiral tube.

b
(a) T (b) /\

-] r rsin 6

rcosf

Figure 6.4 : Schematic diagram of the (a) Archimedes spiral. (b) Parameters in polar
coordinates

The spiral curve can be expressed as
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r=a; + bo (6.6)

Where a; is the initial radius of the spiral with its final angle .

Whose x and y component in polar coordinates are,

x =rcosO = (a+ bb)cosO (6.7)

and

y =rsinf = (a + b6)sinb (6.8)

Where parameter b is the spiral growth ratio, which is calculated as

Ar — A;
b= gnnl (6.9)

Where n is number of turns of the spiral

The spiral depicted in Figure 6.4 (a) is one dimensional curve. This one-dimensional curve
used to create the 3D acoustic wave rectangular spiral channels (RSC). The dimension of the

channels having the width w and a height h.

The final angle of the spiral can be calculated as

af—ai

(6.10)

The total length of the 2D RSC is then calculated as
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Or
Lpsc = J \/rz + (dr/d6)* do (6.11)
i

Lrscer = Lrsc+ 90 (6.12)

let’s consider the one-dimensional visco-thermal plane wave propagates in the rectangular

cross-section pipe. We assuming that only plane waves propagate inside the RST.

The propagation can be modelled with effective density and bulk modulus given by [96],[140]

a’b?

4‘sz Z%:o Zivl=0[am2:8n2(am2 + ﬁnz - sz)]

Prst(@) = po -5 (6.13)

1
Krsr(w) = K >
4(y — 1)G -
y + %ZQFO Zg=0[am2'8n2(am2 + ,an _ sz)] (6.14)
z)*z)?
Where a is width and b is the height of the rectangular SRT, a,,, = (zm;fl)” and B, = (2n;1)n

.The infinite sums are numerically calculated for a variety of duct dimensions with a truncation
number of 100 and an accuracy of 5 significant figures. The characteristic impedance and

acoustic wavenumber for a fluid layer can then be determined using these expressions.

Then the acoustic impedance of the SRT can be calculated as Zggr = +/ Kgsr(w)prsr (@) /ab
Similarly, the transfer matrix of the S-C tube of the i -th unit

L 0] (6.15)

P
MSC_[l/ZR 1
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Where ZR :‘iZiSRTCOt (KRST((,())LRSC eff)
End corrections

When there are discontinuities in the waveguides owing to section changes, radiation

correction must be implemented.

Therefore, we can get the radiation correction impedance of each unit Z% ;, then, the central

through-hole radiation correction transfer matrix of the i -th unit M} ;, can be obtained.

Zja = —lwAlype®;/s; (6.16)
, 1 Zi
My = [0 id] (6.17)

where @i:d”‘l/dn and s; = 7T(di/2)2

The discontinuity happened, when the duct is loaded in parallel to principal waveguide as

shown in Figure 6.2. The length of the end correction Al is given by [155]

. T T\ 2 \3 i\
Al; = 0.82[1 — 0.235——1.32 (—) + 1.54 (—) —0.86 (—) 1m (6.18)
Tt Tt Tt Tt
After obtaining M , Mi. and M], it is easy to get the system transfer matrix and then the
system equivalent wavenumber K., equivalent impedance Z,, equivalent sound velocity c,,
sound energy transmission coefficient T, reflection coefficient R and sound absorption

coefficient A can be calculated from equation (6.19) to( 6.24).



= a T, + Tzz)
e = Lcos >
W T11/T21
= ———
. = Re ||
T, +T
T =|—= = + (T21 + T22)Z
Zo
T, +T
1120 12 T21Z0 - T22
R =
Bttt gz, -15
0
A=1—-T—-R

where the free space air impedance Z, = p,Co.
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(6.19)

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)

Table 6.1: Geometrical dimensions of the type 1 (UAVM) acoustic metamaterials of N=2

disks
i ion of channel | ¢ d; - o
[ Cross section of channel | t; (mm) 1/2 mm | Ventilation (dl /D ) X
(a x b)ymm? °
100%
1-2 | 6% 3 7mm 17mm 12%
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Table 6.2: Geometrical dimensions of the type 2 (RTAVM) acoustic metamaterials of N=4

disks
i | Cross section of channel | t; (mm) di/2 mm | Ventilation (diz/D ) x
(a X bymm? 100% 0
1 |6x3 7 25 25.25%
2 |6x3 7 20 16%
3 |6x3 7 15 9%
4 |6x3 7 11.5 5.3%

Table 6.3: Geometrical dimensions of type 2 (RTAVM) acoustic metamaterials of N=10 disks

i | Cross section of channel | t; (mm) di/z mm | Ventilation (diz/D ) %
(a X bymm? 100% 0

1 6% 3 7 25 25.25%

2 6% 3 7 22.5 22%

3 6% 3 7 21 18.24%

4 6% 3 7 20 16%

5 6% 3 7 18.75 14.2%

6 6% 3 7 17.5 12.37%

7 6% 3 7 16.25 10.67%

8 6% 3 7 15 9.09%

9 6% 3 7 13.75 7.638%

10 | 6x 3 7 12.5 6.31%
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6.5 Results and discussion

6.5.1 Sound Absorption measurement

Figure 6.5 shows the sound absorption spectra of the proposed metamaterials. Three samples
UVAM (two disks ) ,RTVAM (four disks) and RTVAM (ten disks ) have been tested in
acoustic impedance tube.[156] Blue curve shows the results of the sound absorption
coefficient for the proposed UVAM metamaterial (thickness is 14mm) whose geometry
parameters are listed in table 6.1. Experimental measurements were performed, and the
maximum sound absorption coefficient reached 0.91 at 1344 Hz and 0.6 at 992Hz. The relative
broadband sound absorption (>50%) was obtained in the frequency range of more than one

octave (880Hz to >1600 Hz)

(a) (b)

——Exp.(UVAM, 2 disks) — Exp.(RTVAM, 10 disks) Exp.(RTVAM, 4 disks) UVAM
_ — =

1

0.9 -

0.8

Absorption Coefficient
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Figure 6.5 : (a) Impedance tube test of the sample UVAM, RTVAM And RTVAM. (b) 3D

printed samples

The sound absorption characteristics of RTVAM, with a thickness of 28mm and its listed

geometry parameters in Table 6.2, demonstrate broad-spectrum sound absorption, reaching a
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maximum absorption of 0.44 at 240Hz. To enhance the absorption coefficient, we employed
10 disks with a total thickness of 70mm, subjected to testing in an impedance tube. The sound
spectra of RTVAM with 10 disks is illustrated by the orange curve in Figure 6.5. The geometry
parameters of type 2 (RTAVM) listed in Table 6.3. The spectra reveal multiple absorption
peaks at distinct frequencies—236 Hz, 696 Hz, 1108 Hz, and 1140 Hz—with corresponding
sound absorptions of 0.91, 0.92, 0.98, and 0.92, respectively. Notably, two instances of
relatively broad sound absorption (>50%) were achieved within the frequency ranges of 200

Hz to 320 Hz and spanning more than one octave in the band from 630 Hz to 1600 Hz.

6.5.2 Acoustic FEM based Simulation and theoretical validation.

6.5.2.1 FEM, TMM and Experimental verification of UVAM

A theoretical model, a numerical simulation model, and experiments were employed to verify
the acoustic performance of the proposed ventilated type 1 metamaterials. In MATLAB, the
theoretical model was created. ANSYS workbench 2021 R1 (Acoustic module) [42]
,commercial finite element software was used to create the numerical simulation mode. At the
source end, the radiation boundary condition was applied for non-reflecting field. A plane wave

boundary condition was used to simulate the incident sound wave. In our study, the element
size of the mesh was taken less than the 1/6 of the shortest incident simulated sound

wavelength.
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Figure 6.6 : Air ventilated UVAM meta unit cell, (a) Sound absorption spectrum of unit cell .
(b)Photograph of 3D printed Meta unit, composed of eight spiral resonators assembled in-

parallel hole.

The experimental results, TMM results, and numerical prediction are compared with good
agreement. Other factors that affect the resonance are sometimes known as non-ideal effects,
like viscos-thermal effects, form factors, effects on edges, manufacturing imperfections,

etc.[108]

Given the possibilities of axial coupling of eight spiral resonators in different axial orientations,
the next two different design will be performed in order to understand the cases of low
frequency broadband (1) Increasing the number of spiral resonators and (2) The effect of

geometry configuration without changing of the thickness of the structure.

6.5.2.1.1 Increasing the number of spiral coupled resonators
The design of a thin, broadband acoustic absorber with multiple frequencies and air ventilation

is a sought-after advancement in noise control engineering. we achieved narrow and broadband
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sound absorption by interconnecting spiral resonators. Each disk consists of four spiral
resonators of the same length. Initially, the absorption spectra of two disks, totaling eight
resonators, were reported (see Figure 6.6). Subsequently, now we explored the impact of
coupling more than eight spiral resonators on the sound absorption spectrum, as depicted in

Figure 4b.

T T T T - - -
=——1t=28mm,No. of disk =3 =—1t=36 mm, NO. of disk =4 =——t=44 mm, NO. of disk=5

Sound Absorption

03

L L L 1 L L
o 200 400 600 800 1000 1200 1400 1600
Frequency(Hz)

Figure 6.7: Sound pressure level (SPL) distribution of ventilated acoustic meta-structure. (b)
Variation of sound absorption spectrum concerning the increasing number of disks or

resonators.

We designed three samples with varying configurations: (1) Three disks comprising 12
resonators and a thickness of 21mm; (2) four disks with 16 resonators and a thickness of 28mm;
(3) five disks with 20 resonators and a thickness of 35mm. Figure 6.7 (a) illustrates the sound

pressure level (SPL) in dB for the third sample.

The sound absorption spectrum of all three proposed meta-structures is presented in Figure
6.7(b). With an increase in the number of disks, a distinct sound absorption peak emerges at
224 Hz, accompanied by two broad sound absorption bands around 850 Hz and approximately

1300 Hz. As the number of disks increases, the structure demonstrates broadband sound
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absorption, with maximum absorption values of 0.65, 0.6, and 0.8 at 224 Hz, 900 Hz, and 1300
Hz, respectively. However, within a frequency range of 600 Hz to 1600 Hz, the absorption
drops to zero around 1000 Hz due to the omission of viscothermal losses in the FEM
simulation.

6.5.2.1.2 Effect of geometry configuration without changing the thickness

In this section, we explore three distinct meta-structures, each sharing a constant thickness of
14 mm and comprised of two disks. The geometric parameters for the first Acoustic Ventilated
Metamaterial (UVAM) are set as follows: b=2mm, a=6mm, and the number of spiral
revolutions N=3. The second UVAM features parameters b=1mm, a=6mm, and N=3, while

the third AVM is characterized by a=1mm, b=6mm, and N=4.

This meta-unit demonstrates an expanded sound absorption bandwidth, exhibiting multiple
absorption peaks spanning from 950 Hz to 1600 Hz, with absorption amplitudes ranging from
0.6 to 0.85, as depicted in Figure 6.8(b). Upon increasing the number of turns, as observed in
the third sample, a new narrow absorption peak emerges in addition to broadband sound
absorption. These results underscore the influence of the geometric configuration of the spiral

channels in adjusting both multiple sound absorption peaks and broadband sound absorption.
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Figure 6.8: (a) Designed meta-structure of N=4 turn spiral ventilated sound absorber. (b)
Variation of sound absorption spectrum with respect to changing the geometric configuration

of spiral channel.

6.6 Conclusions

To conclude, we proposed a planner-profile meta-unit and subwavelength thickness acoustic
air-ventilated barrier, which allows passing the airflow while prohibitive for sound in a broad
range. The reported acoustic metamaterials here consist of N spiral resonators' axial coupling
to obtain greater bandwidth and multiple sound absorption peaks, which can be possibly used
where air-permeable is required. Such design effectively blocks the 90% of the incident energy
in the range of 200 -1600 Hz, while its structure thickness is varying from 14mm to 78 mm.
We showed how a unique ventilated metamaterial made up of several discs, each of which
contains four spiral channels in a single plane, may handle the issues of broadband more than
an octave and very low frequency sound (around 200 Hz) while keeping the air circulation

between 12% and 5%.
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Chapter 7 : Conclusions and future scope

7.1 Conclusions

The objectives of this thesis were to explore and create broadband low-frequency and multiple
sound absorption acoustic metamaterials designed for absorbing and attenuating noise, where
the sample thickness is significantly smaller than the manipulated wavelength. Additionally,
the aim was to construct analytical models to derive straightforward expressions for the
effective material properties of metamaterial structures, providing insight into the fundamental
physics involved. Furthermore, the thesis sought to design an acoustic metamaterial structure
tailored for effectively attenuating very low-frequency noise in waveguides by leveraging

innovative acoustic phenomena.

In chapter 2, designing Ashok Chakra acoustic meta-structures for airplanes involves
addressing the noise generated by the engine and turbulent airflow around the fuselage,
primarily responsible for low-frequency excitations during flight. Cabin noise is notably
attributed to these sources, with an average sound pressure level in the 10-500 Hz frequency
range reaching around 90 dB(A) for turbojet aircraft. Turbofan-powered aircraft, on the other
hand, produce noise in the range of 800 Hz to 12,000 Hz. Thus, our research primarily focused
on developing the thinnest acoustic metamaterial to mitigate sound in the low and medium-
frequency bands. To tackle these challenges, we initially created thin Ashok Chakra tunable

metamaterials with turnability independent of thickness.

In chapter 3, designing tunable fractal structure acoustic meta-structures requires a meticulous
choice of structural parameters in the early phases to achieve nearly perfect sound absorption

at the desired frequency. Complex geometries, while capable of displaying single-frequency
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sound absorption, present challenges in terms of easy manufacturability. Overcoming these
challenges involves creating thin sound absorbers that can simultaneously reduce both vertical
and lateral dimensions while attaining multiple narrow-band absorption peaks. In response to
these difficulties, the objective was to develop a design capable of achieving multiple narrow-

band low-frequency sound absorption.

In chapter 4, proposed designing of a Hybrid Fractal broadband acoustic meta-structure
involves exploring various approaches. Previous research has explored conventional micro-
perforated panels (MPP) with a back cavity, Cascade neck-embedded Helmholtz resonators-
based metamaterials, and MPP with neck-embedded Helmholtz resonators. However,
achieving broadband sound absorption in these cases often requires a backing cavity thickness
exceeding 5 cm. While ultrathin membrane metamaterials (MM) show promise for broadband
sound absorption, they face challenges such as membrane loosening over time with repeated
use. To overcome these obstacles, we proposed a novel type of tunable micro-perforated face-
sheet design backed by fractal geometry. This design features a thickness of less than 2 cm and

offers easy programmability and tuning to meet industrial requirements in various fields.

In chapter 5, discuss about designing one-dimensional acoustic metamaterials with ventilation
presents a notable departure from the prevalent trend observed in recent years, where the
majority of developed acoustic metamaterials with air circulation feature two-dimensional
meta-surface geometries, and in some instances, three-dimensional geometries. However, a
fundamental flaw in these designs is that most of the sound is reflected back rather than
allowing it to pass through, compromising the overall effectiveness. Traditional acoustic
barriers have faced challenges in balancing sound-insulating effectiveness with ventilation

capacities.
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In response to these issues, we proposed a one-dimensional metamaterial design that addresses
the limitations by enabling the passage of all incident sound waves (minimizing reflection)

while simultaneously absorbing sound.

In chapter 6, In the development of ventilated 2D acoustic metamaterials, researchers
incorporated a Fano-like interface to enhance overall ventilation throughout the structure. This
approach aimed to attenuate low-frequency sound within a narrow working frequency range
centered around each destructive interface frequency. However, this strategy-imposed
limitations on the broad applicability of the metamaterial in various engineering fields. The
challenge persisted in designing thin, ventilated metamaterials capable of achieving both

broadband coverage and exceptional sound absorption.

To overcome these challenges, we introduced a novel solution—a subwavelength-thin
metamaterial structure with dimensions ranging from 1.4 cm to 3.5 cm. Inspired by a flat
Fresnel spiral, this design not only maintains ventilation capacity but also achieves multiple

sound absorption peaks across a broad frequency range from 0 to 1600 Hz.

7.2  Future Scope

The findings outlined in this research highlight the considerable potential of employing
additively manufactured acoustic metamaterials for aerospace applications. However, there
exist several areas that warrant further exploration and expansion to enhance the concept's
performance and render it more practical for real-world applications. The acoustic

metamaterials hold promising prospects across various domains.

1. As technology advances, the refinement of metamaterial designs and

manufacturing processes is expected to lead to more efficient and versatile
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solutions. In the realm of noise control, acoustic metamaterials may find extensive
applications in creating sound barriers with unprecedented effectiveness, allowing
for tailored acoustic environments in urban settings, transportation, and industrial
facilities.

2. Additionally, the integration of smart and adaptive materials into acoustic
metamaterials could open avenues for dynamic control of sound absorption and
transmission, enabling real-time adjustments to changing environmental
conditions.

3. As research continues, acoustic metamaterials may also find applications in novel
fields, such as medical imaging and communication, revolutionizing the way we

manipulate and control sound waves for diverse purposes.

Ventilated acoustic metamaterials represent a specific subset with a unique potential for
addressing challenges in noise control and ventilation simultaneously. Looking ahead, the

future scope of ventilated acoustic metamaterials involves:

1. Advancements in the design of structures that seamlessly balance sound absorption and
ventilation across a broad frequency spectrum. Researchers are likely to explore new
materials and fabrication techniques to enhance the efficiency of these metamaterials,
making them applicable in diverse environments.

2. The integration of smart technologies and sensors may also play a role in developing
adaptive ventilated acoustic metamaterials that can autonomously respond to varying
acoustic conditions. Beyond traditional applications in aerospace and industrial

settings, the future may see these materials being employed in architectural designs,
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where they can contribute to the creation of acoustically pleasant and well-ventilated

spaces in buildings and urban landscapes.

The proposed study can be used for programming acoustic metamaterials. The advancement
of intelligent materials and acoustic metamaterials presents effective approaches for mitigating
low-frequency acoustic waves. Unlike passive acoustic materials with fixed characteristics,
programmable acoustic metamaterials offer the flexibility to alter their working frequency
band within a specified range, although this capability is currently limited and costly to
produce. The incorporation of intelligent materials introduces new properties such as a wide
absorbing frequency band and real-time programmable performances, enabled by innovative

energy dissipation mechanisms and adaptive structural changes in response to external stimuli.

Looking ahead, the exploration of reconfigurable 4D-based metamaterials for sound
absorption is a promising yet relatively unexplored area. These materials, coupled with
artificial intelligence or learning systems, may usher in a new generation of "auto
reconfigurable™ AMMs capable of outperforming current standards and enabling novel wave
functionalities. While the complexity of four-dimensional metamaterials increases due to
active components with time-varying parameters, their implementation in acoustics, operating
on slower time scales than electromagnetics, may prove more feasible. A notable research
avenue involves the development of multifunctional active piezoelectric acoustic
metamaterials, where a single structure can exhibit various metamaterial effects under external
electrical control. The integration of piezoelectric and polymer materials, facilitated by
additive manufacturing technology, provides a pathway for constructing intricate structures
with advantageous qualities. As this field progresses, the consideration of factors such as

temperature, humidity, external flow, structure curvature, and material qualities becomes
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crucial in designing future active piezoelectric AMs. The evolution of alternative materials and
fabrication methods will further enhance the capabilities of acoustic metamaterials, playing an
increasingly significant role in computational material science, additive manufacturing

technology, and various aspects of production and human existence.



ANNEXURE A: MATLAB Code (Fractal metamaterials)

clear all
$thickness of 9mm
ro=1.21;

c=343;
£f=400:10:1600;

k= (2*pi*f) /c;

L12=1.988*(10)~-3;

L11=10.67*(10)"=-3;

sd1=28.8*(10) ~-6;

zdl=(ro*c) /sdl;

scl=28.8*(10)"-6;

hl=7.2*(10)"-3;

sh1=9.5904* (10) *-6;

dl=sqgrt (((4*shl)/pi));
%$deltl=0.82*shl*(1-(1.33*(shl/scl)));
Lhl=((1.1988)*(10)"=-3)+(1.4*(d1/2));

zcl=(ro*c) /scl;
zhl=(((ro*c)/shl)* ((0.042+ (1i*k* (Lh1+0.75*d1)))));
Zrl=(-1li*zcl*cot (k*hl))+(zhl);

ztr=(-1li*zdl*cot (k*L12));

zxl=(Zrl.*ztr) ./ (Zrl+ztr);

pl=(zx1/zdl);

w=(pl+ (§*tan(k.*L11))) ./ (1+(3*pl.*tan(k.*L11)));
z01l=(zdl.*w) * (ro*c);

$yl=abs ((z01-1)./(z01+1));
$alphal=(1-((yl)."2));

%plot (f,alphal)

Ltr=3*(10)"-3;

1L22=6.229* (10) ~=-3;

L21=11.79*(10)"=-3;

sc2=48*(10) ~-6;

h2=12*(10) ~-3;

sh2=15.984*(10) *-6;

sd2=48* (10) ~-6;

d2=sqrt (((4*sh2) /pi));
$delt2=0.82*sh2* (1-(1.33*(sh2/sc2)));
Lh2=((1.998)* (10)"=-3)+(1.4*(d2/2));
zd2=(ro*c) /sd2;

zc2=(ro*c) /sc2;

zh2=(((ro*c)/sh2)* ((0.042+(j.*k* (Lh24+0.75*d2)))));
Zr2=(-j*zc2*cot (k.*h2))+(zh2);
ztrl=(-j*zd2*cot (k.*Ltr));
zx2=(Zr2.*ztrl) ./ (Zr2+ztrl);
p2=(zx2/zd2) ;

w2=(p2+ (3*tan (k.*L22))) ./ (1+ (§*p2.*tan (k.*L22))) ;
zx21=zd2.*w2;

zduct=(ro*c) /sd2;
zeqgq2=((1./zduct)+(1./2zx21))."7-1;
p21=(zeq2/zduct) ;

w21l=(p21+ (j*tan(k.*L21))) ./ (1+(§*p2l.*tan (k.*L21)));
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z02=(zduct.*w2l) * (ro*c) ;
$y2=abs ((z02-1)./(z02+1)) ;
%alpha2=(1-((y2).%2));
%plot (£,alpha?2)

L31=12.026* (1
1.32=19.0644* (1
Ltr3=5*(10) "~
sc3=80*(10)"
h3=20* (10) ~-3;

sh3=26.64*(10)"-6;

sd3=80*(10) *-6;

d3=sqrt (((4*sh3) /pi))
$delt3=0.82*sh3* (1-(1.33* (sh3/sc3)));
L3h=((3.33)*(10)"=-3)+(1.4*(d3/2));

) ~=3;
)/\ I

0
0
3;
-6;

zd3=(ro*c) /sd3;

zc3=(ro*c) /sc3;

zh3=(((ro*c)/sh3)*((0.023+(j.*k* (L3h+0.75*d3)))));
Zr3=(-j*zc3*cot (k.*h3))+(zh3*2.67);

ztr3=(-j*zd3*cot (k.*Ltr3));
zx3=(Zr3.*ztr3)./(Zr3+ztr3);

p3=(zx3/2d3)

w3=(p3+ (] *tan(k.*L32)))./(l+(j*p3.*tan(k.*L32)));
zx31=(zd3.*w3) ;

zeq3=((1./zx31)+(1./202))."-1;

p31l=(zeq3./2zd3);

w3l=(p31l+(j*tan(k. *L31)))./(1+(j*p31.*tan(k.*L3l)));

z03=(zd3.*w31l)/ (ro*c)
$y3=abs ((z03- 1)./(ZO3+1));
%alpha3=(1-((y3)."%2));
splot (£,alpha3l)

%zoo=(ro*c) / (pi* (0.007)"2);
$1.321=9* (10) ~-3;

%z=(-j*zoo*cot (k.*L321));
$zfinal=((z.*z03)./((4*z)+z03));
zfinal =(z03/4)

zmeta=(zfinal) ;

$ztotal=real (zmeta) ;
%zmeta=(z03/ (4*ro*c)) ;

$%perforated plate
d=0.012;

A=pi* (0.012/2)
c=343;
enta=1.814e-5;
£=0.002;

Ro=1.22;

sigma=(d”*2)/(4*(0.05"2));
omega=6.283*f;
k=d*sqgrt ( (omega*1.22)/ (4*enta)) ;

=((32*enta*t)/ (sigma*Ro*c*d"2)) * ((sqrt (1+(k.”2/32)))+

d)/t))

xp=( ( (omega*t)/ (sigma*c)) .* (1+((1+(k."2)/2) .7~ (-0.5))+

zs=(r+ (j*xp)) /A;

(0.85%

((sqrt(2)

/32))*

(d/£))))
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o\

sp=abs (zs) ;

s=(r+(J*xp));
zmeta+ (zs/ (ro*c));

abs ((Z-(ro*c)) ./ (Z+ (ro*c)));
y."2;

y=abs ((Z-1)./(2+1));
alpha=(1-t);

o\
I N 3

oot = DN

plot (f,alpha)

ANNEXURE B: Fractal Acoustic Metamaterials

B.1: Origine of Fractal Structure

Fractals, intricate geometric shapes characterized by self-similarity at different scales, find
their origins in the pioneering work of mathematician Benoit Mandelbrot in the 1970s.
Mandelbrot coined the term "fractal” to describe these structures, which can be found
abundantly in nature-ranging from coastlines and mountain ranges to snowflakes and fern
leaves. Fractal geometry provides a framework to understand irregular and complex
phenomena through simple iterative processes. At the heart of many fractal images lies the
Mandelbrot Set, a visual representation of complex numbers and their behavior under iteration.
This iconic image, with its infinite intricacies and mesmerizing detail, serves as a gateway to

exploring the boundless complexity inherent in the universe.

Fractal geometry,[157]



B.2: Analysis of Variance (ANOVA) table of the quadratic regression model.

DF: degree of freedom, Adj SS: adjusted sum of squares, Adj MS: adjusted mean square.
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Source |Sum of Squares df Mean Square| F-value || p-value
Model 2.26 27 0.0835 20.88|| 0.0467|significant
A-dp 0.1507 1 0.1507 37.66| 0.0255
B-w2/wl 0.1506 1 0.1506 37.65 0.0255
C-11/12 0.1527 1 0.1527 38.16 0.0252
D-tc 0.0111 1 0.0111 2.77 0.2381
AB 0.0006 1 0.0006 0.1532 0.7333
AC 0.1507 1 0.1507 37.65 0.0255
AD 0.0124 1 0.0124 3.11 0.2201
BC 0.1507 1 0.1507 37.66 0.0255
BD 0.0003 1 0.0003|| 0.0625| 0.8259
CD 0.0101 1 0.0101 2.52 0.2530
A2 0.1507 1 0.1507 37.65 0.0255
B2 0.0008 1 0.0008 0.2101 0.6917
C? 0.1506 1 0.1506 37.63 0.0256
D2 0.0004 1 0.0004 0.1028| 0.7789
ABC 0.0000 0
ABD 0.0067 1 0.0067 1.69| 0.3237
ACD 0.0147 1 0.0147 3.69 0.1949
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BCD 0.0000
A2B 0.0043 0.0043 1.07|| 0.4088
A2C 0.1507 0.1507 37.65|| 0.0255
A2D 0.0003 0.0003| 0.0739| 0.8112
AB2 0.0118 0.0118 2.94|| 0.2283
AC? 0.0000
AD2 0.0091 0.0091 2.28|| 0.2704
B2C 0.0000
B2D 0.0079 0.0079 1.96| 0.2962
BC? 0.0000
BD2 0.0000
CD 0.0000
CD2 0.0000
A3 0.0083 0.0083 2.08| 0.2857
B3 0.0263 0.0263 6.57| 0.1245
cs 0.1500 0.1500 37.50| 0.0256
D3 3.793E-07 3.793E-07| 0.0001|| 0.9931
ABCD 0.0000
A2B2 0.0000
A2BC 0.0000
A2BD 0.0000
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A2C? 0.0000
A2CD 0.0000
A2D? 0.0000
AB2C 0.0000
AB2D 0.0000
ABC? 0.0000
ABD? 0.0000
AC2D 0.0000
ACD? 0.0000
B2C? 0.0000
B2CD 0.0000
B2D? 0.0000
BC2D 0.0000
BCD2 0.0000
C2D? 0.0000
A3B 0.0000
A3C 0.0000
A3D 0.0000
AB3 0.0000
AC3 0.0000
AD?3 0.0000
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B3C 0.0000 0

B3D 0.0000 0

BC3 0.0000 0

BD3 0.0000 0

C3D 0.0000 0

CDhs? 0.0000 0

A* 0.0000 0

B* 0.0021 1 0.0021 0.5225 0.5449
C4 0.0000 0

D* 0.0000 0

Residual 0.0080 2 0.0040
Lack of Fit 0.0080 1 0.0080
Pure Error 0.0000 1 0.0000
Cor Total 2.26 29
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B.3: Geometrical outlays (dimensioned), Performance and Potential application

S. | Proposed Dimensions | Performance Potential
No. | Metamaterials (Thickness) Applications
Structure
1 Ashok Chakra 7mm This  structure  was e Interior Cabin
meta-materials design for the targeted Noise
frequency at 1000Hz Reduction:
and it can be tuned by e Engine Noise
altering  the  other Reduction
dimensions
2 Fractal Meta- 5mm Getting multiple sound | These alternate
structure (M69)  to | absorption peaks at | structures are lightin
25 mm different-different weight and effective
(M18) frequency which made | as sound absorbers
him suitable candidate | and serve in many
for  multiple sound | modern  industrial
absorber applications, such
as within aircrafts,
automotives, and
vibrating machinery.
3 Hybrid cross- 2cm Demonstrate broad e Architectural
microperforated banding sound Acoustics
fractal structure absorption e Aerospace
approximately one- e Industrial
octave low-frequency setting
sound absorption e Medical
behaviour

imaging
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One-dimensional | 70mm Demonstrating Architectural
ventilated meta- Ventilation broadband sound Acoustics
materials is (25- absorption bandwidth of Industrial
100%) one octave with 0.5-0.9 noise control
absorption within the Entertainment
500-1600 Hz range spaces
2D thin ventilated | 14 mm (or | Very low frequency Motor
Meta-materials 1.4 cm) to | sound absorption more Shielding
78mm  (or [ than 90%  (around Transformer
7.8cm). 200Hz) and broadband shielding
more than on octave Aerospace
while maintaining the application

air circulation of 12% to
5%.

Drone  noise

control
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