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Abstract

Minimising the environmental impact of aircraft noise and ensuring the sustainability

of air travel in the future is crucial for the development of the industry. The ad-

vancement in additive manufacturing paves the way for new materials to develop noise

reduction technologies. This document aims to apply the use of 3D-printed acoustic

metamaterials for tackling fan noise emissions.

This work focuses on developing metamaterials based on coupled resonators. A

detailed numerical investigation on the absorptive performances of a first geometry is

carried out with an emphasis on predicting the viscothermal losses which are crucial

in this application. The periodic nature of this geometry (unit cells composed of

spherical cavities interlinked by cylindrical openings) is found to be well reproduced by

additive manufacturing. The resultant microporosity of these printed structures causes

deviations with the numerical predictions of their acoustic performance. Therefore,

further development in designing low frequency high absorptive structures using more

controlled techniques is explored.

A second configuration composed of multilayered plates is considered. This system

exhibits multiple band gaps with subwavelength absorptive behaviour for a sample be-

ing 0.04λ thick. The repeating cellular structure enables efficiencies in the viscothermal

modelling with the use of the transfer matrix approach. For further modelling efficien-

cies reduced order modelling is used to approximate losses in the gaps between plates.

The absorptive results are evaluated against full viscothermal models and experimental

measurements which show good agreements.

The satisfactory results obtained formed the basis to design more complex multi-

layered plate structures with acoustic resonances acting in parallel which lowered the

first resonant frequency peak below 500 Hz and a broader absorption spectrum.
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Introduction
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1.1. CONTEXT AND RESEARCH MOTIVATION

1.1 Context and research motivation

Aircraft noise is one of the most damaging environmental impacts of aviation. It

has been linked to different cardiovascular diseases as well as illnesses derived from

increased levels of stress [1]. Despite the fact that aircraft have become 75% less

noisy over the last 30 years, due to the ever growing amount of air traffic many EU

citizens are still exposed to high noise levels [2]. In 2016, EU aviation noise rules have

been applied to airports with more than 50 000 civil aircraft movements per year.

These rules follow the International Civil Aviation Organisation strategy and focus on

four different elements; reducing noise levels at the source through the deployment of

modern aircraft, managing the land around airports in a sustainable way, adapting

operational procedures to reduce the impact of noise on the ground and introducing

operating restrictions (ban on night flights) [3]. Air travel has become accessible to

a larger demographic due to the growth of affordable air travel, this has evidently

brought about a significant increase in air traffic. Figure 1.1 highlights the increase in

the number of air travel passengers in the EU between 1993 and 2015.

Figure 1.1: Increase in passenger number within the EU [3]

Recent global events linked to the coronavirus pandemic caused a worldwide air

traffic suspension to confine the pandemia, this led to an overnight drastic reduction

in associated aircraft noise pollution. This was meant as a temporary measure and

in time the number of air travel passengers will recover. A study was carried out on

a group of inhabitants exposed to aircraft noise in Krakow in 2015 measuring their

diastolic blood pressure (DBP, P < 0.05), 75 persons from that group underwent a

second observation after 4 months of air traffic restrictions due to the pandemic in
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1.1. CONTEXT AND RESEARCH MOTIVATION

June 2020, and it was shown that their hypertension had reduced significantly (DBP,

P < 0.022) [4]. Therefore, it remains necessary to provide aircraft noise reduction

measures since there is a vested interest in public health and the environment. Other

studies have been carried out which underline the health effects associated with envi-

ronmental noise exposure, the World Health Organisation have highlighted noise as a

cause of annoyance, sleep disruption, impaired cognitive performance, and higher stress

hormone levels [5, 6]. The link between aircraft noise exposure and the increased risk of

developing cardiovascular related diseases has been researched extensively. According

to the HYENA (HYpertension and Exposure to Noise near Airports) study carried out

around 6 major European airports, it was found that night time exposure in particular

may increase the risk of hypertension in men. Hypertension is an established risk factor

for the development of cardiovascular diseases [7]. Researchers from the university of

Bern established that persons who are subjected to noise levels superior to 60 dB have

an increased mortality risk linked to heart attacks when compared to persons subjected

to 45 dB per day. The noise exposure due to aircraft was estimated by noise contours

in Figure 1.2 around an European airport averaged over a day, evening and night Lden

period as well as the number of people living in that area [2].

Figure 1.2: Noise footprint around an European airport. Estimated 3.44 million
people inside excessive noise area by 2035 [2].

According to the STAPES (SysTem for AirPort noise Exposure Studies) model, a

continued 0.1 dB reduction per annum for new aircraft deliveries would stop the growth

of the overall noise exposure within the 2035 timeframe. However, without continued

technological improvements for new aircraft, the population exposed to the larger Lden

55 dB contour could reach at minimum 2.58 million by 2035 due to densification [2].
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1.2. NOISE CONTRIBUTORS IN AIRCRAFT AND MITIGATION STRATEGIES

In conventional aircraft the largest noise contributor is the turbofan engine, where the

noise is primarily produced by the jet and fan. Blade design changes as well as jet flow

modifications through increased bypass ratio have been used to decrease the noise levels

produced. A significant portion of the noise produced during ascent and descent comes

from the propulsion system. Continuing to increase the bypass ratio would result in

an increased nacelle diameter. It would be heavier and also lead to spurious drag and

additional weight. However, the engine nacelles act as a pillar of turbo machinery noise

attenuation through traditional acoustic liners which are absorbing panels positioned in

the internal walls of the nacelle [8]. A potential suitable alternative to traditional liners

is emerging using metamaterials for acoustic applications in aeronautics. Metamaterials

are man-made structures containing repeated cells that can operate at a sub-wavelength

scale. The development of these noise alleviating structures are promising and has been

aided by the emergence of new manufacturing capabilities. The advancements made

in additive manufacturing has helped manufacture these components which can be

tailored to a specific target application. They present an opportunity to be tuned at a

low frequency of interest and their reduced volume in a nacelle is of major advantage.

The space reserved for acoustic treatments in aircraft engines is restrictive so developing

structures that are less bulkier than liners is significant.

1.2 Noise contributors in aircraft and mitigation

strategies

Depending on the regime in which the aircraft is operating one noise source might

dominate over another. Figure 1.3 presents the relative weights of noise contributors

during different phases of flight.

During take-off, the combined noise from the turbofan would be dominant, whereas

during descent and landing phases, the air frame noise becomes almost equivalent to

the engine noise due to engine reduction. Landing gear, flaps and slat noises are pre-

dominant. Engine developments in the last decades have been produced by increasing

the by-pass ratio (BPR), this has been translated by a significant reduction in jet noise.

To the point which the noise contributions from what used to be minor tonal sources

from the fan are now proportional to residual jet noise in the take-off regime. Even

though, jet noise has been drastically reduced in modern engines, they are still a high
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Figure 1.3: Relative weights of noise sources during take-off and landing [9].

contributor. The addition of chevrons to the trailing end of the engine nozzle reduces

the pressure fluctuations through a smoother transition which also reduces the resultant

noise [10]. Although, they provide additional noise reduction they increase the overall

weight and drag of the aircraft. During landing the engine system reduces, and the air

frame noise predominates along with contributions from the landing gear and flaps [8].

The contributing noise sources within a turbofan engine are provided in Figure 1.4. As

was discussed previsouly fan noise is primarily tonal in nature whereas combustion has

a broader operating bandwidth which occurs at lower frequencies. Therefore, it is of

major importance to ensure noise treatments are adpated to target the source.

Figure 1.4: Contribution of engine noise sources on approach [11].
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The nacelle possesses different functions, aerodynamic, structural, braking and aes-

thetic. However we are primarily interested in its acoustic function, where it attenu-

ates the engine noise propagating within as shown in Figure 1.5. When acoustic waves

propagate away from the noise generating components in an enclosed duct, the acous-

tic energy which strikes a boundary can result in energy loss due to absorption of the

incident wave. Acoustic reflection is the resultant of impedance discontinuities, while

absorption is the result of energy conversion from the incident energy on the nacelle to

heat or stored energy [12]. In a quest for lighter aircraft, attempts have been made to

shorten the nacelle. This has negative impacts when it comes to acoustics, where the

shortened nacelle becomes less absorptive to fan and internal propagating noise since

the area for acoustic treatment is reduced. Further noise reduction through acoustic

liners in ultra-BPR engines is reaching its limits as the nacelle is the primary agent in

reducing noise emanating from the engine’s components [8].

Figure 1.5: Turbofan nacelle [13].

Most acoustic liners are based on a 1 degree of freedom resonator, a common 1

DOF acoustic liner consists of an outer perforated plate backed by a honeycomb cavity

based on a series of Helmholtz resonators with different tuned frequencies. They pro-

vide noise reduction over a designed frequency range, they are well suited to fan, tonal

noise. Multiple degree of freedom liners can broaden the frequency range of absorption.

An example of a 3 DOF honeycomb liner is presented in Figure 1.6. Optimising the

noise reduction by means of extending areas where liners are placed can be efficient. A

study performed by EPSL (Ensemble Propulsif Silencieux Léger) showed an efficient

noise reduction from inlet lip treatment. However, other compatibility issues can arise

in these sections that are used for anti-icing systems [14]. Other noise reducing mech-

anisms which do not focus on the nacelle can be developed, investigations of treating
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Figure 1.6: 3 DOF Honeycomb liner and added lip treatment [8].

noise by directly treating fan components, or through blade optimization have been

considered [15]. However, the design change effect on the aerodynamics could affect the

overall aircraft performance as they interfere with the efficiency of the engine. There

are numerous different technologies which are explored when it comes to mitigating

aircraft noise sources. This study will focus primarily on treatments placed within the

nacelle to target fan noise. These could also potentially be expanded for use in other

parts of the aircraft such as the air frame.

1.2.1 Acoustic liners

Liners are absorbing materials which assist in mitigating noise emanating from the

turbofan engines. This is achieved by changing the boundary condition at the interior

wall which decreases the amplitude on the incident sound wave [16]. Liners can be

classified by their acoustic response to an incoming wave. Helmholtz resonator type

liners are usually locally reacting, where the response is characterised by the local

acoustic pressure, and not the structure of the acoustic field in the duct [17]. SDOF

panels are composed of a perforated sheet, a layer composed of honeycomb-shaped

cavities and a hard-backing layer. They can be modelled by a series of Helmholtz

resonators where an analogy can be made with a mass-spring-damper system as in

Figure 1.7. Where the air in the pore is the mass, and the cavity acts like a spring.

The acoustic energy dissipates as the air is pushed back and forth through visco-

thermal losses near constrictions. These losses are created by the acoustic and viscous

boundary layer present on the rigid boundaries. The frequency dependent impedance

can be described by the following model if all parameters are positive;

Z(ω) = R + ȷmω − ȷ
K

ω
(1.1)
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Figure 1.7: Analogy between 1 DOF acoustic liner (Helmholtz resonator) and a
vibration absorber [18].

where R is obtained from the damping, m is the mass and K the spring in the system.

The impedance of locally reacting liners does not depend on the incidence angle of the

wave. For this reason, the characterisation usually takes place in an impedance tube

without flow under normal incidence. The behaviour can become bulk reacting if the

cell’s dimensions are not small enough with respect to the wavelength or in the presence

of drain holes where the cells become interconnected [17]. Figure 1.8 presents different

types of acoustic liners used in an engine nacelle. A wire mesh can be applied on top

of the perforate so the liner’s behaviour is decoupled from other grazing flow effects.

The superposition of two SDOF, allows for a larger frequency absorption spectrum. For

example the absorption performance for a 2 DOF was shown to be effective from 800 Hz

to 4000 Hz compared to 1000 Hz to 2500 Hz for a SDOF [19]. Non-locally reacting liners

can be composed of a sandwiched porous material between the perforate and impervious

layers. Such resulting impedances will depend on the incidence of acoustic modes [20]

and will require modelling by Biot formulation [21] or an equivalent fluid model [22].

The performance of a liner is evaluated from the incoming and outgoing waves through

the treated surface. The specific acoustic impedance quantifies its performance, and is

defined as the ratio of the effective sound pressure acting on the surface to the particle

velocity travelling through it [23]. The impedance of an array of Helmholtz resonators

if the same conditions are satisfied can be defined by;

Z(ω) = ZL − ȷ cot

(
ωd

c

)
(1.2)

where ZL is the face-sheet impedance which is the resistive component and − cot
(
ωL
c

)
is the reactance of the cavity with d the cell depth. Different constraints will guide

the choice of the preferred acoustic treatment. In order to provide optimum noise

reduction, the liner must be designed to target its source. It can aim at reducing

specific tones or to provide a more broadband attenuation. Tools have been developed
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Figure 1.8: Different types of liners in a turbine engine [20].

by NASA [24] to establish the optimum impedance spectra for acoustic liners. This

allows the modification of the liner’s geometric parameters to produce a corresponding

impedance spectra which will give maximum noise reduction. The acoustic impedance

of a SDOF liner with the facing sheet resistance is described by the following formula,

where the wave number k = 2πf :

Z

ρc
= R + ȷχ = Rfs + ȷ[χfs − cot (kd)] (1.3)

In a SDOF liner, the absoption peaks created are narrowband where the maximum

absorption occurs at the resonant frequency. The amplitude of the absorption is depen-

dent on the designed cavity depth. The normal incidence absorption for conventional

acoustic liners of different cavity depths are presented in Figure 1.9. The resistance

is set at 0.5 and the reactance χfs is equivalent to kl where l is the mass inertance

of 0.009. This shows the high dependency of the depth to frequency response, the

resonant frequencies occur at 1440 Hz, 530 Hz, 280 Hz and 170 Hz for depths of 5

cm, 15 cm, 30 cm and 50 cm, respectively [25]. These peaks correspond to when the

reactance approaches zero, which is determined by the cavity depth and wavelength.

Acoustic liners contribute to an increase in the aerodynamic drag of the aircraft. From
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Figure 1.9: Normal incidence absorption coefficient of a convetional SDOF acoustic
liners of different cavity depths d [25].

a structural viewpoint, the liner should be lightweight and minimise the space which

it occupies. The flight environment also results in the liner having to withstand large

temperature variations from -50°C to 180°C[26]. In this context, an objective in con-

tinued research on the topic of acoustic treatments is to provide improved performance

in sound absorbing structures that are compact and lightweight while not adversely

affecting the aircraft’s performance. As regulations on noise reduction emanating from

aircrafts become more stringent, there is motive to explore alternatives to traditional

noise treatments which allow rigorous control of properties. The use of acoustic meta-

materials as noise treatments has the potential to possibly bridge that gap.

1.3 The advent of metamaterials

The concept of metamaterials first emerged in the field of electromagnetics. In 1968,

Veselago published his research on the propagation of electromagnetic waves in mate-

rials having negative permittivity, ϵ and permeability, k. He demonstrated analytically

that a negative refractive index could be achieved if a medium displayed simultaneously

negative permittivity and negative permeability [27]. It took a further three decades

for this double negative condition to be experimentally proven. Pendry designed a

new material as per Figure 1.10(a), composed of small conducting wires arranged in a

periodic lattice which in the ≈ 10GHz range leads to a negative permittivity when a

10



1.3. THE ADVENT OF METAMATERIALS

wave propagates through the structure. The diameter of the conducting wires in this

structure is a lot smaller than the wavelength. In a later publication [28], he devised a

split ring resonator cell in Figure 1.10(b) which had the same sub-wavelength feature

to obtain negative permeability. By combining the two structures in Figure 1.10 into

(a) Sructure of infinite wires arranged in a pe-
riodic lattice that exhibit negative permittivity
in the microwave range [29].

(b) Split ring resonator exhibiting negative per-
meability [28]

Figure 1.10: Electromagnetic unit cells designed by Pendry which influence a) the
electric field; b) the magnetic field

a metacell, it was possible to obtain a material which exhibits negative permeability

and permittivity for electromagnetic waves in the microwave region [30]. Applying

this concept of negative refractive index material he produced a ”superlens” capable

of focusing light to a point much smaller than its wavelength [31], thus overcoming the

diffraction limit [32]. The particularity of metamaterials in comparison to phononic

crystals is that their wavelength at the resonant frequency can be orders of magni-

tude larger than the geometric dimension of the cell. The advent of metamaterials

settled the size problem of phononic crystals where the structure and wavelength were

of the same order [33]. Wieglhofer and Lakhtakia defined metamaterials as ”macro-

scopic composites having a man-made three-dimensional, periodic cellular architecture

designed to produce an optimised combination not available in nature of two or more

responses to a specific excitation” [34]. An extension of this was provided by Cui et al,

as ”a composite of periodic or non-periodic structures whose function is due to both

its cellular architecture and chemical composition” [35]. In addition, the wavelength

can be orders of magnitude larger than the dimension of the cellular structure [36]. A

number of observed characteristics continue to complement the original definition. As

part of the EU H2020 funded AERIALIST project, the following general description
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for metamaterials in the field of acoustics is accepted; ”A metamaterial is a human-

made compound, a structured material engineered to achieve a response not available

in nature and for which the model of an equivalent continuum can be defined” [37].

1.4 Acoustic Metamaterials

Originally discovered in the field of electromagnetics, the disruptive nature of metama-

terials which allows the control of waves in a manner that is not possible in conventional

materials sparked interest within researchers involved in acoustics. The following sec-

tion will focus on potential applications of metamaterials to control airborne sound.

Acoustic metamaterials are used to control sound propagation, important constitu-

tive parameters are key to design these metamaterials. Acoustic waves are governed

by Newton’s law of motion, continuity and energy equations for adiabatic processes.

The equation which describes the propagation of sound waves in a homogeneous fluid

without sources can be described by the following;

∇2p− ρ

B

δ2p

δt2
= 0 (1.4)

where p is acoustic pressure and the two material parameters are the mass density ρ and

the bulk modulus B. The speed of sound is given by c =
√

B/ρ. In acoustic metama-

terials, the effective parameters can be negative which results in unconventional wave

characteristics. An analogy with electromagnetics described in the previous section

can be made, as their wave equations have the same mathematical form. Electromag-

netic waves are transverse vector waves whereas acoustic waves are scalar longitudinal

waves [36]. The effective parameters in electromagnetics and acoustics can be related

by ϵ → ρ and k−1 → B. Unlike ordinary materials who have positive effective param-

eters, acoustic metamaterials can exhibit negative mass density or bulk modulus or

possess a double negative. The following sections will highlight different capabilities of

acoustic metamaterials by classifying them according to their metabehaviour. Liu et

al. designed the first acoustic metamaterial which incorporates local resonances. It is

made up of a microstructure consisting of a solid core material of relatively high density

and a coating of elastically soft material shown in Figure 1.11 [38]. This metamaterial

was found effective for noise attenuation in the mid-frequency range. A slab of 2 cm

of this material provides a 60 dB sound isolation at 400 Hz. The frequency resonances

12



1.4. ACOUSTIC METAMATERIALS

are provided by the motion of the solid metallic core at 400 Hz and at 1350 Hz by that

of the silicone rubber coating. The value of mass density becomes negative close to the

resonances. In 2006, Fang et al. created an ultrasonic metamaterial based on a chain of

Figure 1.11: (A) Cross section of a coated lead sphere of the unit structure (B)8×8×8
sonic crystal of this unit with a lattice constant much smaller than the wavelength [38].

sub-wavelength Helmholtz resonators which achieves a negative effective bulk modulus

close to the resonant frequencies [39]. Compared to the previous design mentioned, it

does not rely on a change in material but in a geometric change which limits the propa-

gation in the fluid. The change in volume of the cavity shown in Figure 1.12(a) modifies

its resonant frequency. Combining an array of open-sided Helmholtz resonators in a

waveguide produces lower resonant frequencies, and a negative bulk modulus can be

observed. The bulk modulus becomes negative in the region of 35 kHz, the group

velocity which follows the direction of the energy flux is anti-parallel to the direction

of phase propagation. It was demonstrated that depending on the type of spatial sym-

Figure 1.12: (a) Cross section of Helmholtz resonator of cavity 3.14×4×5 mm and
neck 1 mm long and 1 mm diameter (b) waveguide loaded with a series of Helmholtz
resonators connected by a channel (c) calculated effective bulk modulus for the 1-d
array of Helmholtz resonators [39].
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metry of the resonant modes, whether dipolar or monopolar, either the mass density or

bulk modulus will be dispersive [40]. Modes with dipolar symmetry contribute to an

inertial response whereas modes with monopolar symmetry produce a bulk modulus

type response. Li and Chan theoretically illustrated this double negative concept in the

context of Mie resonances of soft rubber spheres [41]. By superimposing the frequency

response of these two modes with differing spatial symmetry, it is possible to obtain

acoustic materials exhibiting dispersive effective parameters which turn negative within

the same frequency range. There are different possible approaches to achieve double

negativity. It can be achieved by using a single resonator with eigenmodes of differing

symmetries which result in a negative mass density and bulk modulus. Or by creating

two resonating structures, each having a different type of spatial symmetry [36]. A

successful experimental characterisation of this double negativity was carried out by

Lee et al. [42] using a combination of structures outlined in Figure 1.13. Frequency

dispersion in the mass density is generated in a waveguide by an array of thin elastic

membranes shown in Figure 1.13 (a). The metamaterial composed of an array of side

holes in a waveguide displayed in Figure 1.13 (b) exhibits a negative effective modu-

lus in a frequency range from 0 to 450 Hz. The superposition of the two dispersive

Figure 1.13: Three connected unit cells (a) Cross section of the thin membrane
structure [43] (b) Cross section of metamaterial with connecting side holes [44] (c)
Composite structure of (a) and (b) resulting in double negativity [42].

frequency ranges results in double negativity between 240 Hz and 450 Hz where the

material is transparent. This type of material leads to potential application for super-
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lenses and acoustic cloaking [42]. Acoustic metamaterials composed of different types

of constitutive parameters of the material parameter space have been presented. Other

potential applications more specifically applicable to aeroacoustics will be presented

in the subsequent sub-sections according to the effect produced in the acoustic field.

Some of these structures may exhibit multiple metabehaviours that show promise in

reducing noise emanating from the aircraft.

1.4.1 Absorption

Absorption refers to the conversion of sound wave energy into a different form. To

achieve optimal absorption performance, the system should be dissipative, this can be

achieved through friction [36] and many porous materials are effective as sound absorb-

ing structures [45]. The coupling between the incident wave energy and the acoustic

absorber is also important to obtain good performance. A gradient index method for

impedance matching may be used to achieve this. An example of such device which

consists of an absorbing layer and a periodic array of solid tubes, with their filling

density varying from the open air facing the external row, to the internal row which

faces the porous absorptive layer is presented in [46]. This material is used to adjust

the impedance of the air to that of the porous absorptive layer, consequently reducing

the reflection. This study highlights the importance of impedance matching to obtain

maximal absorption, in this case between the impedance at the exit of the metamate-

rial layer to the porous layer. However, when it comes to absorption at low-frequency

it is not always effective. Adding a lot of absorptive material for low-frequency noise

is impractical as the thickness could be of the order of several wavelengths. Therefore,

to enhance absorption at low-frequency it is necessary to increase the energy density

inside the material by use of resonances. The perspective of using sub-wavelength

acoustic metamaterials with good absorptive performance is promising. An example of

a decorated membrane resonator designed by Mei et al. [47] shown in Figure 1.14 (a)

composed of an elastic membrane decorated with asymmetric rigid platelets displays

good absorptive performance at frequencies ranging from 100 – 1000 Hz. The working

principle of this high absorption device is created by the flapping motion of the platelets

due to enhanced energy concentration at discontinuities within the perimeter region of

the platelets. By increasing the width of the unit from 30 mm to 160 mm, the perfor-
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mance of this modified membrane in Figure 1.14 (c) reaches close to unity absorption

at frequencies where the relevant wavelength is three orders of magnitude larger than

the membrane thickness. The addition of an orifice to a membrane ring structure was

proposed by Chen et al. [48] in Figure 1.14 (d), this creates an extra transmission loss

peak compared with the one produced from a membrane-ring structure. It is possible

to tailor their frequencies by varying orifice or ring diameter, the sound reduction is

due to the anti-resonance behaviour of the structure. The performance of this meta-

material backed by an air cavity was also assessed. In the case of a ventilated resonator

with a two membrane structure, multiple peaks in transmission loss profiles were ob-

served at low frequency. This type of structure offers noise reduction at low-frequency

and can be used in ducts or ventilated systems. Another acoustic metamaterial design

Figure 1.14: (a) Image of Elastic membrane decorated with asymmetric rigid platelets
which induce a flapping motion. (b) Measured absorption coefficient and the positions
of the numerically predicted absorption peak frequencies (blue arrows). (c) Measured
absorption of modified decorated membrane (160 mm× 15 mm) which shows near-
unity absorption of the low-frequency sound at multiple numerically predicted fre-
quencies [47]. (d) Cutoff drawing of a ventilated composite resonator. (e) TL spectra
of ventilated resonator composed of one membrane-ring-orifice structure and two dif-
ferent membrane-ring-orifice resonators [48].

which makes use of viscous dissipation and resonances to provide low-frequency sound

absorption was put forward by Tang et al. [49]. It is composed of a microperforated

panel, a honeycomb corrugation core which is also perforated and a facesheet on the
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bottom. The design produces a series of different Helmholtz resonators comprised of

narrow perforations and the cavity behind. When the resonant frequency is reached,

the variations in acoustic pressure variations within the cavity causes the air to oscillate

in and out of the perforation, dissipating energy through the viscous boundary layer

at the perforations. The metamaterial provides low-frequency high broadband absorp-

tion as well as good mechanical performance. There is an emphasis within the research

community to continue to develop low-frequency broadband absorptive structures for

aeroacoutic applications,through modified liners [50], resonators in parallel [51, 52] and

combining multiple single-resonant systems [53].

1.4.2 Space coiling and metasurfaces

Space-coiling metamaterials have shown some interesting reflective behaviour. Figure

Figure 1.15: (a) Photograph of 3D printed labyrinthine unit cell designed by Xie et
al. [54] (b) Retrieved refractive index of labyrinthine unit cell from experiment (pink
circles for real part, red asterisks for imaginary part) and from simulation (solid blue
line for real part, dashed blue line for imaginary part) [54] (c) Labyrinthine unit cell
(width ax and height ay), composed of several identical cross arranged plates (width w
and length l) that form a labyrinthine channel of width d. Top and bottom top plates
(thickness t) used to seal the channels in the y direction. [55]. (d) Photo of the eight
labyrinthine units which can provide phase shifts up to 2π with a step of π/4 [55]. (e)
The pressure strips of the reflected waves by the eight units which shows the different
phase shifts corresponding to each unit [56].

1.15 (a) shows a complex labyrinthine unit cell put forward by Xie et al. [54], its
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channels are deep subwavelength in their cross-sections. The resonating nature of this

metamaterial results from the space folding inside the unit cell rather than from local

resonances. The structure forces the wave to travel inside the folded channels that is

achieved through the tortuosity within the design, the path length of the wave to be

multiplied. The negative refractive index obtained has a much broader frequency range

(1000 Hz) shown in Figure 1.15 (b) due to its resonating nature. It is possible to tune

the dispersive characteristics of the metamaterial by adjusting the channel length in

the unit cell. This metamaterial constrains the acoustic wave to propagate within the

channels, these are much longer than their external dimension. The coiled-up channel

leads to a large phase delay. A space-coiled, pie-wedge shaped cylindrical metamaterial

was designed by Cheng et al. [57]. The serpentine air channel gives the unit cell a high

effective index, exhibiting multiple Mie resonances either with negative mass density or

bulk modulus. Its single-negative nature is used to obtain large scattering cross-section

with high reflectance for low-frequency sound [36, 57]. A metamaterial which possesses

a thickness, 1/10th of its operating wavelength is defined as a metasurface [37]. In

aeroacoustic applications, the working space is quite limited for noise treatment so

there is an incentive to develop such thin structures. A metasurface constructed of

a unit composed of cross arranged plates to form a labyrinthine channel, sealed by a

top and bottom plate with a hard backing is show in Figure 1.15(c). This structure

proposed by Li et al. [56], introduces a phase shift to the reflected field after the

incident wave navigates through the coiled channel. The phase of the reflected field

can be controlled by selecting the geometrical dimensions of the unit. Up to 2π is

provided across the layer. Eight units of the corrugated plate configuration shown

in Figure 1.15 (d) were used to provide discreet phase shifts in steps of π/4. The

reflected waves by these eight units can be seen in Figure 1.15 (e). This design was

verified experimentally, where the same interesting characteristics could be observed

such as scattering of waves with unusual reflection and refraction angles [55]. However,

there can be some impedance mismatch to the incident wave with these space coiling

structures [58].
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1.4.3 Cloaking

Theoretical demonstration by Pendry et al. [59] have shown that electromagnetic waves

can be concealed by cloaking the object with a metamaterial, it deflects the waves that

would have struck it and redirects them around the object so that they return to

their original trajectory. The example of a cloaked sphere was used, the rays are bent

around the sphere, rapid changes in the effective parameters are sensed by the waves.

The medium is compressed anisotropically [36]. The distortion of the field is repre-

sented as a coordinate transformation, that is used to generate values of permittivity

and permeability which ensures that Maxwell’s equations are satisfied [59]. Cummer

and Schurig showed that there is an exact equivalence between the acoustic equations

in two dimensional geometry and the Maxwell equations for anisotropic materials [60].

The same cloaking shell as in [59] is used, which results in an acoustic cloak with the

following characteristics: inhomogeneous bulk modulus and an anisotropic and inho-

mogeneous mass density. The type of cloaking discovered by Pendry is referred to as

inertial cloaking, the material exhibits anisotropic density and gives rise to a very large

device [61]. Acoustic anisotropy is not observed in natural materials, a tensorial mass

density is required, meaning that the force per unit volume is not necessarily aligned

with the particle acceleration. Anisotropy can be dispersed between mass density and

bulk modulus. Norris showed that perfect cloaking can be obtained with finite mass

by using anisotropic stiffness. This class of material is referred to as a pentamode ma-

terial [62]. A pentamode metamaterial has a solid structure but essentially behaves as

a fluid, where five of the six modes are soft and one is stiff. They have advantages over

inertial cloaking materials, cylindrical or spherical cloaks with isotropic density can be

obtained where the total cloak mass is the original mass of the virtual region [61]. Suc-

cessful manufacture is a challenge, lattices need to have thin members which are flexible

in bending and stiff in compression. A successful structure engineered by Bückmann

et al. [63] based on pentamode metamaterials is shown in Figure 1.16.
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Figure 1.16: Rigid hollow cylinder and cloaking shell, Black scale bar, 200 mm [63].

1.5 Adaptability of of acoustic metamaterials

Although the metamaterials presented above have exciting capabilities, once the struc-

ture concept is designed it will be characterised by its passive performance. The

possibility of tuning a device to broaden its range of application, without the need

to fabricate new samples for different target applications is of major interest. The

ability to reconfigure metamaterials is an exciting prospect, and the use of nonlinear

processes, piezoelectric elements and powered devices have been exploited to obtain re-

configurable acoustic metamaterials [36]. Furthermore the inherent presence of losses

impacts on the efficiency of passive metamaterials. In the case of sound propagation

in metamaterials with resonant inclusions, the energy is ultimately dissipated through

viscous action. The effective fluid properties then limits the range of applications of

such metamaterials. An example of an external control active metamaterial presented

in [64] uses a pneumatic actuation system to vary the pressure behind the pistons inside

each cell, thus changing the cavity depth of the Helmholtz type resonator. The change

in pressure shifts the acoustic band gap. By tuning different cells with different pres-

sures, it would be possible to obtain an attenuation over a broader range of frequencies.

1.6 Overview of manufacturing technologies

While a wide range of sound absorbing structures can be manufactured using traditional

manufacturing methods such as milling, drilling and fabrication of sheet components.

Traditional manufacturing processes cannot provide automated solutions to manufac-
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ture nanoscale and macroscale features in a unit cell or the alignment of these cells in

3D across large volumes [65]. As mentioned in Section 1.5, additive manufacturing has

enabled to design some metamerials that could not be achieved using traditional meth-

ods. Currently, 3D printing is a method for producing acoustic metamaterials which

is receiving considerable attention. Not withstanding, 3D printing may generally not

be sustainable for mass production particularly from a time-consumption viewpoint.

Figure 1.17: Design process for additive manufacturing of acoustic metamaterials [66].

Figure 1.17 demonstrates the design cycle of a 3D printed acoustic metamaterial.

From its conceptualisation through computer-aided design, the component is initially

modelled as a mesh file composed of triangular elements. This allows an interpretive

printing software to perform the slicing and produce a ”G-code” containing the 3D

printer pathway. In this orientation and supports that are needed for the print must

also be modelled. The nature of the layer by layer process and the resolution of each

layer step creates a staircase phenomenon, which can affect the quality of the produced

part. Consideration of the minimum feature size is critical. To minimise the staircase

effect it is important to use a printer which exhibits a layer thickness of a much smaller
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scale than the desired feature size [67]. Figure 1.18 highlights some of the effects

Figure 1.18: Effects which affect the fidelity of the print [68].

that can be encountered in this process including coarser elements during the CAD

conversion, a layer thickness decomposition error, the staircase effect, and a model infill

error. Ultimately an STL file is an approximation of the designed part as the discreet

nature of the mesh causes issues in approximating curved surfaces. Thus, deviations in

the final part should be expected. The quality of the STL file produced can generally

be improved by discretizing the object with a higher number of elements [69]. Following

the manufacturing, some cleaning including removal of supports and post-processing

of the part are required depending on the print technology used. A range of additive

manufacturing processes used in this work are briefly described below. Each technology

provides different capabilities in terms of materials, resolution and build volumes.

1.6.1 Fused Deposition Modelling (FDM)

Most low-cost 3D printers are filament based, in this process a thin thermoplastic fila-

ment is extruded. The nozzle extrudes the molten plastic and the material is deposited

on the build plate or on the preceding layer of material, following the layer pattern
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determined by the slicing software. The build plate is cooled by fans to allow for the de-

posited layers to solidify. With this type of technology the nozzle extrudes the material

in a thickness typically of 0.25 mm [70], therefore the resolution could be insufficient for

small feature sizes which are characteristic of metamaterials. Although the resolution

remains one of this technology’s main disadvantage, it is the least expensive and no

chemical post-processing is required [70]. The manufacturing is governed by the infill

factor and the diameter nozzle, the density of the filament pattern will influence the

mechanical properties of the produced part. Small filaments can also subside outside

the 3D printed volume which may impact the acoustic performance.

1.6.2 Stereolithography (SLA) and Direct Light Processing
(DLP)

In both SLA and DLP, a build platform is lowered into a resin reservoir. However the

curing mechanism differs. With SLA, a UV laser traces over the cross-section predefined

by the slicing software. Photopolymerisation occurs, transforming the liquid monomer

into a solid polymer. The solidified material matches the cross-section of the part at

that layer. The build platform is raised from the resin reservoir and the resin is stirred

to give a new even spread of resin. The process is repeated until the part is finished.

DLP is Similar to SLA, a build platform is lowered into a resin reservoir. However, a

UV flash bulb is used to light up a LCD screen which uses pixels to create a map of the

cross section for the layers [71]. A DLP printer produces smooth flat surfaces, but on

curved surfaces it will produce a staircase effect. The light source used in DLP remains

fixed therefore it will cure the entire layer which increases the speed of production of

the part.

1.6.3 Selective laser melting (SLM)

Selective laser melting is a powder bed fusion process where the metallic powdered

material is fully melted using a laser or an electron beam. Comparable to the other

additive technologies, it applies a layer by layer approach whereby an electron beam

or laser spot rapidly heats the pre-determined cross-section obtained from the slicing

software to the material’s melting temperature. The powder melts to form a melt pool

which solidifies and cools down rapidly. Once the layer is solidified, the platform is

lowered by the slicing distance and a new layer of powder is deposited. This process is
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repeated until the part is completed [71]. A significant number of process parameters

which occur at different stages of the building process can have an impact on the

produced part such as the laser beam size, laser power, laser scan speed, and powder

layer thickness [72].

1.6.4 Observed differences between additive techniques

For a particular structure there are varying differences between some additive manu-

facturing technologies. Microscopy images of a structure using different additive tech-

nologies discussed previously are presented in Figure 1.19 with information on the

dimensional accuracy of holes. The FDM sample in Figure 1.19 exhibits some fila-

ments across the cylindrical opening which are elliptical shaped instead of circular.

This also represents the most economical technology, the printer used for Figure 1.19

(a) is a FDM Ultimaker which costs approximately € 3000. The other three technolo-

gies show a higher fidelity of the cylindrical shaped opening. DLP technology relies

on pixel controlled granularity which causes a layer step effect. This is visible in the

DLP sample in [53]. This effect increases the surface roughness of the part. Each

technology presents its own characteristic defects. However there are disadvantages to

printing periodic metamaterials. Depending on the technology chosen, there can be

internal residual material which may be difficult to remove. With a SLA print, the

resin can become entrapped within the channels even though cleaning is performed

post-curing as SLA and DLP use photopolymers. The SLA printer used to manu-

facture the sample in Figure 1.19 (c) is a mid range desktop machine, the Formlabs

Form 2 printer costs € 5000 by comparison. The deeper the material and length of the

channels the more difficult it can be to remove the resin [53]. The DLP prints have

similar constraints however, the viscosity of the resin used is a lot lower and therefore

it is easier to remove it. Inspection on manufactured samples allow to see whether

the print failed. This can be the result of blocked channels, warping, disconnections

or damage, the extent of these will determine how to manufacture the replacing print.

The resolution of the feature size of SLA and SLM technologies is dependent on the

laser spot size and its path. These technologies possess smoother printed parts. The

SLM printer used to manufacture the sample in Figure 1.19 (d) is the 3D Systems

Prox DMP 200 which costs approximately € 450 000. This achieves the smoothest
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Figure 1.19: Microscopy images using a Leica S6E under 56x magnification of differ-
ent printing processes; (a) FDM,(b) DLP, (c) SLA and (d) SLM used [53].

print with the highest resolution and closest to the ideal structure [53]. A review by

Dowling et al. [72] on repeatability issues in powder bed fusion describes how porosity

and an uneven microstructure develops during interactions between the laser and the

melt pool. During the print set-up, numerous parameters will inevitably affect the

final obtained microstructure. Some post-processing can be realised to improve the

mechanical properties of the produced part. A study which notifies the occurrence of

porosity by a visual camera has been realised [73]. However, controlling the occurrence

of surface defects by continued parametrisation during the process could greatly aid in

developing printed metamaterials of high fidelity.

1.7 Conclusions and discussion

When designing acoustic metamaterials, whether fixed or active, the fabrication pro-

cess used will influence the desired acoustic performance. The availability of additive

manufacturing processes has enabled the realisation of complex structures, that would

not have been previously conceived. The democratisation of this field has also allowed

the wider research community to design structures with affordable printers. The unit
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cell structure, which relies on its geometric configuration to obtain its metabehaviour,

can give rise to significant complexity and to accommodate this complexity for manu-

facturing a physical system, a suitable additive printing process is frequently required.

Even with these processes, it can be challenging to realise the desired part due to issues

inherent to the manufacturing such as micro-porosity, layer depth and nozzle resolu-

tion. These can lead to some discrepancy between the designed and produced part

without reasonable quality checks. The numerous types of 3D printing technologies

such as FDM, SLA, SLM all possess different resolution, and within these technologies

the prints are greatly affected by the quality of the printer itself as its characteristics

are also cost-dependent. The aerospace industry is assessing the potential use of acous-

tic metamaterials as noise mitigation components and through the range of potential

materials offered by additive manufacturing, it may be possible to obtain lighter and

durable components which are critical in that sector. While additive manufacturing

has streamlined the manufacturing process, there is a larger dimensional tolerance to

account for, compared with traditional methods. Even though there are current limita-

tions with the fidelity of produced parts via additive manufacturing, as the technology

becomes more widely available it is a relatively inexpensive tool available to develop

acoustic metamaterials. The issues which arise during the printing process can be diffi-

cult to incorporate when predicting the acoustic performance of a structure. However,

some surface defects such as roughness can also be advantageous to the acoustic perfor-

mance of the structure by for example modifying viscous and thermal boundary effects.

In conclusion, acoustic metamaterials are promising sound mitigation structures which

show potential in the aeronautics field. Most of the studies realised have been under

no flow conditions, which makes it difficult to assess their performance in actual en-

vironmental conditions. Observing their behaviour in such conditions it is important

to validate this technology. Furthermore, the complexities associated with fabrication

continues to be addressed. Designing structures which show low-frequency broadband

noise attenuation which can be manufactured using more traditional methods is an

important option to pursue in parallel.
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1.8 Research objectives

The thesis focused on the development of efficient modelling tools to design absorptive

sub-wavelength acoustic structures. It also provided a reflection on the role additive

manufacturing can play in printing these components and the problematic of predicting

their behaviour. This led the way to reassessing more conventional layouts and how

best to exploit them. The primary aim of this study is related to developing an efficient

design tool to predict losses induced by energy dissipation in sub-wavelength acoustic

structures for noise mitigation purposes.

In order to achieve this, a number of objectives are established:

• Propose a validation of acoustic performance of manufactured samples using dif-

ferent additive printing technologies

• Develop viable macro models of built-up structures based on detailed models of

the unit cell

• Propose efficient modelling techniques for microacoustics through reduced-order

models which account for visco-thermal losses.

• Sensitivity analysis through parametric studies in order to achieve a low broad-

band frequency sub-wavelength multilayered plate structure.

1.9 Thesis Outline

In this Chapter, motivation for the project and research objectives were provided. A

literature review of noise mitigating structures for aeronautical applications was also

provided to contextualise the research. From the extensive literature provided, it be-

came clear that while additive manufacturing presented an opportunity to manufacture

acoustic metamaterials, it is also important to be able to predict the behaviour of the

printed structure.

In Chapter 2, acoustic propagation models are presented. Modelling strategies

adopted for 3D printed acoustic metamaterials are also exposed, it became evident

that some defects inherent to the printing technology employed would impact on the

acoustic behaviour of the designed structure. Means to account for these must be

adressed.
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In Chapter 3, the sound absorptive performance of a metaliner is investigated. This

structure made use of a staggered pathway to enhance energy dissipation with most

of the losses occurring in slits between the plates. The system presented multiple high

absorptive peaks and deep sub wavelength behaviour achieved through tortuosity in

the design. The acoustic performance of a single layer was obtained numerically and

experimentally validated from a printed sample. Due to the repeatability of the single

layer, the transfer matrix method was used to efficiently obtain the acoustic perfor-

mance of a built-up structure of 5 multi-layered units.

In Chapter 4, a parametric design study of the metaliner configuration examined in

Chapter 3 is presented in view of optimsing the design. Reduced order modelling was

implemented to account for the losses in the system and compared with compressible

linearised Navier Stokes formulation for validation. This allowed the development of

an efficient design process which predicted the acoustic performance of ultilayerd plate

configurations. The parametric design study paved the way to develop novel liner con-

figurations which showed high absorption at a low broadband frequency range.

An additional discussion of the study carried out is available in Chapter 5 and

concluding remarks are made in Chapter 6.
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Chapter 2

Numerical prediction of printed
acoustic metamaterials using
viscothermal acoustics
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2.1. INTRODUCTION

2.1 Introduction

In this chapter, the physics governing all fluid motion of ideal fluids with small pertur-

bations are explored. The full viscothermal acoustic formulation is described for which

the Navier Stokes equations are linearised for small acoustic perturbations. Simplifica-

tions in the case of isentropic acoustics are also stated. In the case of lossy acoustics

some loss approximations can be made and included in the Helmholtz equation via a

complex wave number.

The following section also presents a design for an acoustic metamaterial composed

of a connected network of resonant structures. The design is periodic, composed of

cubes with internal spherical cavities connected by cylindrical openings on each face

of the cube. The design presented in this chapter, was developed as part of the AERI-

ALIST project no: 723367 EU H2020-EU.3.4. Societal Challenges Smart, Green And

Integrated Transport. A benchmark unit cell structure is presented which has been

replicated and tested by many laboratories part of the COST Action DENORMS (CA

15125) [74], whose goal is to provide a framework for efficient information exchange

and channelling the work of groups involved in designing multi-functional, light and

compact noise reducing treatments. Achieving structurally complex acoustic absorbers

at a microscopic scale is possible in part due to the progress of additive manufacturing

technologies. This design concept was first proposed by Dr. Tomasz G. Zieliński from

the Institute of Fundamental Technological Research of the Polish Academy of Sciences.

This design was proposed due to its potential acoustic performance and suitability to

both additive manufacturing and numerical modelling. The chapter will report on the

modelling strategy employed to characterise the absorptive performance of this cellular

structure. And also provide experimental validation of samples obtained via different

additive manufacturing technologies.

2.2 Viscothermal acoustics

Viscothermal acoustics describes the most general and complete form of acoustic prop-

agation which can make it complex to solve. Viscothermal acoustics theory is used for

acoustic propagation in small devices where the geometries are of the same scale or

smaller than the viscothermal boundary layers. In some cases when the geometry per-
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mits, a lossless version of the governing equations can be solved presented in 2.3.2 which

provides an acoustic solution for the bulk region. In general viscothermal simulations

are > 5 times heavier than isentropic acoustic simulations. Many lossy semi-analytical

models can be found in the literature which are an alternative to direct implementa-

tion [75]. In a viscothermal acoustic solution, distinctions are made between the bulk

and boundary layer regions as shown in Figure 2.1. Acoustic propagation in metamate-

Figure 2.1: Bulk and boundary layer regions in viscothermal solution [76].

rials need to include associated entropic and vortical fields to accurately represent the

acoustic behaviour [77]. In small channels the bulk may totally vanish. Also in very

large domains, the boundary layer effects can be very small compared to the bulk and

that region may be neglected. When waves propagate in narrow slits and tubes the

thermal and viscous effects can be large and cannot be neglected. These effects become

more significant near no-slip isothermal wall conditions due to the viscous shear and

heat conduction that contribute to dampen the acoustic wave. This contributes to the

development of the viscous and thermal boundary layers. These cause high perpendic-

ular gradients x⊥ in the shear velocity and temperature. Section 2.3.5 provides more

extensive detail on these boundary layer effects and how they are quantified. They are

necessary to accurately model energy dissipation within the system, numerical solu-

tions are used as the geometry is often complex and there are more degrees of freedom

to solve for than in isentropic acoustics. The method presented in this thesis uses the

complete formulation from COMSOL’s FEM implementation for acoustics in thermo-

viscous fluids [78]. However, this method is computationally expensive to solve for. As

detailed in 2.3 it contains five degrees of freedom in 3 dimensional models ux, uy, uz, T

and p. In such models, the discretization of complex fields are quadratic with the

exception of p that is linear. As this formulation is complex to solve for, there is a
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strong interest in developing viable reduced order models which includes these losses

to accurately predict the acoustic behaviour of metamaterials.

2.3 Governing equations

The study of acoustic propagation in tubes dates back to the late nineteenth century.

Helmholtz [79] analysed the induced viscosity effects and estimated absorption arising

from them. Kundt experimentally tested this theory and found a higher absorption

which he presumed to be from thermal effects [80]. The theory for viscothermal acous-

tics derived from fluid dynamics was first described by Kirchhoff in 1868 [81]. An exact

solution to the equations of motion is not possible in general as the problem is non-

linear. In general, acoustics is a first order approximation where non-linear effects are

neglected [82]. Thus linear acoustics is characterised by small pressure perturbations.

Acoustic studies primarily examine stationary sound fields, therefore time harmonic

form can be used and equations carried out in the frequency domain. This is also more

efficient as the sound field is resolved per frequency instead of a large time series. The

Navier Stokes equation govern fluid motion under the continuum assumption, which

signifies that it can be defined that a fluid particle is large compared to molecular

scales but small in comparison with other length scales [82]. In summary the motion of

a viscous compressible Newtonian fluid can be described by the conservation of mass,

momentum and the energy equation, respectively.

dρ

dt
+ ∇ · (ρu) = 0 (2.1)

ρ
du

dt
+ ρ(u · ∇)u = ∇ · σ + F (2.2)

ρCpT
dT

dt
− α0T

dp

dt
= −∇ · q + ϕ + Q (2.3)

where p, u, T and ρ denote the dependent variables, pressure, velocity field, tem-

perature and density. And F and Q are force and heat source and ϕ is the viscous

dissipation function.. For a compressible Newtonian fluid, the Cauchy stress tensor

σ, can be expressed as a function of the velocity field. Stokes made the following

observations for Newtonian fluids [83, 84].
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• The stress tensor is a linear function of the strain rate tensor.

• The fluid is isotropic.

• τ should vanish if the flow there is no deformation of the fluid elements [85].

The Cauchy stress tensor is given by

σ = −pI + τ = −pI + µ(∇u + ∇uT ) − (
2µ

3
− µb)(∇ · u)I (2.4)

where I is the 3 x 3 identity matrix and τ the viscous stress tensor and µ and µb the

dynamic and bulk viscosity of the fluid. Following Stokes’s hypothesis, the dynamic

viscosity for a Newtonian fluid µb is neglected and set to zero due to its small contribu-

tion to the total dissipation. A comprehensive discussion of Stoke’s hypothesis related

to the bulk viscosity is provided in [86]. Assuming the fluid is Newtonian and the heat

flux q, is proportional to the temperature gradient, this leads to Fourier’s law;

q = −κ∇T (2.5)

where κ is the thermal conductivity, which is constant under linear acoustic assump-

tions. We can relate any of the thermodynamic state properties as a function of two

other state properties.

ρ = ρ(p, T ) (2.6)

The viscous dissipation function is defined as ϕ = τ(u) : ∇u. If the mean velocity is

zero, this term vanishes under linear acoustic assumptions [87]. The viscous losses are

not contributing to added heat flow at the boundary or increase internal energy in the

system. The viscosity component in that case is only included through the Cauchy

stress tensor in Equation 2.2. The viscous effects damp out propagating waves but are

not included in the energy balance [88]. The heat capacity at constant pressure Cp and

the coefficient of thermal expansion α0 are both functions of pressure and temperature.

2.3.1 The Linearised Navier Stokes equations

It is possible to obtain a linearised version of the governing equations 2.1 to 2.3 around

a steady state solution. Assuming for small perturbations where p′ << P0, a solu-

tion can be written as the sum of time-independent mean flow and a time-dependent

perturbation. These can also be re-written assuming small time harmonic oscillations.
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p = p0(x) + p′(t, x) = p0(x) + Re{p′(x)eȷωt}

u = u0(x) + u′(t, x) = u0(x) + Re{u′(x)eȷωt}

T = T0 + T ′(t, x) = T0(x) + Re{T ′(x)eȷωt}

ρ = ρ0(x) + ρ′(t, x) = ρ0(x) + Re{ρ′(x)eȷωt}

(2.7)

Inserting these perturbations for dependent variables with zero mean flow u0 ≈ 0 to

the governing equations, and keeping only first order terms the linearised Navier Stokes

are obtained. In the ideal gas case, the following relationships can be derived from the

state equation p = ρRT , where R is the universal gas constant and βT the isothermal

compressibility.

βT =
1

p0
α0 =

1

T0

(2.8)

ρ = ρ0

(
p

p0
− T

T0

)
= ρ0 (βTp− α0T ) (2.9)

The time harmonic form +eȷωt represented by the convention ȷω of the continuity,

momentum and energy equation are presented for viscothermal acoustics in the case

of an ideal gas free from any external forces or heat source in Equations 2.10 to 2.12.

ȷωρ + ρ0(∇ · u) = ȷω

(
p

p0
− T

T0

)
+ ∇ · u = 0 (2.10)

ȷωρ0u = ∇ ·
[
−pI + µ(∇u + ∇uT ) − (

2µ

3
− µb)(∇ · u)I

]
+ F (2.11)

ȷω(ρ0CpT − T0α0p) = −∇. (−κ∇T ) + Q (2.12)

It is necessary to use a viscothermal acoustic formulation in small acoustic devices

where viscous and heat dissipative effects are large. In this thesis, a finite element

implementation of the viscothermal acoustic formulation was used using COMSOL [78].

It is preferred to other methods, as the integral form can deal with discontinuities

and overall more complex geometries. With this type of formulation it is important

to properly resolve the acoustic boundary layers where viscous dissipation and heat
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conduction are important. The dual requirement of boundary layer resolution and

multi-degree of freedom resolutions render the method computationally expensive.

2.3.2 Helmholtz equation

If the system is lossless where µ = κ = 0, the thermodynamic process in the system

is assumed adiabatic and the acoustic field inviscid, the thermal conductivity and

the temperature can be eliminated. Then the following constitutive equations for an

isentropic gas which relates density and pressure to temperature can be used [89].

ρ =
p

c20
T =

p

ρ0Cp

(2.13)

The speed of sound where γ = Cp

Cv
is given by;

c2 = γ
p0
ρ0

(2.14)

Visco-thermal effects are neglected which leaves momentum and compressional effects

to be included. The speed of sound in this scenario is satisfied by c2 = p
ρ0

. Therefore

assuming no external sources, Equations 2.10 to 2.12 can be reduced to the continuity

and Navier-Stokes for lossless acoustics.

ȷωp + c2ρ0∇ · u = 0 (2.15)

ȷωρ0u = −∇p (2.16)

Substituting the divergence of the momentum into the continuity equation yields to;

∇2p + k2
0p = 0 (2.17)

where the isentropic wavenumber is k0 = ω/c [90]. In most practical situations an exact

analytical solution to Equation 2.17 does not exist. Solving the equation requires a

numerical solution.

2.3.3 Finite element methodology

The partial differential equations are solved using a numerical method to obtain an

approximate solution. The set of Equations 2.10 to 2.12 which describe the motion of

a fluid particle under the continuum assumption can be adapted for a finite element
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formulation. This method deals with discontinuities effectively and is adaptable to a

multiphysics approach. The numerical studies carried out in this thesis use Comsol’s

FEM platform [78]. The finite element method provided by COMSOL uses a mixed

formulation. The weak form of the viscothermal acoustic equations is obtained by using

a Galerkin approach where Equations 2.10 to 2.12 are multiplied by corresponding

test functions. These are integrated over the model’s domain and Green’s formula is

applied to eliminate second order derivatives. The implementation of the governing

equations in a mixed weak formulation used in COMSOL’s FEM has been described

by Kampinga [89, 91] and Nijhof [88]. The system matrix is presented by Rice [92] in

matrix form where the global node a stores the five degrees of freedom u, p and T.

[K + ȷωM] a = F (2.18)

The loading vector F models boundary pressure, material injection and heat flux. K

and M are constructed following the mixed formulations in [93]. In the case of isentropic

acoustics, wave propagation is described by the Helmholtz equation and solutions for

these acoustic wave problems can also be solved numerically. As with the governing

equations which describe viscothermal acoustics, the same approach is used to apply

FEM formulation to the Helmholtz equation. A test function ϕt is applied to the

Helmholtz equation and integrated over the domain Ω of boundary Γ which leads to

the following expression.

∫
Ω

ϕt[∆p + k2p]dΩ = 0 (2.19)

Applying Green’s first identity to the Laplace operator converts it to a domain and

boundary integral which yields to the weak form of Equation 2.17.

−
∫
Ω

∇ϕt · ∇pdΩ +

∫
Γ

ϕt(∇p · n)dΓ +

∫
Ω

k2ϕtpdΩ = 0 (2.20)

The pressure can be approximated by the following relationship p ≈ Np where N is

the shape function of the matrix. In a Galerkin approach the test and shape functions

are equivalent [94]. The FEM description to evaluate acoustic wave propagation is

presented, composed respectively from left to right, of the acoustic stiffness, natural

boundary conditions and mass matrices.
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−
∫
Ω

∇NT · ∇NdΩp +

∫
Γ

(∇Np · n)dΓ +

∫
Ω

k2NTNdΩp = 0 (2.21)

2.3.4 Discretisation

In order to obtain a numerical solution to the acoustic problem it is necessary to

resolve the wavelength which depends on the frequency and sonic speed of the fluid. To

resolve the wave, the elements of the mesh need to be smaller than the wavelength. The

minimum number of degrees of freedom necessary per wavelength depends on the order

of the elements used. Mesh elements are comprised of nodes. For a linear mesh element,

the nodes are located at the vertices. A minimum number of degrees of freedom (DOF)

per wavelength is required to compute the propagating wave. COMSOL considers 12

DOF per wavelength as an acceptable lower limit [78] for quadratic elements. As this

value is cubed for 3D models by the volume of the structure it can lead to very large

acoustic models and become computationally expensive. Attention needs to be taken

for narrow regions, geometric details and gradients.

The weak form of the governing equations are discretised using FEM shape functions to

interpolate the DOF. The element order and type used for the models discussed in this

thesis are quadratic Lagrange shape functions for the velocity field and temperature.

In air, the thermal and viscous boundary layers are of the same order of magnitude

and the same element order is taken. To ensure numerical stability, the discretisation

for pressure is set to an element order less than for the velocity field [95]. There is no

evidence that the independent discretisation of the temperature is important for the

stability, but it is convenient to have the same order as the velocity [91]. To resolve the

wavelength the maximum element size allowed is set to λ/6, as there needs to be at

least 6 elements per wavelength for quadratic Lagrange and 12 elements per wavelength

for linear Lagrange.

2.3.5 Viscothermal boundary-layer effects

The viscothermal effects in small devices are important to correctly capture the acoustic

behaviour. The viscous effect is the result of the viscosity in the fluid resisting the

velocity gradient. Near a wall boundary a no slip wall condition is applicable, the

velocity field u = 0 is assumed to be null. In this region there are high viscous
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forces and a large velocity gradient as the velocity field grows within the boundary

layer to be fully developed at the bulk of the fluid [96]. Heat conduction in the fluid

contributes to the thermal boundary layer development. The heat conductivity of air

is proportional to the temperature gradient. An isothermal condition is assumed at the

boundary with high thermal conductivity. This results in a temperature gradient which

grows to the bulk region with a corresponding loss [97]. Both these effects contribute

to damping the acoustic wave and a fine mesh is required in the acoustic boundary

layer to sufficiently capture these losses. However, the pressure and normal velocity

fields remain smooth within the boundary layer. Kirchhoff [81] and Rayleigh [98]

investigated sound propagation through infinitely long narrow tubes. It was determined

that boundary layer effects on the tube’s walls emerging from the air’s thermal and

viscous properties should be included in the solution. As sound propagates through a

fluid cavity bounded by rigid walls, a no-slip boundary condition applies at the wall,

where the tangential velocity particle at the wall is zero. The viscous boundary layer

which exists has a characteristic thickness δvisc.

δvisc =

√
2µ

ωρ0
(2.22)

The thermal boundary layer is the resultant of heat exchanges between the fluid and

the walls which has for characteristic thickness δtherm.

δtherm =

√
2κ

ωρ0CP

(2.23)

In air, the Prandtl number is the ratio of these lengths Pr = δ2visc/δ
2
therm and is

∼ 0.7 [99]. Gradients in this region are large so are the losses. Careful meshing

consideration should be applied to correctly model the behaviour of the system. Pa-

rameters based on the acoustic boundary layer thickness are used to create and control

the mesh to ensure the losses are included. When computing for a large frequency

range an appropriate meshing strategy for the boundary layer should be devised as the

thickness gets significantly smaller with increasing frequency.

2.3.6 Approximation for energy dissipation

As the computation time for viscothermal acoustics is significantly longer and a high

mesh refinement is needed to resolve the acoustic boundary layers. Lossy Helmholtz

38



2.3. GOVERNING EQUATIONS

models have been developed which expedites the computation time, these models sim-

ulate the viscothermal losses that exists in narrow sections. There are geometrical lim-

itations to these models. Kirchhoff [81] produced analytical approximations for sound

propagation in wide tubes. Zwikker and Kosten [100] derived a solution which nearly

covers all approximations and only depends on the shear wave number [101]. The Low

Reduced Frequency (LRF) model provides a solution for propagation of acoustic waves

including thermal and viscous losses in small waveguides, many geometry dependent

analytical solutions are provided including slits and ducts. The thermal and viscous

losses in the boundary layers are thus distributed over the fluid domain. One such ap-

proximation is the wide duct approximation which is presented in Equation 2.39, this

model is applicable if the hydraulic diameter is much larger than the boundary layer

thickness. The losses arising from the acoustic boundary layer are included through

an effective wall shear force [87]. The approximations for a wide range of geometries

can be used within COMSOL based on the low reduced frequency model as long as

the cross section of the duct is much smaller than the acoustic wavelength [78]. This

approach includes the losses through a complex wave number which is reintroduced

into the Helmholtz equation.

∆p + k2
eqp = 0 (2.24)

Where the value of the LRF complex lossy wave number keq depends on the type

of approximation used for the duct in the model. The LRF model is computationally

efficient as pressure is the only field variable, the mesh only needs to capture the

acoustic behaviour [96] and does not require as much refinement. Some equivalent fluid

models can also be used to capture losses in porous materials. These are based on the

frequency dependent fluid density ρ(ω) and bulk modulus K(ω) of the porous material

which are assumed to be related to the static flow resistivity. The values of ρ(ω) and

K(ω) are complex frequency and pore dependent. Analytic expressions exist for simple

pore shapes. The propagation of sound waves which includes viscothermal losses can be

obtained by the following relationship which is comparable to the Helmholtz equation.

∆p + ω2 ρ(ω)

K(ω)
p = 0 (2.25)
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Many propagation models have been developed since Kirchhoff, some are empirical

with measurement data based on experiments of fibrous materials but their usage is

quite restrictive [102, 103]. Analytical models are usually used for simple predefined

geometries where cross-sections do not vary. It will be presented at a later stage

that the results obtained through these models are a good design tool, even for small

varying cross-sections, as it lowers the computation time required. More complex

equivalent fluid models can be used for varying cross-sections such as the Johnson-

Champoux-Allard-Lafarge model [104], an example of which is given in Appendix B.3

for a configuration developed in Chapter 4.

2.3.7 Incorporation of surface roughness in modelling

Some 3D printed structures will exhibit significant anisotropy depending on the type

of additive manufacturing selected. The use of 3D printing technologies enables the

manufacture of some complex periodic cellular structures which could not have been

achieved with traditional methods. However, there is a gap in predicting the change

in absorptive properties of these structures depending on what print technology and

material is used as most modelling is carried out on an ideal representative unit. Pre-

dicting the roughness of these structures and incorporating into modelling is possible

by handling certain parameters such as viscosity and flow resistivity. Flow resistivity

σ is defined as the pressure difference ∆p across a sheet over the volume velocity per

unit area u′ and sheet thickness t [105].

σ = ∆p/u′t = (δp/δx)/u′ (2.26)

The pressure gradient along a uniform tube of radius r carrying Steady Poiseuille’s

flow is

u =
∆pr2

8µl
(2.27)

This reduces to

σ =
8µ

r2
(2.28)

Where r = 2V
A

.

The defects in printed components are difficult to account for. These defects are

not homogeneous across the structure, as such they cannot be directly quantified. To
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estimate the influence of the printing process, it is necessary to compare the acoustic

behaviour between estimated numerical ideal behaviour and experimental characteri-

sation of structures obtained via different printing technologies. A fitting procedure

can be applied to results obtained by controlling the hydraulic radius and reducing its

nominal value. This will increase the viscosity in the system which is usually true for

3D printed samples.

2.4 Acoustic metamaterial modelling

Additive manufacturing presents a unique opportunity to manufacture complex acous-

tic metamaterials. The benchmark design proposed by members of the COST Action

DENORMS (CA 15125) was studied. The repeatability of the unit structure led to the

development of versatile macro structures and the design variations aimed to provide

an enhanced absorptive performance at lower frequencies. These simulations used the

FEM formulation of the governing equations detailed in Section 2.3. By applying the

appropriate boundary conditions, material properties and using proper discretisation

full numerical solutions could be obtained with high performance computing. The equa-

tions governing the system were applied to individual mesh elements that combined

to give a global numerical result. The simulations carried out primarily used the ther-

moviscous module from COMSOL to model the energy dissipation within the cellular

structure. Throughout this study, experimental results were compared with numerical

simulations and there was a particular focus in this section to examine the deviation

observed due to the technology employed for manufacture. Also, close correlation be-

tween numerical simulations and experiments ensured that the essential physics were

properly resolved. Furthermore, once the model was validated it was used to predict

the acoustic behaviour of built-up structures that could not be manufactured with

the available printers in the laboratory due to the limitations on build volume. The

technologies reported in [53] were presented in Section 1.6 and experimental testing of

those samples under normal incidence were compared with numerical results based on

an idealised unit cell. The following section reports on the modelling strategy employed

for an acoustic metamaterial, results of their absorptive performance are also available

in [53]. Noting the precision afforded by the full viscothermal formulation there was an
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emphasis to use reduced order models to achieve similar results in a more time efficient

way.

2.4.1 DENORMS structure

The DENORMS periodic cell contained a spherical cavity that was connected to identi-

cal cavities of neighbouring cells by cylindrical tubes. The parameters which described

the structure were the cell size, the internal spherical cavity and the interconnecting

cylinders. The relative simplicity of the design made it easily modifiable to suit the

technology used for manufacture. The dimensions were selected to suit the allowed

resolution of the printing technologies used in this study. The modelled DENORMS

unit was composed of a 5 mm cubed cell size with an interior spherical pore of radius

2.1 mm connected by short cylindrical channels of radius 1 mm from all faces of the

cubic cell as in Figure 2.2.

(a) DENORMS unit cell. (b) Skeleton and the corresponding pore network for
DENORMS unit cell [74].

Figure 2.2: DENORMS benchmark design

The unit cell in Figure 2.2 was used to construct a 10 layer deep periodic structure.

As outlined in Chapter 1, some acoustic metamaterials exhibited interesting reflecting

and absorptive behaviour achieved by sub-wavelength thicknesses. The objective of

these design variations was to lower the first resonant frequency. This was experimented

by increasing the length of the channel where energy could dissipate within the same

depth. And different lengths of resonating chambers were combined with the aim

of achieving a broadband behaviour. Design modifications studied include the use of

space-coiling as demonstrated for the DENORMS design in Figure 2.3 and labyrinthine

type construction in Figure 2.4 to achieve a preferred acoustic behaviour. A design
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variation of mixed length channels of 4, 6, 8 an 10 resonators inside a depth of 7 cells

is presented in Figure 2.3. Mixing different lengths added a parallel type behaviour

by overlapping different lengths which led to a broader absorption spectrum. The

Figure 2.3: DENORMS space coiling of mixed length [53].

labyrinthine variation made good use of available space by effectively doubling the

length of resonators in order to reduce the first resonant peak. The tortuous path

created resulted in a longer channel by closing off every second cell as in Figure 2.4.

This variation essentially doubled the number of resonating chambers within the same

length in Figure 2.4 from a depth of 2 to 4.

Figure 2.4: DENORMS labyrinthine structure [53].

2.4.2 Model configuration

The unit cell shown in 2.2 was constructed in COMSOL Multiphysics. As part of the

study in [53], a three dimensional model of up to 10 layers deep of the basic cell was

developed including some design variations shown previously. Two separate domains
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were specified in all models, one which is governed by the Helmholtz equation in blue

in Figure 2.5 where the loading was included and the other by a full viscothermal

formulation in red to capture the losses in the resonating chambers as is shown in

Figure 2.5. The thermoviscous component is capable of modelling the dissipation from

viscous shear and thermal conduction. However, as full viscothermal formulation came

at a high computational cost, reduced order models are often required to model com-

plex systems [101, 106]. This study published in [53] was, notwithstanding, restricted

to full viscothermal modelling in order to remove potential error due to modelling sim-

plification. In order to represent the physical system we wished to test, a model of the

Figure 2.5: Model set up of the 10 layer deep DENORMS cell

physical environment was created for the finite element method within COMSOL. The

geometry and material properties were assigned and boundary conditions were imposed

to model the system. To reduce the computational effort required it was important to

simplify the model as much as possible. This was achieved by using different symmetry

boundaries or having a one or two dimensional models.
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Visco-thermal modelling

To eliminate unphysical effects at the entry, a waveguide was modelled to precede the

resonating chambers. A multiphysics approach within COMSOL was well suited for

the type of problem under investigation, as a radiating boundary could be imposed at

the inlet surface of the waveguides which ensured that backward reflected waves were

effectively absorbed. The finite element formulation of the governing equations 2.10 to

2.12 were implemented within the cells and the fluid parameters used are defined in

Table 2.1. The bulk viscosity, µb, was neglected and set to zero [104]. A lot of diverging

Symbol Value Unit

T0 293.15 K
p0 101325 Pa
ρ0 1.2043 kg/m3

µ 1.8140e-05 Pa.s
µb 0.6µ Pa.s
Cp 1005.4 J/(kgK)
κ 0.0258 W/(mK)

Table 2.1: Properties of air used in the study on the influence of additive manufac-
turing effects on the produced acoustic behaviour [53].

views exist on the value of the bulk viscosity should take, for monotatomic gases it

is practically negligible. Rajagopal showed that for most realistic fluids µb cannot be

zero [107]. However, good results were obtained for compressible fluids neglecting this

value [86]. Therefore, both are seen as valid for modelling purposes and the divergence

observed in absorptivity was assessed for one of the system under consideration as

can be seen in Figure 2.14. The system was excited by a unit plane wave pressure

excitation pi at the inlet of the manifold which was a radiating boundary. The depth

of the manifold was 3.5 mm, the inflow section in blue in Figure 2.5 was modelled

using a lossless Helmholtz model that transitioned to a full viscothermal model within

the pore structure in blue. At the fluid-solid interface a no-slip isothermal condition

was applied, u=0 and T = 0. Second order Lagrangian elements with quadratic shape

function interpolation were used for the three velocity and temperature nodal variables

and linear interpolation for the pressure variable [78]. Using the average velocity u at

the inlet face, the system impedance could be estimated.

Z = pi/u (2.29)
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The impedance at the entry to the cells can also be estimated through the impedance

translation theorem [108]. The absorptivity of the system which refers to the energy

loss which occurs as a sound waves comes into contact with a material, can be obtained

through the following relationship, where c is the sonic speed, c =
√

γP0

ρ0
and the ratio

of specific heats γ was set at 1.41.

α = 1 −
∣∣∣∣Z − ρ0c

Z + ρ0c

∣∣∣∣2 (2.30)

As was mentioned in Section 2.3.5, attention was required when meshing close to

the boundaries; as the frequency dependent boundary layer becomes thinner at higher

frequencies. As the study was performed on a large frequency sweep, it was important

to create a frequency dependant mesh. Parametrisation of element sizes and boundary

layer thicknesses are possible and should be used. Different procedures were explored

to address this, keeping in mind the computational expense involved. However, when

performing this on a larger frequency range it demanded large computational resources

as the mesh was reconstructed at each frequency step. A trial viscothermal simulation

was performed on a 10 mm cylinder of 2 mm diameter to realise a parametric mesh

and assess its feasibility. The frequency dependent viscous boundary layer’s thickness

evolved from thick to thin with increasing frequency. Figures 2.6 and 2.7 shows the

velocity profile at 410 Hz at different values of the frequency step parameter defined

as f0 = 10Hz used to control the mesh. It can be seen that for f0 = 10Hz the

boundary layer is much thicker than for f0 = 410Hz. A frequency dependent mesh

for the range desired at different values of f0 was achievable but its implementation

within COMSOL was inefficient. To compute the plane wave radiating in this cylinder

it took 38 hours and 12 minutes on a Xeon CPU 14 Cores, 2.6 GHz and 64 Gb RAM

workstation. Using this mesh implementation was thus not feasible for more complex

geometries. No adaptive sweeping methods were implemented for this trial study due

to the necessity of reconstructing the mesh at each frequency step.

An alternative approach was chosen where multiple meshes were used with a speci-

fied viscous boundary layer thickness and a maximum element size based on a reduced

frequency range. Multiple studies were performed and results were subsequently com-

piled together. The meshing settings in COMSOL have been explored for some designs,

and have informed how best to operate simulations by mitigating between sensitivity
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Figure 2.6: Velocity profile at 410 Hz
for f0 = 410Hz

Figure 2.7: Velocity profile at 410 Hz
for f0 = 10Hz

and available computational resources. For acoustic meshing within COMSOL a min-

imum of six elements per wavelength should be specified for the maximum element

size. The viscous boundary layer depth was used as a meshing control parameter at

the boundaries. The constructed meshes were composed of tetrahedral elements and a

boundary layer thickness was chosen for each reduced frequency range. The maximum

element size was kept at six elements per wavelength and boundary layer thicknesses

were changed for every 500 Hz increment. However, for viable run times it was not

possible to keep this to a minimum for certain designs. In the case of the space coiling

system the maximum element size parameter had to be increased due to computational

resources available. As such, convergence studies must be performed with a param-

eter metric to assess the sensitivity to further refinement. Figure 2.8 shows result of

convergence analysis performed for the baseline 10 layer deep DENORMS configura-

tion. Within COMSOL some automatic meshing parameters may be used which detect

critical areas to be refined. As the viscothermal 3D model was computationally quite

expensive, a simple convergence analysis was first performed using automatic settings

which prescribed levels of refinement by specifying sizing parameters based on the

geometry and level of refinements in simple terms from normal to finer [78]. The ulti-

mate automatic meshing setting used, level 4, included an automatic boundary layer

adjustment factor. Once the highest level of predefined refinement setting after which a

solution could not be solved due to lack of memory during LU factorisation was reached,

user-defined refinements were prescribed. The description of the number of nodes used

for the different refinement levels is provided in Table 2.2. The elements used in this
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geometry were mainly composed of linear and quadrilateral tetrahedral elements. The

mesh which was used in the study corresponds to level 5 where multiple meshes were

divided on a reduced frequency range in order to ensure a frequency-dependent mesh

while ensuring the computational expense involved. It was not possible to test for fur-

ther refinement on the workstation used during this study due to out of core memory

limitations. Even though it can be seen from Figure 2.8 that full convergence has not

been reached in the sensitivity analysis. However, as it was not possible to solve for

further refinements, refinement level 5 was selected.

Figure 2.8: Mesh convergence analysis for 10 layer deep DENORMS cell configura-
tion.

Refinement level Number of nodes

level 1 2243
level 2 9680
level 3 17869
level 4 23216
level 5 52957

Table 2.2: Baseline 10 layer deep DENORMS cell - levels of mesh refinement.

For the largest space coiling system, this was set up using an automatic boundary

layer setting available in COMSOL and absorptivity results were compared to user

specified boundary layer thicknesses at every 500 Hz step. A number of convergence
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studies showed the reported absorptivity to be relatively insensitive to further refine-

ment. Where possible, the usage of symmetry was availed of to reduce the size of the

model. The mesh structure for some sample temperature and velocity plots at 500

Hz are shown in Figure 2.9 and 2.10 [53]. It should be noted that when comparing

numerical predictions with experimental data obtained from 3D printed materials the

surface roughness may increase the acoustic boundary layer thicknesses [109] and thus

have an effect on the absorptivity. That increase was not modelled in this study as no

definitive roughness measurements were available. In addition Padé based frequency

sweeps were availed of to deliver a resolution of 50 Hz for the mixed length space coiling

and 10 Hz for the other models with run times of 24 hours using a modest workstation

(Xeon CPU 14 Core, 2.6 GHz and 64 Gb RAM).

Figure 2.9: Temperature variation
(K) unit cell at f=500 Hz [53].

Figure 2.10: Axial component of ve-
locity (m/s) unit cell, at f=500 Hz [53].

2.4.3 Experimental method

The numerical strategy used to predict the behaviour of the DENORMS designs was

outlined previously. An acoustic validation of the designs and the printing technology

employed for manufacture was performed through experimental measurements within

the Aerialist project [53]. Normal incidence absorption properties were obtained using

an impedance tube following the ISO 10534-2:2001 standard [110], which describes the

test rig and procedures for estimating the complex acoustic impedance of a material

under normal incidence using the two-microphone method. The impedance tube used

has a 40 mm internal diameter, the lower frequency limit at 300 Hz is determined

by the speaker, a BMS 4591. In practice the upper frequency limit is reduced to

approximately 4200 Hz due to signal to noise limitations in the calibration and setup
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and to ensure that we are still under the plane wave assumption. The microphone

spacing is 26 mm and the distance of the closest microphone to the sample is 45mm.

This speaker is driven by the output signal of a National Instruments DAQ which has

been amplified by a power amplifier. The speaker bolts on to the end of the tube to

provide a tight seal with little leakage of sound. GRAS 40 PL array microphones were

chosen to instrument the rig as they have a frequency response (± 1 dB) in the region

of 50 Hz - 5 kHz and upper limit of the dynamic range of 142 dB re 20 µPa allowing

for testing up to high pressure amplitudes. The microphones are connected to the

National Instruments DAQ and the signals are recorded in Matlab. The microphones

are calibrated using the switching methods described in ISO 10534-2:2001. The square

section on the right of figure 2.11 is composed of the sample holder where the different

40 mm diameter manufactured samples are placed. The impervious surface in the

experimental rig is produced by a 20 mm thick piece of aluminium bolted on the end

of the tube.

Figure 2.11: Impedance tube rig

The reflection coefficient is given by the ratio of the reflected wave amplitude (B)

to the incident wave amplitude (A). . .

R = B/A (2.31)

The absorption coefficient α is calculated from the reflection using:

α = 1 − |R2| (2.32)

In the experimental set-up, white noise is produced through the speaker and the acous-

tic pressures p1 and p2 are measured by microphones 1 and 2. The complex sound

pressures at the two microphones are given by the sum of the forward and backward
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travelling waves in the tube:

p1 = Aejkx1 + Be−jkx1 (2.33)

p2 = Aejkx2 + Be−jkx2 (2.34)

where x1 and x2 are the distances from the face of the sample to microphone 1 and 2

respectively. The complex pressures are used to find the transfer function H12, from

which the reflection factor can be identified.

H12 = p1/p2 =
(Aejkx1 + Be−jkx1)

(Aejkx2 + Be−jkx2)
(2.35)

Using R = B
A

we get

H12 =
(Aejkx2 + RAe−jkx2)

(Aejkx1 + RAe−jkx1)
(2.36)

Rearranging, we find

R =
(H12e

jkx1 − e−jkx2)

(e−jkx2 −H12e−jkx1)
(2.37)

The reflection factor can then be used to calculate the absorption coefficient and

acoustic impedance. Energy can be lost in the system during experiments by factors

such as porosity or internal friction in the material. This will affect the reflection and

absorption coefficients evaluated. In this study [48], the resulting spectral resolution of

the tests was 2Hz with 1000 averages used for the estimation of the frequency response

functions. All measurements were repeated three times with complete dismounting of

the sample between measurements to ensure repeatability of the test procedure.

2.4.4 Sound absorption for periodic DENORMS structures

The numerical predictions obtained for the different configurations of the DENORMS

cell are reported in this section, some of which were published in [53]. An experimental

validation is also presented, different additive manufacturing techniques were used to

create the samples and their impact on the material’s performance was examined. The

basic 10 cells deep DENORMS configuration was used as a baseline to inform how best

to model these structures. A full viscothermal numerical solution for this configuration

producing a depth of 50 mm is reported in Figure 2.12, where it can be observed that

the lattice of cells produced peaks in the absorption coefficient in the region of 1200 Hz
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and 3500 Hz. In comparison with a quarter wavelength resonator which would require

a length of 143 mm.
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Figure 2.12: Absorption coefficient of the 10-layer-deep DENORMS cell using differ-
ent printing technologies [53].

All four printing technologies used in this study whose functioning principles have

been described in Section 1.6 are also shown in Figure 2.12 for the baseline design. A

double absorptive peak can be seen in the regions of 1150 Hz and 3500 Hz. The 3D

Systems SLM machine was considered the best standard of geometric accuracy and

surface finish. The cobalt chrome sample is denoted by the black line. The other

three printing technologies visible in red are polymer samples which were produced

using more economical desktop printers. The numerical result plotted in blue under-

predicted the absorption across the tested frequency range. The numerical models were

based on an idealised unit cell, therefore no quantified metric arising from the impact

of surface roughness which can be seen in the different samples in Figure 1.19 were

included in the modelling. Within the polymer prints, SLA print technology would

produce samples with higher design fidelity. The SLA sample produced by the Form

2 printer showed good accord with the SLM sample in both amplitude and frequency
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peak occurrence. While the resonant frequencies were in the same region for the FDM

and DLP prints, the resultant amplitude of their absorption peaks was of a higher

amplitude. The FDM print was manufactured from an Ultimaker desktop printer, in

this technology material spurs may remain in the channels as is visible in Figure 1.19.

This created internal defects within the channels that may have contributed to the

introduction of supplementary losses visible in the absorptivity plot. The staircase

effect which was previously discussed in relation to DLP samples also contributed to

additional losses within the system. The numerical model underpredicted these losses

as it was assuming an idealised system, and surface roughness produced an enhanced

viscous dissipation effect. An allowance for surface roughness could be made in an

unpolished manner by simply adjusting the viscosity in the model. However, it was

difficult to obtain a correct factor to adjust the viscosity by. The quality of the sur-

face finish is also technology and print dependent. There is a lack of repeatability

within additive manufacturing technologies which makes predicting the acoustic be-

haviour of printed samples difficult. When performing an experimental validation of

printed acoustic metamaterials it would therefore seem more desirable to opt for a

SLA printer which produces prints of superior quality in polymer samples and even

though it is more expensive than the other two technologies, it is relatively low-cost.

Due to the computational expense and solution time associated with performing vis-

cothermal simulations alternatives are desired. From a design point it is preferred, and

when dealing with predicting the acoustic behaviour of printed metamaterials there

are many effects which lead to deviations in the results obtained. This compiled with

surface roughness, interior defects as well as repeatability complexifies the prediction

of the acoustic performance of samples. Hence, reduced-order models are preferable as

a modelling tool for design. These models include losses through analytic expressions

based on the geometry considered. These losses are included in a complex wave number

in the Helmholtz equation, details which were previously described in Section 2.3.6.

Absorptivity results presented in Figure 2.13 used a wide duct approximation which

assumed a constant cross-section where the cells hydraulic diameter was prescribed,

Hd = 4A/P . Even though, for the cells that were being modelled the cross-section

was not constant, the prediction given was satisfactory so deviations observed were to

be expected. This model had the advantage to produce results in a computationally
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inexpensive manner as only one dependent variable was being solved for versus five

for a viscothermal model. Another significant benefit of using this propagation model

which is of important value in FEM is that detailed mesh refinement near boundaries

is not necessary.

Figure 2.13: Absorption coefficient for 10-layer-deep DENORMS cell determined
using LRF - wide duct approximation.

It was previously mentioned that there were a lot of diverging views on how to

take into account bulk viscosity, it is firstly difficult to measure, default values within

COMSOL’s thermoviscous module propose µb = 0.6µ for air [111]. The bulk viscosity

characterises the fluid’s resistance to volume change. As such the effect of adding bulk

viscosity in the model should reflect additional losses within the model that control

sound attenuation. Figure 2.14 shows the effect of the bulk viscosity on the absorption

for the 10-layer deep DENORMS configuration, the experimental results from the SLA

print sample was included for comparison. The inclusion of bulk viscosity did not seem

to widen the ”Gaussian” shape of the absorption coefficient obtained numerically. The

amplitude of the resultant absorption was lower than when the bulk viscosity was set

to zero. This would confirm Stokes’s hypothesis and the rationale behind neglecting

that term. Using Stokes hypothesis, the effect of dilatation on the viscous stress tensor

was neglected in the model. However, the default value set by comsol does not have

an unfailable base, it is taken from an estimated temperature dependent value exper-
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Figure 2.14: Effect of bulk viscosity on absorption coefficient for layers deep of the
DENORMS cell. (Red - Experimental Results from sample printed on the SLA Form
2, Blue - Numerical Results)

imentally determined for air. As the inclusion of additional losses incurred through

compression and dilatation of the fluid should lead to further energy dissipation. This

baseline configuration motivated design alterations with an objective to operate at

lower frequencies and increase the band of absorption. The design modifications were

constructed while considering the limits imposed by additive manufacturing technolo-

gies available. This limited the coiling of the structure to single and double layer with

the SLA printer. Analysing the response to different layer depths of the DENORMS

cell configuration in Figure 2.15 led to the development of a combined mixed length

design. Increasing the depth lowered the occurrence of the first peak of absorption and

produced a double absorptive peak in the frequency region of interest. The modified

lattice of DENORMS cells presented in Figures 2.4 and 2.3 are a result of this observa-

tion. The effect of the layer depth of cells on the first resonant frequency, fα1 followed

the power law relationship described in Equation 2.38 [112]. This effect is represented

in Figure 2.16 and was analysed up to doubling the length of the baseline configuration

which had for effect to half the frequency of fα1 .

fα1 = 12015 ×D−0.995 (2.38)
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Where D is the number of cells deep. It can also be noted that fα1 is proportionnal to

1
D

.

A validation of the absorptivity is provided in Figure 2.17 with experimental normal

incidence results obtained from SLA prints of the corresponding structures of differing

length depths. Experimental and numerical results provided a reasonable match even

though some frequency offsets are present which are most likely due to geometric

inaccuracies. And the amplitude difference observed could be due to the increased wall

roughness in the printed components which enhanced the energy dissipation.
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Figure 2.15: Absorption coefficient for 4, 6, 8 and 10 layers deep of
the DENORMS cell.

Figure 2.16: Depth of cells and its effect on reso-
nant frequency.
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Figure 2.17: Absorption coefficient for 4, 6, 8 and 10 layers deep of the DENORMS
cell printed on the SLA Form 2 (Red - Experimental Results, Blue - Numerical Re-
sults) [53].

The effect produced by the mixed length design inspired the combination of multiple

length depths of the DENORMS cell. Numerical results obtained through viscother-

mal modelling as well as experimental measurements carried out on different print

technologies (SLM, DLP and FDM ) used in this study are reported in Figure 2.19.

Due to the nature of the SLA process, successful samples could not be manufactured

with the Form 2 due to resin retention within the channels. The high viscosity of

the polymer resin creates blockages and cannot be removed through post-processing

methods. The combined length design includes connecting channels by making use of

all available space. Velocity plots for the combined mixed length design are provided

in Figure 2.18. These demonstrate the corresponding acoustic velocity associated with

each numerically determined absorbing resonant peak. The contribution made by each

depth length result in multiple resonant absorption peaks at the following frequencies

1250 Hz, 1550 Hz, 2050 Hz and 3050 Hz can be observed. This shows the effect of

the channel length on the frequency response. Alternatively, this could potentially be
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modelled analytically as a series of spring-mass system or using a model for periodic

porous media.

Figure 2.18: Axial component of velocity (m/s) within the lattice (a) f = 1250 Hz

(b) f = 1550 Hz (c) f = 2050 Hz (d) f = 3050 Hz [53].

The numerically determined absorption results provided an estimation of the acous-

tic performance of this combined design. The absorption coefficient differed from all

experimental results which can be explained by the geometry of the design and the

manufacturing process used. The viscothermal simulations carried out for the space-

coiling design were the most computationally demanding and it was mentioned pre-

viously that allowances had to be made for the computational grid (196131 nodes)

which induced some errors. Furthermore the frequency step was increased from 10 Hz

to 50 Hz so there are fewer points visible in the plot. However, the problem exposed

with the possible entrapment of resin when using SLA technology can inform some

other defects that occur with other technologies for the same design. The absorption

measured on the FDM produced sample showed a more broadband behaviour and the
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resonant peaks visible numerically were not shown as explicitly. The match between

the DLP and SLM samples is much closer to the numerical predictions and the ab-

sorptive peaks are more clearly defined. Considering this design had a total depth of

7 cells which is equivalent to a thickness of 35 mm, its performance is good and shows

a high broadband absorption spectrum in the frequency range of interest.
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Figure 2.19: Absorption coefficient for combined 4, 6, 8 and 10 layer depths of the
DENORMS cell [53].

The effect of surface roughness and defects from these prints on the acoustic per-

formance of the combined layer depth sample could be incorporated in a pragmatic

way by increasing the viscosity within the system. Due to the solution time taken for

the combined mixed length structure composed of multiple frequency dependent grids,

the effect of viscosity on the absorption within the system was analysed with a coarser

mesh (83120 nodes). The results obtained are presented in Figure 2.20. The value for

the dynamic viscosity given in Table 2.1 was increased in multiple values and the effect

on the amplitude of the absorption coefficient was observed. In the presence of a rough

surface, viscosity increases close to the walls. The boundary viscosity increase can be
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heightened by the depth of the surface roughness [113]. Fundamentally this approach is

necessarily pragmatic noting the difficulty quantifying roughness in the first instance.

Figure 2.20: Effect of increased dynamic viscosity on the combined length DE-
NORMS system determined numerically.

Some equivalent fluid models, use analytical expressions dependent on the geometry

of the pore or slit to express dissipative losses in the model. An analogy can be

made between increasing the viscosity and reducing the hydraulic diameter through the

definition of static flow resistivity. This has been commonly used to characterise porous

media. Through the use of reduced order models this is equivalent to reducing the

hydraulic diameter assuming Poiseuille’s law. The increase in surface roughness which

is a result of the manufacturing technology employed increases the wetted perimeter of

the geometry. Therefore the simplistic assumption of reducing the hydraulic diameter

to demonstrate the effect of increased surface roughness would appear to be valid.
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Figure 2.21: Absorption coefficient determined by LRF model at different values of
Hd.

Figure 2.22: Comparison of experimental measurements from additive manufacturing
with LRF models.
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This rationale was used with the low reduced frequency model wide duct approxi-

mation model from Equation 2.39 to evaluate this effect.

keq =
ω

c

(
1 +

B

2

√
π

ȷω

)
(2.39)

Where B = 4
Hd

√
µ
πρ

(
1 + γ−1√

Pr

)
and the Prandtl number is Pr = µCp

κ
.

The space coiling DENORMS system of mixed length depths is presented in Figure 2.21

starting from the nominal value of Hd = 2.6mm and substituted in Equation 2.39 to

compute the propagation via the complex wave number in the Helmholtz equation. The

numerical results for different values of Hd plotted in blue were compared with different

polymer samples in red in Figure 2.22. It can be seen that the most broadband absorp-

tive behaviour was clearly visible in both the FDM and DLP samples which had lower

printing resolution than the SLM technology used in Figure 2.19. The results obtained

using the wide duct approximation available in COMSOL showed that for the nominal

hydraulic diameter value, the absorptive peaks were merged together from 1200 Hz

to 1550 Hz compared with a viscothermal formulation. As this value was reduced in

the numerical simulation, the absorption obtained also became more broadband. The

correspondence with experimental results became closer which confirmed that rough-

ness increased the viscous dissipation in the system. The other design modification

presented in Figure 2.4 is a labyrinthine structure where the path created doubled the

number of resonating chambers of the baseline 10 layer deep DENORMS structure.

Substituting D for the value of 20 yields a value of fα1 ≈ 610Hz in Equation 2.38. Fig-

ure 2.23 shows the absorption coefficient obtained for that system numerically and from

experimental measurements obtained using other printing technologies. Cross-linking

branches were included in the design to allow for resin removal in the DLP sample

and excess powder in the SLM sample. The first resonant peak was concurrent for the

SLM, FDM and DLP samples with the numerical result. However, the SLM sample

deviated for the frequency of the second peak. The deviation observed for the SLM

sample could be explained by the partial failure of the SLM sample which necessitated

some post processing to ensure a clean fit inside the sample holder. The plot achieved

for the viscothermal model matched the predicted first resonant peak of the system.

The result suggested for the sample manufactured at the same depth size which was of

10 layer, 50 mm deep material, showed it behaved as if the depth was doubled. This
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achieved an absorption coefficient of 0.85 for a low frequency of 610 Hz. Using thsi

space-coiling labyrinthine structure it allows to obtain near perfect absorption at low

frequency.
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Figure 2.23: Absorption coefficient for a 10 layer depth of the labyrinth DENORMS
cell (equivalent to a 20 layer depth) [53].

2.4.5 Conclusion

The study performed was part of a wider project across multiple laboratories to examine

the suitability of 3D printing acoustic metamaterials using a benchmark design [74].

Experimental results obtained were shared and compared with other samples with the

same cellular design. The deviations in the observed acoustic response could be due

to a combination of shape and surface imperfections, as well as microporosity induced

by some of the manufacturing processes. However this design was easily reproduced

and was thus suitable for additive manufacturing. Four different additive printing

technologies which range from low cost desktop printers to state of the art machines

were used in this validation. These included three polymer based samples (FDM, DLP

and SLA) and a cobalt-chrome SLM sample. While the numerical results matched well
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with experimental measurements, deviations were to be expected due to effects which

arise from the printing process employed. Explanations of these were provided as well

as metrics that can be used to explain the impact roughness could have on the acoustic

performance of the samples. From experimental measurements, the SLA sample was

close to the SLM sample produced for different designs albeit it was significantly less

expensive to produce. SLA technology is capable of reproducing complex designs of

high fidelity. With respect to the locations of resonant frequencies both the SLA

and SLM samples were in close agreement with the numerical models. As regards the

amplitude of the absorption coefficient, the numerical models underpredicted it but the

microporosity on the surface which existed in the printed materials was not included in

the modelling strategy. The discrepancies between experimental and numerical became

more significant with certain alterations in the design, explained by resin entrapment

in additive manufacturing techniques. From this study it could be concluded that

it was possible to realise validation materials using some low cost polymer printing

technology. The achieved acoustic performance will differ depending on the additive

technology employed. With greater complexity in the design other issues may occur

that can create blockages and limit the obtained fidelity of the design. From a numerical

standpoint, in such small geometries it is vital to accurately model the losses within

the system which is preferably done through full viscothermal modelling. However this

methodology comes with a substantial high computational cost. For this reason, it is of

major interest within both the research community and from a design aspect to come

up with efficient modelling alternatives to include viscothermal losses. Some models

have been explored which are destined to be used for constant cross-sections and it

was found that they perform well for the DENORMS design. This study considered an

idealised unit cell which from the results observed led to underprediction of acoustic

performance. Concentrating efforts on predicting the behaviour of printed acoustic

metamaterials by including roughness metrics might be a vain attempt as there are

many additional variables to take into account as well as a lack of repeatability of

printing processes.
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2.5 Summary

This chapter described all the physical theory of linear acoustics as well as the numerical

modelling tools that are used to design acoustic metamaterials. A large part of this

chapter reposed on a study of a benchmark acoustic metamaterial and to also assess

its suitability to both numerical modelling and additive manufacturing. Viscothermal

modelling was discussed as well as the importance of using more efficient modelling

tools which include dissipative losses. The development of additive manufacturing has

allowed the exploration of more complicated shapes but a difficulty resides in predicting

their behaviour. Although their performance is desirable, it may be possible to achieve

similar broadband behaviour at low frequency using more traditional manchining. This

would eliminate some of the manufacturing issues which were discussed and be more

suited for large scale industrial production.
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Chapter 3

Numerical characterisation of a
sub-wavelength acoustic
”metaliner” including viscothermal
losses
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3.1 Introduction

In this chapter, the sound absorptive performance of a proposed ”meta-liner” was in-

vestigated. It was discussed previously that there can be difficulties in predicting the

acoustic response of 3D printed metamaterials. Therefore in this section a structure

which could be manufactured using more traditional manufacturing methods without

compromising on the desired acoustic response was investigated. The structure was

composed of closely placed aluminium plates connected by openings at alternating lo-

cations in a stacked format. The majority of the energy dissipation in this design was

provided by the gaps between the plates instead of the pores. Results obtained from

this study were published in [50]. Wieglhofer and Lakhtakia defined metamaterials as

”macroscopic composites having a man-made three-dimensional, periodic cellular archi-

tecture designed to produce an optimised combination not available in nature of two or

more responses to a specific excitation” [34]. Attractive low-frequency acoustic meta-

materials feature a cellular size which is significantly smaller than the wavelength [114].

In recent times there has been a strong focus within the research community on the

development of acoustic metamaterials for sound mitigation. Noise reduction in aero-

nautical applications through the use of acoustic metamaterials is being explored [37].

This development has been aided by continued advancements in additive manufac-

turing technologies, which has made it more accessible to experimentally assess the

acoustic characteristics of complex printed geometries. Nonetheless, additive manu-

facturing technologies such as selective laser melting (SLM) remain expensive. With

SLM, the printed sample can exhibit inconsistent material properties due to powder

fluctuations[72]. Therefore the measured acoustic response of the structure created via

additive manufacturing technologies, such as SLM, may not conform with numerical

predictions. In particular the surface roughness inherent to the printed component can

be challenging to model. For these reasons, exploring designs that can be manufac-

tured with traditional methods is interesting, such as multi-degree of freedom liners

that show promising absorption performances at low and broadband frequency. The

”meta-liner” structure explored in this work targeted sub-wavelength behaviour which

was achieved by the tortuous path created through the perforated layers. The suit-

ability of the transfer matrix method for obtaining absorption performance of multiple

layers of staggered perforated plates was assessed. The transfer matrix approach was
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based on detailed numerical simulations of a unit cell composed of a perforated plate,

air gap and the subsequent perforated plate of differing hole location.

3.2 Numerical modelling

The perforated panels were represented by a unit cell composed of a first plate of 1

mm thickness with same sized 3 mm diameter holes and a 2 mm thick air gap, the

next adjoining plate was composed of the same thickness and perforations sizes with

a different perforation pattern as is presented in Figure 3.1. This design was chosen

Figure 3.1: Perforated plates configuration, 40mm diameter sample. Plates labelled
A (4 holes) and B (5 holes) to represent the different hole pattern on the plate.

as it maximised the usage of available space, the tortuosity lowered the first resonant

frequency. Numerical models were developed on a 16 mm deep structure of the chosen

design and compared with 16 mm structures where hole locations of cavity separated

plates were in phase. Results obtained from Figure 3.2 confirmed the effectiveness of

this design in lowering the resonant frequency peaks.

A 3D numerical model of the representing unit cell was created using COMSOL

Multi-physics [78]. Numerical models of the unit cell up to a 16 mm deep structure

were developed in COMSOL. Two different modelling approaches were taken, one which

included a 5 mm manifold which acted as a waveguide and preceded the entrance into

the resonator and one which replicated the unit cell adjusting for porosity.
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Figure 3.2: Comparison of calculated absorption coefficients for a 16 mm deep struc-
ture of plates labelled A and B as per figure 3.1 with porosity correction

and a reflective backing termination for a staggered design (ABABAB), and direct
paths (AAAAAA) and (BBBBBB)[50].

These models are based on the linearised Navier-Stokes equations without flow

which includes viscothermal losses. Acoustic losses need to be considered for meta-

materials in the millimetre scale where viscous effects are dominant. In the case of

multiple layers of perforated plates, the viscothermal formulation on built up models

becomes computationally unfeasible. The viscothermal formulation of sound propaga-

tion includes 5 degrees of freedom (DOF), (p, T,u) versus 1 DOF (p) for a helmholtz

equation.

3.2.1 Finite Element Modelling

The linearised version of the Navier-Stokes equations describing acoustic propagation

were discretized using second order Lagrangian elements with quadratic shape function

interpolation for the velocity field and temperature nodal variables and linear inter-

polation for the pressure variable as previously described in Section 2.3.1. The air
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parameters used in this study are detailed in Table 3.1. In both modelling approaches

Symbol Value Unit

T0 293.15 K
p0 101325 Pa
ρ0 1.2043 kg/m3

µ 1.8140e-05 Pa.s
µb 0.6µ Pa.s
Cp 1005.4 J/(kgK)
κ 0.0258 W/(mK)

Table 3.1: Properties of air used in ’metaliner’ study.

used, a quarter model of the unit cell was designed using symmetries. Two test cases

were used at the outlet for both modelling approaches, one with a no slip wall where

u=0 and T=0 and in second instance with an outlet pressure of 0 Pa. In one approach,

a 5 mm long manifold was used in front of the resonator excited by a plane wave with

a pressure field of 1 Pa, Figure 3.3 reports the velocity distribution at 3500 Hz for

this set-up. The manifold was governed by the Helmholtz equation (no loss modelled).

And the cell domain was governed by a viscothermal formulation. At the cell entry, the

governing physics were coupled between the two domains. The system impedance was

Figure 3.3: Velocity distribution of unit cell including a manifold at 3500 Hz, no slip
wall outlet[50].

obtained from the surface averaged velocity u reported at the inlet of the manifold.

Z = pi/u (3.1)
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When using a manifold, the impedance translation theorem [108] was used to report the

impedance and reflection coefficient at the entrance to the resonator. The manifold

allows to take into account some entry effects that can otherwise be ignored. In a

second approach, where no waveguide was used, a velocity loading of 1 m/s was used

on the entry surface of the perforate. The system impedance obtained through surface

averaged values of pressure and velocity field was corrected by the surface porosity

from plate A, σ = 0.022499 [100].

Z =
pi
u
/σ (3.2)

The absorptivity can then be reported using

α = 1 −
∣∣∣∣Z − ρ0c

Z + ρ0c

∣∣∣∣2 (3.3)

where c is the sonic speed given by

c =

√
γp0
ρ0

(3.4)

and the ratio of specific heats γ is set at 1.41.

Figure 3.4: Velocity distribution at 3280 Hz, no slip wall outlet

Figure 3.4 reports the propagation velocity through the unit cell with a no slip wall

boundary at the outlet. When modelling narrow cavities it is important to incorpo-

rate boundary loss mechanisms. Kirchhoff [81] and Rayleigh [98] investigated sound

propagation through infinitely long narrow tubes. It was determined that boundary
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layer effects on the tube’s walls emerging from the air’s thermal and viscous properties

should be included in the solution. As sound propagates through a fluid cavity bounded

by rigid walls, a no-slip boundary condition applies at the wall where the tangential

velocity particle at the wall is zero. The viscous boundary layer which exists has a

characteristic thickness δvisc.

δvisc =

√
2µ

ωρ0
(3.5)

The thermal boundary layer is the resultant of heat exchanges between the fluid and

the walls which has for characteristic thickness δtherm.

δtherm =

√
2κ

ωρ0CP

(3.6)

In air, the Prandtl number is the ratio of these lengths Pr = δ2visc/δ
2
therm and is ∼

0.7.[99]. The viscous boundary layer thickness is used as a meshing control parameter

at the boundaries. A mesh convergence study was performed where the nodes were

increased from 12,506 nodes to 242,992 nodes, see Figure 3.5. The reported absorptivity

was used as a metric to assess the sensitivity to further refinement, no further refinement

was possible on the workstation used due to out-of-core memory. The study performed

showed that the solution had yet to converge however due to computing power available

no further refinements were possible. All results reported were based on the simulations

carried out with refinement 3 in Figure 3.5. To optimise computational run time in

a wideband sweep, a model order reduction technique available within COMSOL was

used. It calculates a low-order Padé approximation on small frequency intervals for a

chosen output expression. The approximation is calculated for the limits of the interval

and the result is then evaluated and compared with different points in that interval

[115, 116]. If the result is within an accepted tolerance the interval is approved, if not

then the interval is bissected and the procedure is repeated.
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Figure 3.5: Mesh convergence study - Single unit - Absorption coefficient α

3.3 Transfer matrix method

The transfer matrix method (TMM) involves relating input and output acoustic vari-

ables of a medium by use of propagation equations.[104, 117]. The acoustic field in

the fluid medium can be represented by a two-port network in Figure 3.6, where the

variables p and u can be associated by the following matrix relation.pi
ui

 =

T11 T12

T21 T2

po
uo

 (3.7)

Where
[
pi ui

]
is the state vector at the inlet and

[
po uo

]
at the outlet of the fluid

layer. And T is the system transfer matrix. By imposing end conditions for the

outlet velocity and in a second time for the outlet pressure, it allows the transfer

matrix parameters to be written as ratios of the acoustic variables. In the case of the

resonator in Figure 3.7, a normal velocity of u1 = 1m/s was imposed on the system.

Two test cases were performed numerically, one where u2 = 0m/s and another where

p2 = 0Pa. The surface averaged acoustic variables upstream and downstream of the
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Figure 3.6: Block diagram of the unit cell - Notations for pressure and velocity fields
for an incoming plane wave propagating in the fluid medium

system in Figure 3.7 were recorded to determine the parameters of the transfer matrix[
B
]
.

Figure 3.7: Schematic of the unit cell

The parameters of the B matrix are defined as follows. . .

B11 =
Pi

Po

∣∣∣∣
uo=0

B12 =
Pi

uo

∣∣∣∣
po=0

B21 =
ui

Po

∣∣∣∣
uo=0

B22 =
ui

uo

∣∣∣∣
po=0

A global transfer matrix can be constructed from adjacent systems of the same nature

as per Figure 3.8. In this case continuity conditions are applied [104]. In the model,

the unit cell chosen was comprised of air gaps and perforations so it could be treated as

a single entity. Therefore the assembly of the global matrix will depend on the number

of subsystems, n, which leads to the following relation.

T = Πn
i=1Bi (3.8)

The system impedance dependent on the end condition of the system is evaluated as a
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Figure 3.8: Multilayered system

ratio of the the elements of the global matrix
[
T
]

. Where the nthelement is backed by

a hard wall, the system impedance is denoted by Zc and in a hypothetical case where

its open by Zo in the following equations.

Zc =
T11

T21

∣∣∣∣
uo=0

nthelement

Zo =
T12

T22

∣∣∣∣
po=0

nthelement

The system impedance obtained was corrected by the porosity which in this design

depended on the first plate configuration A in Figure 3.1. The absorption properties

of the built up system using the TMM method, based on numerical simulations of a

unit cell were evaluated and compared with experiments in the Results section.

3.4 Experimental set-up

The perforated plates were made from a 1 mm stainless steel sheets for the perforation

panel labelled A and B in Figure 3.1, and a 2 mm thick aluminium hollow plate for the

airgap. Normal incidence absorption properties α were obtained by impedance tube

testing in accordance with the international standard ISO 10534-2:2001 [110]. The

sample was placed in the impedance tube as shown in Figure 3.9. A detailed approach

of the experimental procedure for the metamaterial study was outlined in Section 2.4.3

and the same procedure was used in this Chapter. The unit cell was tested with a hard

backing termination. The tests were repeated for a series of 5 multi-layered systems.
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Figure 3.9: Scheme of the impedance tube used to measure the absorption coefficient.
1 and 2 are the two microphones, 3 is the sample, s the inter-microphone distance and
x1 the distance from microphone 1 and the tested sample. From ISO 105345-2:2001[110]

Energy can be lost in the system during experiments by factors such as poros-

ity or internal friction in the material. This will affect the reflection and absorption

coefficients evaluated.

3.5 Results

The experimental and numerical results for the closed end test-cases are reported in

Figures 3.10 and 3.11. A validation of the TMM approach is also presented.
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Figure 3.10: Comparison of measured and calculated absorption coefficients via
porosity corrected TMM and FEM including a manifold, reflective backing termination
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The absorptive properties for the baseline unit cell geometry shown in Figure 3.4,

along with FEM results which included a manifold preceding the pore as shown in Fig-

ure 3.3 with a hard reflective backing are presented in Figure 3.10. The results from

the transfer matrix approach were compared with experimental results which had a

resonant frequency f = 3370HZ . There was a shift in frequency between the porosity

corrected impedance approach and the FEM model which included a manifold. The

shift in frequency between the porosity correction and the FEM model which included a

manifold could be explained by the physical set-up of the system. It was separated into

two regions, one where the manifold present was governed by the Helmholtz equation,

and the other composed of the studied cell governed by a viscothermal formulation.

Furthermore there are constriction effects from the waveguide into the entry pore which

can explain some differences as well. The loading condition in the FEM model with the

manifold was a plane wave with an incident pressure field of 1 Pa whereas the porosity

corrected simulations were loaded by a velocity condition. Furthermore the coupling

of the equations at the entry to the cell could give rise to a non-physical increase in

velocity. The results from the porosity corrected FEM and TMM were almost identical,

with a slightly higher amplitude for the TMM method. This was to be expected since

the surface averaged state variables were used to construct the transfer matrix. Fur-

thermore, the mesh used in these simulations did not fully converge which is another

potential source of error between the experimental and numerical results. The nu-

merical results underpredicted the loss in the system, the losses from the multiphysics

approach and porosity corrected model were equivalent. The shift in frequencies could

both be explained by some experimental errors and geometric inaccuracies of the man-

ufactured panels. The nominal diameters of the holes measured using a micrometer

showed that they vary from 2.93 mm to 3.02 mm, which could explain some of the

amplitude difference observed between measured values and numerical results. The in-

troduction of the manifold seemed to lower the resonant frequency. Despite the small

errors in peak frequencies, the ”Gaussian” shape of the experimental curves are well

reproduced by the model. When air flows in and out of the pores, the air surrounding

the them will be disturbed on both sides of the plate, which is called the end effect. In

the model presented no end correction length was applied. Some analytical solutions

have been provided for the end correction. Rayleigh [98] described the correction as
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16r/3π. In addition to this Fok provided a formula which takes into account the in-

teraction of the air in the pore on either side of the plate, this formula multiplied by

Rayleigh’s definition takes into account the interaction [118].
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Figure 3.11: Comparison of measured and calculated absorption coefficients via TMM
and FEM models for 5 multi-layered units, reflective backing termination

To evaluate the effectiveness of the TMM approach, the global matrix determined

by the number of sub-systems required was constructed. The absorption coefficient

determined from the TMM approach was compared with experiments and full numer-

ical models of the equivalent built up system, both porosity corrected and with the

inclusion of the manifold in Figure 3.11. For the multi-layered system, the absorption

coefficient from the FEM with manifold and porosity corrected model showed good

agreement with measured values at frequencies below 2000 Hz. Deviations in the ex-

perimental results around 3500 Hz are likely due to structural resonances in the plates.

As the number of sub-systems increases the deviations observed for a single cell when

using different entry assumptions become less important.

In general, the manifold approach underestimated resonant frequencies while the

porosity corrected TMM overestimated them. Multiple simulations of various layer

combinations were used to investigate this effect as shown in Figure 3.12. It was

observed that for increasing cell count the relative error between the two modelling

approaches decreased and the prediction for the resonance frequencies converged with

the experimentally determined values. Figure 3.12 demonstrated that the influence of

the condition used became negligible with increasing structure depth.
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Figure 3.12: Relative error for the predicted value of the fundamental resonance
frequency between porosity correction and manifold model as a function of cell depth
and corresponding structure

3.6 Conclusion

The absorption performance of a staggered perforated plate system under normal inci-

dence was examined. The system presented multiple resonant peaks with high absorp-

tion and sub-wavelength behaviour (sample thickness equals 0.04λ), achieved through

tortuosity within the design. The transfer matrix approach based on the unit cell was

validated with measured values in an impedance tube and FEM models in a multi-

layered configuration. This approach is an efficient modelling tool to create a macro

model based on the detailed viscothermal model of the individual unit cell. The FEM

and TMM coupling is a viable method which can be extended to model any built-

up absorptive structure. The influence of the modelling strategy for the system inlet

was investigated. In general it was found that the use of a manifold on the inlet

underestimated the resonance frequencies while the porosity corrected inlet gave an

overestimate. The divergence in the numerical results deceased as a function of system

depth and was found to be negligible for the fundamental resonance in a system of

three cells deep. A divergence between the modelling approaches and the experimental

results was still observed at the higher resonance modes and may partially be due to

numerical convergence issues. The efficiencies obtained from the periodic structure
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allows for the development of parametric searches. The present design makes good use

of the available cavity space.
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Chapter 4

Efficient modelling tools to design
multilayered perforated plates
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4.1. INTRODUCTION

4.1 Introduction

In this chapter, a hybrid numerical methodology for approximating viscothermal dis-

sipation in slits and ducts is presented and an application of this methodology to

different multilayered plate configurations is investigated. The designs explored are

an extension to the work provided in Chapter 3, in order to achieve more promising

absorptive properties at low and broadband frequencies, parametric sensitivity anal-

yses were performed. The hybrid analytical-numerical approach was considered to

obtain a more efficient modelling process. This was carried out to accelerate the de-

sign loop and obtain sub-wavelength liner concepts which had the benefit of operating

at low and broadband frequencies. A similar micro to macro approach was used to

predict the sound absorption coefficient of the built-up structures for normal incident

sound waves. In the type of geometry considered, the losses occurred predominantly

in the air gaps between the plates. The viscothermal effects in the following models

were included through simplified modelling of sound propagation for slits and cylindri-

cal tubes. This accelerated the modelling operation as pressure was the only degree

of freedom required to determine the sound propagation. The losses were included

through an effective density and bulk modulus for the different cross-sectional shapes.

To obtain the behaviour of a multilayered system, the transfer matrix approach was

used and the response of the overall system was efficiently predicted from the unit

cell model which included approximate losses for slits and pores. An optimal air gap

thickness was sought which enhanced the dissipation effect created within the design.

Several parameters of importance were determined and a sensitivy analysis was per-

formed to enhance the metaliner’s performance at low and broadband frequencies. It

was concluded in the previous chapter that lengthening the path travelled by the in-

cident sound waves both increased the energy dissipation and reduced the frequencies

of the absorption bands in the design. Therefore the tortuosity was deemed to be a

critical parameter for the design. This parameter was controlled by the locations of the

perforations. The addition of partitions within the plates where hole diameters differ

in the quadrants allowed a parallel type behaviour which merge the absorption peaks

together. In this design loop the use of reduced order modelling significantly speeds

up the design process and allows to explore more configurations. These results were

compared with full viscothermal simulations and validated for normal incidence using
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PLA printed multi layered plates. The deviations from the manufacturing process were

explored with the aid of fluid-structure interaction models and eigenvalue analyses on

standalone structural plate models.

4.2 Hybrid analytical-numerical modelling method

Estimating the viscous and thermal interactions between the air and porous materials

is not trivial. Allard and Atalla [104] provided a comprehensive description of sound

propagation in cylindrical pores which includes parameters to model cylindrical pores

in porous materials. When dealing with geometric length scales which are comparable

or less than the viscous or thermal boundary layers, there are large velocity gradients

thus significant losses which need to be accounted for. A detailed explanation of this

occurrence was provided in Chapter 2 which also covered the computational cost as-

sociated with the usage of a full viscothermal formulation. Therefore there is merit

in using simplified models for circular ducts such as those developed by Zwikker and

Kosten [100] and Tijdeman [101] for smaller radii. The model was used by Allard

to describe the viscosity effects in cylindrical pores and slits, the thermal conduction

can be determined from the viscous effects as worked out by Stinson [119]. The effect

of viscosity in a tube with a circular cross-section represented in Figure 4.1 can be

evaluated from the momentum equation [104]. The axis of the cylinder is 0x3 and

the problem is axisymmetrical. At the surface of the cylinder the velocity must vanish

which occurs at r = R. The velocity across the arc is then given by Equation 4.1.

Figure 4.1: Tube with a circular cross-section of radius R [104].

v3 = − 1

ȷωρ0

δp

δx3

(
1 − J0(lr)

J0(lR)

)
(4.1)
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where J0 is the Bessel function of order zero and l is given by the following.

l = (−ȷωρ0µ)1/2 (4.2)

A comparison between the analytical model provided by Allard [104] and a viscothermal

model is provided in Figure 4.2. The results are shown for a cylinder of circular cross-

section with a nominal pressure loading of 1 Pa at the inlet and 0 Pa at the outlet

over 10 mm with a 1 mm radius represented in Figure 4.3. The analytical model

only includes viscous effects whereas the numerical model includes both thermal and

viscous effects in Figure 4.2. At 10 Hz, the boundary layer observed in Figure 4.3 was

Figure 4.2: Velocity vanishing at r = R determined from Equation 4.1 and compared
to a numerical viscothermal model for 10 Hz.

not negligible and the dissipation is homogeneous across the cylinder as it’s a frequency

domain analysis. From the average value of v3 over the cross-section it is possible to

obtain the effective density of the air in a cylindrical pore as in Equation 4.3 [104].

ρ(ω) =
ρ0

1 −
2

s
√
−ȷ

J1(s
√
−ȷ)

J0(s
√
−ȷ)

(4.3)
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Figure 4.3: Velocity plot of numerical viscothermal model of air propagating through
a cylinder of circular cross-section at 10 Hz.

The value of s for a cylindrical pore is,

s =

ωρ0R
2

µ

1/2

(4.4)

The thermal effects associated with the temperature variations in the tube can be

evaluated through the bulk modulus. In the case of thermal conduction, the acoustic

temperature T vanishes at the surface of the cylinder or slit. The bulk modulus can then

be determined through the displacement potential and the continuity equation. For a

cylindrical tube of circular cross section it is calculated from the following Equation 4.5.

The Prandtl number is defined by B2 =
µ

(ρ0v′)
and v′ =

κ

ρ0Cp

.

K(ω) =
γP0

1 + (γ − 1)
2

Bs
√
−ȷ

J1(Bs
√
−ȷ)

J0(Bs
√
−ȷ)

(4.5)

The same approach can be used in the case of a slit to obtain the effective density

where the velocity vanishes at its surface, in such a scenario the value of s will be

different and can be evaluated knowing the porosity and flow resistivity [104].
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Figure 4.4: Flow propagation in slits with delimited by a and −a in plane x−1 [104].

The effective density can be retrieved by integrating the mean velocity in the slit

between the bounds represented in Figure 4.4 which results in Equation 4.6 which

is used to determine the viscous effects in the models that were investigated in this

chapter [104].

ρ(ω) =
ρ01 −

tanh(s
′
ȷ1/2)

s′ȷ1/2


(4.6)

The value of s
′

for a slit is,

s
′

=

ωρ0a
2

µ

1/2

(4.7)

The bulk modulus for slits equates to the following;

K(ω) =
γP01 + (γ − 1)
tanh

(
Bs

′√
ȷ
)

Bs′√ȷ


(4.8)

The value of the bulk modulus in cylindrical pores and slits respects low and high

frequency limits corresponding to its isothermal and adiabatic behaviour [104]. An

extension of Equations 4.3 and 4.5 was put forward by Allard [104] which allows to

obtain effective mass and air compressibility for cylindrical pores of arbitrary cross-

sections through the hydraulic radius, flow resistivity and porosity. An analytical-

numerical approach was used in this study in order to have a more efficient modelling

tool to design low frequency broadband metaliners. The losses in the gaps were included

from the analytical solutions provided by Allard [104]. The losses in the pores in the

plate configurations studied don’t predominate and taking into account the additional
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losses in the pores results in a minimal amplitude increase. The effect of adding the

losses occurring in the pores was verified in one of the configuration studied. The

effect of describing the effective parameters for both the slits and the pores from the

equations outlined in this section provides a minimal squaring process of the amplitude

of the absorptivity. An analysis of this effect was numerically investigated with the

two loss approximations and compared with experimental values for unit cell AC in

Figure 4.5. As it is a simple squared process of the amplitude and the difference was

minimal, it was decided that including the losses in the region where their occurrence

predominates was the most efficient and valid approach.

Figure 4.5: Approximation for losses in slits and applied to slits and pores in a unit
cell AC.

These losses were included into the model by specifying the speed of sound c = K/ρ

and the effective density for the slit. These losses are included through the wave

number, k = ω (ρ/K)1/2 into the Helmholtz equation, where the variational problem is

constructed with the appropriate boundary conditions and numerically solved.

∇2p + k2p = 0 (4.9)
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This approach resembles the approach followed to model anisotropic acoustics where

the fluid is modelled with an anisotropic density or for metamaterials in a homogenised

way [78].

4.3 Description of the designs investigated

The initial design put forward in Chapter 3 showed that by changing the location of

the pores on the alternating plates and the number of holes, the first resonant peak

occurred at a lower frequency. This staggering of hole locations resulted in a more

desirable acoustic behaviour when compared to a direct pathway where hole locations

are aligned. As a general objective within the industry, there is an emphasis in develop-

ing acoustic liners with increased attenuation at low frequencies for turbofan engines.

The multilayered plate designs presented had for objective low frequency-broadband

operation. And as such, parameters were controlled to enhance this behaviour in the

subsequent studied design configurations. As the losses within the design occur primar-

ily in the gaps between the plates, an optimal thickness was evaluated for the design.

Once this was established, other parameters were then analysed to improve the design.

4.3.1 Effect of air gap thickness on energy dissipation

An eighth-2D-model of a plate design shown in Figure 4.6 was constructed to inves-

tigate the effect on the absorption produced by the thickness of the air-gap. The

approximation of the slit-induced losses derived by Allard [104] were included in this

model, by specifying the density and speed of sound of the linear elastic fluid model.

The thickness of the air space was specified by Equation 4.7, simulations were per-

formed on different air gap thicknesses. The transfer matrix parameters were retrieved

applying appropriate the boundary conditions for the pressure loading of Pi = 1 Pa

and two outlet test cases. One where the outlet velocity was null and the other where

the outlet pressure was Po = 0 Pa. The field variables obtained on a single layer could

then be used to construct a transfer matrix to determine the acoustic behaviour of a

number of stacked units. The corresponding geometrical dimensions which describe

the unit are detailed in Table 4.1, the location of the pores from the plate’s centre and

their radii are shown in Figure 4.6. As the normal impedance tube used to carry out

these experiments had a circular cross-section of diameter 40 mm, this was selected as
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Figure 4.6: Initial 2D geometry which shows the location of the pores (inner and
outer holes on different alternating plates).

the circular plate diameter. Simulations were performed with the boundary conditions

prescribed above for different air gap heights ranging from 1 mm to 2.5 mm in incre-

ments of 0.5 mm. The air parameters which were used in this study are detailed in

Parameter Value Unit

Hole radius 1.5 mm
Position of outer pore 18 mm
Position of inner pore 4.5 mm

Plate thickness 1 mm
Spacing between plates [1.0:0.5:2.5] mm

Plate radius 20 mm

Table 4.1: Geometric parameters of unit cell in Figure 4.6 used to maximise dissipa-
tion in the slit.

Table 4.2.

The transfer matrix method which was previously described in Chapter 3 was used

to determine the absorptive behaviour of 8 cells using different spacing dimensions.

The absorption coefficient obtained for the different spacing thicknesses between the

plates are shown in Figure 4.7. It can be seen that there is an ideal spacing at 1.5

mm which maximises the absorption at around 600 Hz. Further step refinement could

have been performed to establish the optimum spacing. The manufacturing constraints

associated with this design limited the narrowness of the air gap particularly when 3D
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Symbol Value Unit

T0 293 K
p0 101300 Pa
ρ0 1.2043 kg/m3

µ 1.81E-05 Pa.s
c0 343.17 m/s
Cp 1005.4 J/(kgK)
κ 0.025756 W/(mK)
B 0.84131 -

Table 4.2: Properties used to determine the effective parameters to model sound
propagation in the slits.

printing of the PLA plates. Even though the absorptive performance provided by the

1.5 mm air gap had better absorption at the same frequency, it was preferred to use a

2 mm gap spacing for future designs due to manufacturing constraints.

Figure 4.7: Effect of airgap thickness on the dissipation for a configuration of 8 cells
deep, Plate design A.

4.3.2 Preliminary plate configuration: Design 1

A preliminary design configuration shown in Figure 4.8 with the geometrical dimensions

outlined in Table 4.3 was printed using FDM technology. The location of the holes

was chosen for ease of manufacture. A top and side view of the unit was provided as
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the successive designs are based on similar units with slight geometric modifications

or additional parameters. A hybrid analytical-numerical approach was followed to

obtain the acoustic performance of this configuration using reduced order modelling to

encapsulate the losses in the structure using Equations 4.6 and 4.8. A full viscothermal

model was also constructed as a comparative measure to study the deviation between

both viscothermal, reduced-order modelling and experimental data. The experimental

procedure for normal incident plane waves was performed on the sample PLA plates

in accordance with international standard ISO 10534-2:2001 [110] for impedance tube

testing.

(a) Top view

(b) Side view

Figure 4.8: Unit cell defined by the parameters from Table 4.3 with the hole locations
refer to the distance from the disk centre to the pore centre.

The measured sound absorption coefficient for Design 1 are presented in Figures 4.9

to 4.11. These experimental measurements are compared with numerical sound absorp-

tion estimations obtained using analytical estimation for losses occurring in slits and

a full viscothermal simulation. The plates were individually printed using the FDM

Prusa Mini +, each PLA plate is a square section of 80 mm and 3 mm thick, a 40 mm

diameter from the centre represents the sample under investigation where the thickness
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Parameter Value Unit

Hole radius 1.5 mm
Position of outer pore 12.09 mm
Position of inner pore 3.23 mm

Plate thickness 1 mm
Spacing between plates 2 mm

Plate radius 20 mm

Table 4.3: Dimension of Design 1.

is 1 mm and the remaining 2 mm composes the airgap. In the experimental set up

under normal incident plane wave in the tube, the plates were stacked together and

bolted onto to the end of the square section of the tube backed by a solid 20 mm thick

piece of aluminium. The same experimental procedure detailed in Section 2.4.3 was

followed.

Figure 4.9: Absorption results determined for a two cell deep of Design 1 metaliner
using reduced order modelling of energy dissipation in slits with experimental validation
on PLA plates.

To account for deviations that arose during the FDM printing process, a print

correction was applied to the pore diameter of 0.25mm as the nozzle of the printer

is roughly twice that size. Also from user experience printing holes with FDM, the

deviation with the prescribed diameter is usually in the 0.25 mm range but can be up

to 0.5 mm. With FDM print technology holes printed on the vertical axis will usually
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be undersized this is also caused by the nature of the process as a new material layer

will be deposited on top of the existing layer, compressing it in the process. Figure 4.9

reports the numerically obtained absorption coefficient using Allard’s expression for

losses in the slits. The deviation with the print correction is expected and its purpose

was to observe whether it had a major impact on the experimentally obtained results.

The geometrical deviations are certainly a factor in these deviations but not solely. The

numerical models only take into consideration the acoustic behaviour of the combined

printed plates, these are measured on four individual units stacked together, they may

be tightened in an uneven manner or contain a non homogeneous surface.

Figure 4.10: Absorption results determined using a numerical viscothermal model
for a two cell deep of Design 1 metaliner with experimental validation on PLA plates.

The modes observed from 1500 Hz to 1800 Hz were thought to be of a structural

nature which was not modelled at this point. This nature of these modes will be re-

viewed and discussed in Section 4.5.2. The two acoustic modes at 800 Hz and 2600 Hz

are predicted correctly by the numerical results. The first mode was better replicated

by the original numerical model whereas the prediction of the second mode was not as

reliable as the model may have been more susceptible to print correction. Figure 4.11

shows the absorption coefficient obtained using a viscothermal model that includes

adequate meshing refinements around the boundaries with print correction as well as

without. The difference between the estimation of the absorptivity using the reduced
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order model and the viscothermal model seemed equivalent to adding the print cor-

rection, and with respect to the experimental measurements the reduced order model

captured well the second acoustic mode which can be seen in Figure 4.11.

Figure 4.11: Comparison between numerical viscothermal formulation, losses in-
cluded analytically and experimental validation from a PLA sample of the design.

Figure 4.12: Numerically determined absorptivity for unit cell design 1 up to three
layers using analytical slit model for the viscothermal losses.
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This design was tested firstly using a single unit, and via the transfer matrix method

its absorptive behaviour was evaluated for multiple stacked units in Figure 4.12. As

the number of units was increased the first resonant acoustic mode occurred at a lower

frequency and the peaks produced became increasingly narrow band. Furthermore

within the studied frequency range it can be observed that we obtain further resonant

absorptive peaks of higher amplitude as the number of units are stacked.

4.3.3 Multilayered panels

Earlier designs informed how best to proceed for future configurations. The parameters

that were believed to be the most important were; the location and sizes of the pores

as well as the thickness of the plate and air gaps. The following designs have used as

naming convention the location of the the holes on the inner and outer plate, the first

plate being the one exposed to the incident plane wave. All the plate configurations

analysed in this section are similar to Figure 4.8(b), where the only parameters which

are modified are the diameter of the pores and the location of inner and outer pores,

the naming convention used for the different cells are outlined in Table 4.4.

Parameter Value Unit

Position of inner pore, A 4.5 mm
Position of outer pore, B 12.75 mm
Position of outer pore, C 17 mm

Table 4.4: Naming convention unit cells AB and AC refer to the distance centre of
plate-centre of pore where A is the first plate and B and C are the outer plates in both
separate configurations.

The dimensions for the unit composed of plates A and B are detailed in Table 4.5,

where the position is described as the location centre to centre from the plate to

the pore’s centre. The effect of the pore diameter on the unit was analysed through

its absorptive properties obtained through the reduced order model in Figure4.13.

Decreasing the pore diameter by 1 mm of all the holes over the two plates decreased

the first resonant peak by 400 Hz compared to the larger pore size. And the second

resonant frequency in the model composed of holes with rpore = 1.0mm occurred at

3800 Hz whereas for rpore = 1.5mm it was located 5000 Hz.

97



4.3. DESCRIPTION OF THE DESIGNS INVESTIGATED

Parameter Value Unit

Hole radius 1 ; 1.5 mm
Position of outer pore, B 12.75 mm
Position of inner pore, A 4.5 mm

Plate thickness 1 mm
Spacing between plates 2 mm

Plate radius 20 mm

Table 4.5: Dimensions of AB unit cell with rpore = 1.0mm and rpore = 1.5mm.

Figure 4.13: Numerically determined absorptivity using a reduced order model for
losses in slits for the unit cell AB with rpore = 1.0mm and rpore = 1.5mm.

The results obtained with the smaller diameter were compared with a viscothermal

model of the same configuration in Figure 4.14. It was observed that the reduced order

model slightly overestimated the occurrence of the resonant frequencies compared with

the viscothermal model and the difference was more apparent for the second resonant

mode.

98



4.3. DESCRIPTION OF THE DESIGNS INVESTIGATED

Figure 4.14: Numerically determined absorptivity for unit cell AB of rpore = 1.0mm
using analytically determined losses versus a full viscothermal formulation.

Parameter Value Unit

Hole radius 1 ; 1.5 mm
Position of outer pore, C 17 mm
Position of inner pore, A 4.5 mm

Plate thickness 1 mm
Spacing between plates 2 mm

Plate radius 20 mm

Table 4.6: Dimensions of AC unit cell with rpore = 1.0mm and rpore = 1.5mm.

The plate design which dimensions are specified in Table 4.6 had on the second plate,

pores located further to the edge of the sample in order to increase the tortuosity within

the design. The numerical prediction of the acoustic behaviour obtained using the outer

plate labelled C are presented on a single unit and compared with the preceding AB

cell result for the same pore diameter in Figures 4.15. From the numerically predicted

absorption results it was observed that the distance increase from the centre of the plate

to the centre of the pores located on the outer plate from B → C while keeping plate

A composed of pores located at a distance of 4.5 mm from the centre had a minimal

impact on the configuration in the current set-up. The absorption coefficient was also

examined for two AC cells stacked together shown in Figure 4.16, the results obtained
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with rpore = 1.0mm have lower resonant frequencies for the three acoustic modes.

However, the frequency range difference increased for the second acoustic mode and

its difference became larger again for the third resonant acoustic mode. Although the

dissipative losses predominated in the gaps some additional minor losses did occur

in the pores, the inclusion of such losses should only provide a slight increase in the

magnitude of the absorption coefficient.

100



4.3. DESCRIPTION OF THE DESIGNS INVESTIGATED

Figure 4.15: Numerically determined absorptivity for units AB and AC of rpore =
1.0mm with losses determined using an analytical expression.

Figure 4.16: Numerically determined absorptivity for two repeated cells denoted
ACAC of two different pore sizes, rpore = 1.0mm and rpore = 1.5mm with losses
included analytically.
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4.3.4 Design parametric study

The deviations observed between the experimental and numerical data needed further

consideration. As such, it was deemed of interest to carry out multiple parametric stud-

ies so further conclusions could be drawn. It had for objective to examine the impact

arising from the geometrical deviations caused by the printing technology. Carrying

out such sensitivity analysis also allows to identify what parameters could be modified

to obtain further absorption at lower frequencies. The unit plate AC with dimensions

specified in Table 4.6 was modified to investigate the effects of four different parameters

in the design, this plate was taken as a baseline as it had the desired acoustic perfor-

mance. A first parametric study was carried out to observe the shift in absorptivity

Figure 4.17: Parametric study to analyse the effect of pore radius on the absorptivity
of the AC plate design, with rpore = 1.0mm.

which could arise from changes in the hole radius. Reducing the pore radius shifts

the absorptive peaks to lower frequencies. It was previously stated that a common

trait of FDM technology when printing holes is to reduce the intended diameter size as

the new deposited material compresses onto the previous layer. The parametric study

that was realised using the hybrid analytical-numerical approach with the hole radius

ranging from 0.8 mm to 1.2 mm in Figure 4.17 showed that for the smallest radius the

first resonant frequency occurs at 1200 Hz and there was a shift of 100 Hz for each 0.1
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mm increments. This pattern carried through for the second resonant acoustic mode.

However, the frequency shift became larger, 300 Hz for each hole radius increase. The

print correction factor that was used in the previous models of 0.25 mm seemed sen-

sible from the experimental measurements in Figure 4.30 realised on this unit as the

first resonant frequency occurs at 1150 Hz. For these studies as there was a need for

remeshing after each parameter step, and in order to ensure stability the Padé asymp-

totic wave expansion solver embedded within Comsol was not used. It was observed

that for some parameters the solution had not been resolved in appropriate intervals.

Due to manufacturing capabilities it had been decided to keep the spacing between

each plate with an airgap thickness of 2 mm.

Figure 4.18: Parametric study to analyse the effect of slit size on the absorptive
performance of the AC plate design, with rpore = 1.0mm.

Absorption coefficient results obtained for the parametric study of the air spacing

between the plates showed from Figure 4.18 that for the first resonant frequency there

was little impact resulting from the change of spacing from 1.9 mm to 2.2 mm. The ef-

fect was more pronounced for the second resonance, however the overall impact seemed

negligible as the dimensions selected for the study remained small and in accordance

with the print deviation assumption that was made previously.
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Figure 4.19: Parametric study to analyse the effect of plate thickness on the absorp-
tive performance of the AC plate design, with rpore = 1.0mm.

All the parametric studies realised, focused on modifying one parameter in order to

isolate the parameter which was the largest contributor which modified the absorption

results. The absorption coefficients obtained from the parametric studies displayed in

Figures 4.18 and 4.19 were similar. To investigate the hole location difference, the

location of the pores on plate A were kept at a distance 4.5 mm from centre while the

following plate located after the first air gap were modified. The original ’C’ position

was located 17 mm from the plate’s centre, that value was reduced in increments of

0.5 mm for visual clarity this was increased to 2 mm on the plot in Figure 4.20. It can

be seen that the selected distance of 17 mm for the locations of pores on the second

plate had the most desirable performance at the first resonant frequency. At the second

resonant frequency it had the highest amplitude compared with outer pores located

closer to the inner pores in the x-y plane. Therefore, the increase in tortuosity within

the design acted on lowering the first resonant frequency compared with having the

location of pores on both plates in phase with each other. With respect to the second

acoustic resonant mode, it could be observed that when the distance of the pores on

plate C were closer to the location of the pores on plate A the resonant frequency was

at 3200 Hz compared with 3700 Hz for the original 17 mm from centre.
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Figure 4.20: Absorptive performance of the plate design for different distance of C
from centre while keeping A=4.5mm, with rpore = 1.0mm.

The parametric studies were carried out in order to identify deviations that were

seen with experimental data. They were presented solely for clarity and to emphasise

what parameters were most important when designing these units in order to obtain

structures exhibiting desirable low frequency absorption. The shift in resonant fre-

quency between the hybrid analytical-numerical models and experimental were due to

a combination of the four parameters studied above but not solely. Out of these param-

eters, the one which was the largest contributor was the pore radius which impacted

on the location of the resonant frequencies.

4.4 Towards broadband absorption low-frequency

liners

The acoustic performance of the AC plate with rpore = 1.0mm was analysed and the

design which targeted low frequency absorption was satisfactory. However, as the

number of units were stacked together multiple narrow resonant peaks occurred, there

is a desire to obtain broadband absorption at low frequencies. From the parametric

studies it was observed that the hole dimension was a strong contributor in lowering the

resonant frequencies along with the increase of tortuosity within the design. Therefore,

105



4.4. TOWARDS BROADBAND ABSORPTION LOW-FREQUENCY LINERS

the rationale of combining these two metrics could provide valuable results. The simple

circular setup of the plate made it straightforward to divide these up into quadrants

by creating partitions with differing pore sizes so they could act in parallel and thus

merge resonant peaks together. The plates were divided up into four quadrants, in the

first instance as per Figure 4.21 two different values of rpore were chosen 1 mm and 1.5

mm and are located in different quadrants as is described in Table 4.7.

Figure 4.21: Two quadrant design with two differing pore sizes within each separate
quadrant in the unit cell.

Parameter Value Unit

Hole radius in first and third quadrant 1 mm
Hole radius in second and fourth quadrant 1.5 mm

Partition thickness 1 mm
Position of outer pore, C 17 mm
Position of inner pore, A 4.5 mm

Plate thickness 1 mm
Spacing between plates 2 mm

Plate radius 20 mm

Table 4.7: Dimensions of the two quadrant cell depicted in Figure 4.21.

The absorption coefficient result for one unit cell of the plates displayed in Fig-

ure 4.21 are shown in Figure 4.22. The design with the two different quadrants shows

that the peaks merge together at the first resonant frequency which produced a wider

absorption band. The numerical results obtained through the hybrid approach over-

predicted the absorptivity obtained through the viscothermal formulation.
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Figure 4.22: Numerically determined absorptivity for unit cell AC of dimensions
specified in Table 4.7 with two quadrants using analytically determined losses versus
full viscothermal simulation.

Using this design rationale which was applied in order to widen the range of ab-

sorption, it was then decided to have differing hole sizes in all four quadrants. The unit

of the four quadrant design is shown on a plan view in Figure 4.23 with its geometrical

dimensions specified in Table 4.8.

Figure 4.23: Four quadrant design with four differing pore sizes within each separate
quadrant in the unit cell.
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Parameter Value Unit

Hole radius in first quadrant 1.75 mm
Hole radius in second quadrant 1.5 mm
Hole radius in third quadrant 1.25 mm
Hole radius in fourth quadrant 1 mm

Partition thickness 1 mm
Position of outer pore, C 17 mm
Position of inner pore, A 4.5 mm

Plate thickness 1 mm
Spacing between plates 2 mm

Plate radius 20 mm

Table 4.8: Dimensions of the four quadrant cell depicted in Figure 4.23.

The results obtained for the absorption coefficient of the unit cell set-up in Fig-

ure 4.23 under normal incident plane wave using two different numerical approaches

are displayed in Figure 4.24. It can be observed that there were multiple resonant

peaks displayed, and the larger one located between 1000 Hz and 2500 Hz had four

peaks merged together created by the parallel behaviour. The four different hole sizes

operating in parallel due to the wall partitions between the quadrants contributed to

this effect. As in the previous results the viscothermal model underpredicted slightly

the hybrid approach. The parallel behaviour created by separating the original de-

sign into quadrants and having different sized pores in these contributed to widening

the absorption band. This can be observed in Figure 4.25 which compared the best

performing AC design with rpore = 1.0mm with the two other AC partitioned units.

The four quadrant design with four different pore sizes had the widest absorption band

for the first resonant frequencies compared to two quadrant design. The design which

does not have any sort of parallel action between the pores had the narrowest resonant

peak.
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Figure 4.24: Numerically determined absorptivity for unit cell AC of dimensions
specified in Table 4.8 with four quadrants using analytically determined losses versus
full viscothermal simulation.

Figure 4.25: Comparison of using different hole sizes in quadrants versus AC cell in
Table 4.6.
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The parallel type behaviour shows promising results in widening the absorption

band. However, in order to obtain designs that exhibit an absorptive spectrum which

operates at a low frequency and with high amplitude across a larger band it would

seem that some thorough optimisation would be required. Such reasoning can lead to

a hypothetical design of which its structure is shown in Figure 4.26. The geometry

presented is an exploded view of what the unit could look like and it is important

to note that this structure is only 6 mm thick. There are just four different sized

holes, except in this instance the design is rotated so the interaction in each quadrant

produces a different behaviour. The absorption coefficient for this design was estimated

on a unit and compared to double and triple stacked units to examine the benefit of

a wider absorption spectrum produced by this configuration. It can be observed from

Figure 4.27 that the absorption range for the one unit is much larger than the ones

produced for two or three units stacked together. Although, the occurrence of the

first resonant frequencies are reduced for multiple units, the peaks do get narrower.

Through optimisation, these types of liner designs could be a solution to mitigate

aviation noise. Preliminary results which attest of their stability in flight conditions

can be seen in Appendix B. Additive manufacturing has allowed the exploration of

these design concepts conveniently and in an inexpensive manner. However, there are

still some issues that should be addressed to quantify the expected deviation between

the produced and designed part.

Figure 4.26: Unit cell geometry which shows the potential of parallel behaviour
created with differing hole sizes, quantity and location.
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Figure 4.27: Numerically determined absorptivity for unit layer shown in Figure 4.26.
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4.5 Validation from normal incident plane waves on

additively manufactured PLA samples

(a) Outer face of printed PLA samples

(b) Inner face of printed PLA samples

Figure 4.28: Printed single plates that are stacked to evaluate performance The
following hole locations are determine from sample centre to pore centre and Q refers
to a quadrant print with wall partitions of 1 mm thick (A01-4.5mm; B01-12.75mm;
2QA01-4.5mm; 2QB01-17mm (which should be labelled 2QC01)).

All the sample units in this study were manufactured using PLA material printed

with the FDM Prusa Mini plus printer. Images of six sample plates are displayed in
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Figure 4.28 with the front face in 4.28(a) and its corresponding inner face in 4.28(b).

There are no partition walls in the first sample, the addition of the partition walls in

the second sample will not have much interference in the acoustic behaviour as there is

just a minimal volume difference. The third sample 2QA01-2QB01 corresponds to the

second quadrant which geometry is displayed in Figure 4.21. The addition of the 1 mm

thick partition wall allowed to separate each quadrant in this display. There are two

differing hole sizes which contributed to a parallel acoustic behaviour that resulted in

merging absorption peaks together to widen the band. The following results provided

aim to validate the numerical models previously presented, the AB and AC cells as

well as some of the structures exhibiting parallel type behaviour. The manufacturing

process and setup employed to construct and test the plates showed some uncertainty

which will be addressed. The absorption coefficient results from the numerical models

displayed in Figures 4.29 to 4.32, these were constructed modelling both the fluid and

structural components with Comsol multiphysics. The material properties of the PLA

were estimated from transmission loss measurements through a 1 mm thick piece of a

material. Parametric studies varying the elastic modulus, density and Poisson’s ratio

were carried out to select the appropriate material properties of PLA which provided

a good match with the transmission loss measurements. The acoustic loading was the

same as in the previous models, described in Section 2.3.6 with a plane wave radiating

with a pressure loading of Pi = 1 Pa and an outlet velocity of uo = 0 m/s in contact with

the impervious surface. The surfaces of the structure in contact with the sides of the

impedance tube section should be restrained as well as the surfaces in contact with the

backing aluminium block, therefore the partition walls on the outer plates. Following

this, these surfaces should be fixed constraints. However, in reality this would result in

an over constrained model, there is some movement and a simple support restricting

motion in one direction is better suited. Damping which is dependent on the isotropic

structural loss factor was added, its effect was seen to be negligible when ignored. A

coupling boundary between the acoustic and structure was imposed at these interfaces.

No other solid boundary conditions were applied on the interior of the unit. The

experimentally obtained absorption coefficient is displayed in Figure 4.29 along with

numerical results obtained from the reduced-order and viscothermal models for unit of

plate AC. Both numerical results overestimated the first resonant frequency. However,
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the location of the second acoustic mode was underestimated in the numerical models.

The amplitude of the absorption coefficient observed experimentally was over fifty per

cent lower than in the numerical results. The addition of the structure did not show

any visible structural mode in the frequency range of interest.

Figure 4.29: Absorptivity results from fluid-structure interaction numerical model
compared with experimental measurements of a 3D printed AB cell, with rpore =
1.0mm.

A model for the AC unit was set up in the same manner as for the previous geometry,

the numerical results were compared with experimentally obtained data for the unit

made from PLA. The results of these models are presented in Figure 4.30, a similar

pattern could be seen with the over and under estimation of the first and second

resonant acoustic modes with respect to experimental measurements. As previously,

the addition of the solid mechanics modelling did not show any structural modes in the

frequency range studied whereas there is a clear peak at 2500 Hz from the experimental

measurements. This is certainly some structural resonant mode however, the manner

in which the boundary conditions are applied to the solid structure in the model do not

seem to represent what is actually occurring. The rationale for applying the boundary

conditions in the structure is valid. However, in reality the unit was formed of two

disconnected plates and the clamping of these at the end of the tube was provided
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by four screws which were hand tightened so evenness in the applied force cannot be

ensured.

Figure 4.30: Absorptivity results from fluid-structure interaction numerical model
compared with experimental measurements of a 3D printed AC cell.

The effect of two stacked units was also analysed, due to manufacturing limitations

these were comprised of individual plates and they were mounted in the same manner.

The experimental results can be seen in Figure 4.31 along with numerically obtained

absorption coefficient for both reduced order and viscothermal models. It could be

observed that the structure exhibited multiple narrow resonant peaks, as the structural

modes were not detectable in the acoustic-structural model it is difficult to ascertain

which modes are purely caused by vibrations within the model. It is suspected that

the resonant mode located at 1800 Hz is due to some structural interaction. It can

also be noted that the addition of further plates contributed to dampen the internal

motion that may be occurring between the plates and as such the amplitude of that

mode is lessened compared with Figure 4.30.
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Figure 4.31: Absorptivity results from fluid-structure interaction numerical model
compared with experimental measurements of two stacked 3D printed AC cells.

Experimental measurement and numerical results of two stacked units composed

of differing hole sizes separated into quadrants as in Figure 4.23 previously are shown

in Figure 4.32. It could be observed that there were multiple resonant peaks, utilising

the different hole sizes separated into quadrants, allowed the resonant peaks produced

to operate in parallel which merged them together to give a broader band result. The

numerical results obtained replicate the location of the resonant peaks. However, the

effect of the number of differing holes which was observed numerically is represented

as a smoother curve experimentally. Through microscopy images which evaluated the

pore sizes across a range of sample plates studied, there exists a strong deviation

between what is intended and the actual produced part. The combination of all these

deviations contribute to modifying the predicted behaviour and a certain amount of

uncertainty should be taken into account when printing such structures.
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Figure 4.32: Absorptivity results from fluid-structure interaction numerical model
compared with experimental measurements of two stacked 3D printed AC cells divided
in four quadrants with different pore sizes in each quadrant.

The behaviour of these structures was also experimentally investigated under graz-

ing incidence and under the presence of external flow at different Mach numbers in Ap-

pendix B. The acoustic behaviour obtained of the unit AC and AB are presented respec-

tively as set A and Set B, in both instances the value of the holes was rpore = 1.5mm.

4.5.1 Considerations when Validating from printed acoustic
structures

Having investigated the geometrical deviations caused by FDM printing through mi-

croscopy imaging, experimental measurements were repeated on one structure, AC. As

could be seen in Figure 4.28, the plates were printed individually instead of printing a

unit cell that would have been composed of a first plate followed by an air gap followed

by an outer plate and its subsequent air gap. The reasoning for this was due to the

manufacturing constraints associated with the technology employed. Printing it as one

piece could have caused entrapment of some of the PLA filament within the air gap.

This could also have affected the inner pore sizes. Due to the structure, the second

plate which would have followed the first air gap could have compressed that gap lead-

ing to stronger geometric deviations as well as distorting the pore shape resulting in
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a more elliptical shape. The experimental measurements shown in Figure 4.33 show a

combination of plates A and C which were all meant to be identical. They have been

labelled A01, A02, C01, C02. The measured sound absorption coefficient was obtained

from normal incident plane wave impinging on the samples. Multiple combinations of

the plates were stacked together and the deviations between these can be seen clearly.

The acoustic mode excited at the first resonant frequency is well captured by all the

plate combinations. The divergence between the excited modes in the combinations

examined occurred at around 2500 Hz which is suspected to be a structural excitation.

The third mode visible in this Figure should represent the second acoustic mode in the

frequency range displayed. For A01C01 and A02C01 the second acoustic peak occurs

at 3400 Hz while it occurs at 3900 Hz for A02C02 and A01C02. There are certainly

some geometrical deviations however, it is unlikely that they are the primary reason

for such differences in their absorptive behaviour.

Figure 4.33: Normal incidence absorption results on PLA samples composed of plates
A and C.

Numerical models were reproduced for each plate using the pore diameters obtained

from microscopy images across all four holes on each plate. These were then combined
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and their absorptivity was analysed, the results are shown in Figure 4.34. The acoustic-

structural model as in the previous cases did not detect the structural mode which was

thought to be present at around 2500 Hz. The shift produced in the narrow resonant

peaks by the geometrical deviations was minimal. Therefore, it can be deduced that

the differences observed experimentally lean closer to a structural nature. Due to the

test setup, it was not possible to measure the vibrations experimentally that could be

occurring between the plates. Although measuring that displacement would be sensible

in order to include appropriate physical boundary conditions in the solid model.

Figure 4.34: Numerical models of the corresponding samples taking into account
resultant printed dimensions for the pore sizes obtained from microscopy images on
different PLA samples of plates A and C.

Following this rationale, possible approaches are presented to confirm that the res-

onant mode which was not visible in the acoustic-structural models was not of an

acoustic nature. One of the AC plate configurations tested was replicated in 3 different

numerical models. The results obtained from this assessment on plate QA01QC01 are

displayed in Figure 4.35. The numerical results obtained through the modelling of the

acoustic solely, in blue overestimated the first resonant frequency whereas the absorp-
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tivity results obtained from the acoustic-structural model were closer to the experi-

mentally obtained results. The amplitude of the suspected second acoustic mode was

a lot lower than both numerically obtained results. In order to rule out the existence

of an acoustic mode at around 2500 Hz, the physicality of the problem was assessed as

due to the experimental setup it would not be possible to measure the displacements

which occurred between the plates. During the pressure perturbation which occurred

as the wave was travelling down the tube there could be some displacement between

the individual plates even though they were stacked together. The samples produced

have partition walls which divided the airgap volume into separate quadrants. The par-

tition walls connect to the subsequent plate in the test section therefore it is a strong

possibility that when a phase opposition occurs the volume which is separated into

quadrants becomes connected. This can explain the occurrence of this merged peak

around 2500 Hz. A first hypothesis added to the acoustic-solid model was to impose

a spring on the top surface of the partition wall which was connected to the following

plate. However, imposing an arbitrary large value would be unreasonable considering

that the displacements would be quite small. Another approach which tries to explain

this phenomenon is presented in Figure 4.35 by the black dashed line. A leakage was

imposed between the two connecting plates in the design analysed. The value of 0.2

mm was chosen as it corresponds to a layer height of material deposited by the FDM

printer, this was subtracted from the height of the partition walls on plate A. A stress

plot arising from the structural simulation of this setup at 2800 Hz can be seen in Fig-

ure 4.36(b). In the first test 4.36(a) which corresponds to the black line in Figure 4.35,

the only structural boundaries were applied to the side surfaces and the top surface

of the partition walls in contact with the tube’s walls. In the second plate, where

there was a leakage in between the plates there was a higher stress concentration, this

induced leakage creates a structural resonance at 2800 Hz. Even though, the problem

could not easily be quantified and there were numerous factors which would be needed

to accurately model the physical problem. The goal was to rule out the existence of

an acoustic mode at 2500 Hz.
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4.5. VALIDATION FROM NORMAL INCIDENT PLANE WAVES ON
ADDITIVELY MANUFACTURED PLA SAMPLES

Figure 4.35: Experimental normal incidence results from unit QA01-QC01 compared
with an acoustic and fluid-structure interaction models to detect structural mode.

(a) Fixed plates (b) Gap in connecting plate

Figure 4.36: Stress plot at 2800 Hz for idealised stacked plates versus possible leakage
corresponding to a layer height between the plates.

4.5.2 Free vibration models of individual plates and a com-
bined unit

The acoustic-structural models did not capture all the possible vibrations occurring in

the model and the plate motion could not have been directly measured in the current

experimental setup. However, a simple eigenfrequency analysis on separate plates
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4.5. VALIDATION FROM NORMAL INCIDENT PLANE WAVES ON
ADDITIVELY MANUFACTURED PLA SAMPLES

which composed the unit and a combined set gave satisfactory results at the resonant

frequencies of interest in Figure 4.35. Plates A and C have been analysed in a free

vibration set up with the PLA material parameters that were determined previously.

Plots showing the stress at the first and second resonant modes for plates A and C are

shown in Figures 4.37 and 4.38. From the results obtained for both individual plates

the resonant modes are very similar, so the location of the pores has minimal impact

on the structural resonance in this system. The free vibration study on the combined

(a) Plate A 1st mode at 1560 Hz

(b) Plate A 2nd mode at 2590 Hz

Figure 4.37: Structural resonant modes for plate A.

plates above which represented a unit AC had a first structural resonant mode at a

frequency at 3449 Hz which was a little higher than the one observed in Figure 4.35.

However, the model was represented as one stacked unit and in reality the plates do

not have a homogeneous surface and they were not fixed together. If there were no

issues with the printing process and entrapment it would be desirable to manufacture
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4.5. VALIDATION FROM NORMAL INCIDENT PLANE WAVES ON
ADDITIVELY MANUFACTURED PLA SAMPLES

(a) Plate C 1st mode at 1550 Hz

(b) Plate C 2nd mode at 2570 Hz

Figure 4.38: Structural resonant modes for plate C.

this as a single unit to disregard this structural resonance with the frequency range

studied.
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4.6. CONCLUSIONS

Figure 4.39: Structural resonant mode for combined AC plates.

4.6 Conclusions

Multiple multilayered plate configurations were analysed as part of this study. Some

exhibited low frequency high absorption resonant peaks and others through a paral-

lel behaviour possessed wider absorption bands. These configurations are promising

for low frequency noise absorption and some of the configurations explored were in-

vestigated under the presence of grazing flow which showed good performance. The

use of machine learning to provide a robust optimisation of these parallel behaviour

absorptive plate configurations could be pioneering in the advancement of liner design

for turbofan engines. As part of this study, certain factors were identified during the

experimental validation from printed PLA components. Indeed the normal incident

tests to evaluate their behaviour does not ensure a controlled tightening of the samples

and there were inner plate vibrations. Therefore, a different manufacturing strategy

could be used or experimental vibration measurements could be included in an acoustic-

structural numerical model. The vibrational effects observed are not negligible. Indeed

they may interact and modify the Helmholtz resonators when the cavity is fixed com-

pared to when it is in motion. This structural modification of the resonator cavity

can vary the resonant frequency and the absorption produced. The vibro-acoustic cou-

pling produces additional resonances which could also be exploited. The structural and

acoustic-structural analyses provided a valid explanation for what may be occurring

and why the structural mode is not represented in the frequency range studied.
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An efficient modelling strategy was developed which enabled the design of low-

frequency broadband noise absorptive structures which have a valid application for

noise reduction in a turbofan engine environment.

Additive manufacturing allows to develop a multitude of different noise reducing treat-

ments such as metamaterials, metasurfaces and porous materials. Considering a noise

treatment for an engine duct with predominant fan noise it would be desirable to ob-

tain a material with low frequency absorptive behaviour. Through design there is a

motivation to extend this to broadband perfect absorption within the industry [120].

Observations of the results obtained as part of this thesis which analysed the absorptive

behaviour of samples manufactured using different printing technologies, it is reason-

able to say that there are deviations dependent on the technology employed. A Round

Robin study was carried out to evaluate the acoustic properties of a benchmark porous

material manufactured using different technologies in multiple laboratories part of the

DENORMS COST action. It confirmed that there are deviations in the acoustical

behaviour due to the nature of the manufacturing process employed. There were also

differences in the acoustic behaviour obtained between laboratories using the same

technology [74].

For a commercial scale application the use of such materials seems expensive, time con-

suming to produce, and can lack reliability with respect to the predicted performance.

The numerical results obtained on a benchmark acoustic metamaterial which included

the associated viscothermal losses in the system provides a good match with the ex-

perimental data obtained nonetheless. There can be significant differences between the

resultant absorption obtained numerically and experimentally from 3D printed sam-

ples. The defects which are inherent to the printing technology increase the losses

within the system. However, the deviations observed from an ideal unit cell repre-

sentation in the numerical approach show deviations consistent with manufacturing

imperfections. Availing of the opportunity to utilise four different additive manufac-

turing technologies which ranged from low cost to premium state of the art machines

for the designed configurations in this project has been a significant tool. This gave

an overview of the rapid prototyping technologies available to manufacture metama-

terials and assess the suitability of one technique over another in terms of acoustic
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performance obtained. The samples printed with SLA and SLM provided the closest

match with predicted numerical models in terms of the resonant acoustic modes and

their location. Therefore, SLA printing technology is a good compromise to manufac-

ture such structures. It is relatively low cost and less specialist training is needed to

operate the printer in comparison with SLM. There are still some inherent problems

with this technology as large amounts of resin can become entrapped which creates

blockages in channels. This will undoubtedly affect the absorptive properties of the

structure. There are reservations with these printing technologies on the economies of

scale and the capability of producing these structures on large build platforms. Overall,

these printing technologies have inherent effects linked to their process on the resultant

printed structure. Some produce lower quality parts, others show a higher fidelity to

the designed structure but have large surface roughness. Even though there are some

issues with the manufacturing, this technology has allowed the printing of absorptive

materials at microscopic scales and the addition of modified built-up structures from

the fundamental unit cell. The dedicated area reserved for noise treatments inside

ducts remains quite tight. The development of space-coiling mechanisms allowed to

double the length of resonators within a certain depth. The lowering of the first res-

onant peak of absorption was successful through a sensitivity analysis of parameters

within the resonant chambers in the labyrinthine system. This sort of configuration

would be unmanufacturable without 3D printing, so it still possesses a lot of merit.

The quantification of additional losses depending on the printing technology employed

was carried out in a simple proof of concept approach through the viscosity and hy-

draulic radius. In an efficient design loop, it might be a wasted effort to quantify these

effects as the variability with some technologies is small which was confirmed from the

amplitude of the absorptivity observed between predicted values and measurements.

Studies which have dealt with the acoustic characterisation of 3D printed absorptive

materials agree with the fact that the manufacturing defects alter the predicted be-

haviour. Between direct numerical predictions and measurements obtained from 3D

printed samples there is an increase of ≈ 0.15 in the amplitude of absorption [121] as

the imperfections increase the intrinsic losses in the system. Other studies have focused

on using reverse engineering methods to experimentally determine acoustic parameters

from printed samples. Equivalent fluid methods are then used to evaluate the Johnson
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Champoux Allard Lafarge (JCAL) parameters via FEM on an ideal representative ele-

mentary volume of the porous materials [120]. After numerically obtaining the different

transport parameters, the acoustic deviations caused by the geometric defects are ex-

perimentally characterised through experimental acoustic measurements from which

the transport parameters comprising defects can be retrieved. The corrected predic-

tive models were simulated using the transfer matrix approach and validated against

macroscale measurements [122]. These studies are of valued scientific interest as they

aim to incorporate defects resultant from the manufacturing processes into the mod-

elling approach. However, from the design development point of view for an industrial

application it seems impractical. Indeed prior knowledge of the sample is required to

correct the acoustic behaviour. Interesting reflections which attempts to create a dia-

logue between the local scale numerical model, imaging techniques and measurements

have been made by [123]. In reality there are always adjustments to take into account

when comparing measurements with macroscopic parameters obtained from the local

geometry. The usage of imaging techniques such as scanning electron microscope and

x-ray imaging can inform some important microstructural defects which have a signifi-

cant impact on the acoustic properties. From this new information, adjustments can be

made to the model of the representative unit and then macroscale acoustic properties

can be evaluated again. These studies add a lot of scientific value and merit to this

field. However from a design point of view in an industrial application, they are rather

impractical as there is too much back and forth in the modelling procedure which

is inefficient in a delimited time frame. The numerical results produced from these

equivalent fluid models do not give direct predictive acoustic behaviour. Furthermore,

the estimation of viscothermal losses using this equivalent fluid approach is too much

of an approximation. Being capable of including some of the resultant defects arising

from additive manufacturing technologies into numerical models remains a challenge

as some of the variability can be difficult to quantify.

In terms of using acoustic metamaterials for large scale industrial applications it is im-

portant to note inherent defects even though they might have a positive impact on the

produced acoustical behaviour, direct numerical approaches provide a good estimation.

The use of additive technology for noise reducing acoustic metamaterials could be
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more suited to other small scale industrial applications. In the case of turbofan en-

gines, development of novel liner concepts can be envisaged using more traditional

manufacturing techniques which exhibit advantageous low broadband frequency ab-

sorption. Within the industry there is continued work in the development of novel

liner concepts using variable depth chambers with an embedded parallel element [124].

The absorptive performance of a multilayered plate configuration manufactured from

perforated aluminium sheets separated by stainless steel spacers where the dissipation

was provided mainly in the gaps proved to be particularly effective for low frequency

absorption. The metaliner designed where the air travels through a staggered pathway

instead of a direct passage with aligned pores effectively used controlled tortuosity to

lower the acoustic resonances. In addition, the coupling of the transfer matrix method

with a full viscothermal description of the unit cell through FEM provides a fast and

efficient tool to predict the acoustic characteristics of a larger repeated cellular struc-

ture. This is possible due to the fundamental periodic nature of metamaterials. Thus

the design provided a good balance using a tortuosity controlled absorptivity. This

motivated a search to obtain a design which had a broader band of absorption while

remaining at a low frequency of operation.

Critical geometric parameters were identified in the design which successfully reduced

the frequency of occurrence of the resonant peaks. In a second stage other geomet-

ric parameters were introduced which achieved a broader high absorption band. The

acoustic behaviour of basic designs were validated with experimental measurements

obtained from printed PLA samples. The deviation between experimental, viscother-

mal and reduced order results was analysed. As the level of deviation observed was

similar for all three, the reduced order approach is a valid approximation. With this

modelling efficiency it allows to explore and evaluate more elaborate multilayered plate

configurations. An emphasis was placed on achieving a parallel type behaviour between

separated chambers inside the gaps. Having pores of different sizes behaving in par-

allel with other sized pores in separate quadrants successfully contributed to broaden

the absorption band. An incremental design process was used, where 2 quadrants had

the same geometric properties followed by 4 quadrants where each of these 4 had dif-

ferent geometric parameters within. During the validation process, deviations were
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observed due to internal plate resonances. This design process allowed the exploration

of more complicated patterns for which a proper design optimisation approach would

be required. The introduction of artificial intelligence and machine learning in the

development of novel liner concepts is a promising design avenue. This will greatly

reduce the development time associated with their design [125]. This design develop-

ment along with the efficient modelling tools to approximate viscothermal dissipation

within the gaps of these multilayered configurations paves the way for optimum noise

reducing treatments for turbofan engines.
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6.1. GENERAL

6.1 General

In a context of guaranteeing the continued development of sustainable air travel efforts

to deliver effective noise reducing treatments for engine ducts is of critical importance.

The studies examined within this thesis provide novel contributions to evaluate the

usage of printed acoustic metamaterials as noise reducing treatments. However it also

demonstrates their limitations at an industrial development stage and reaching a high

technology readiness level. Another avenue which seems more promising in achieving

further significant noise reduction for turbofan engines is through novel liner concepts.

The aim of this thesis was to deliver a rapid developmental design process aided by

efficient modelling tools to obtain sub-wavelength absorptive structures. And to eval-

uate the influence of additive manufacturing in the design of acoustic metamaterials.

The following objectives were achieved:

• The predicted acoustic performance of acoustic materials through different addi-

tive printing technologies was experimentally validated. Traditional construction

layups on balance seem to be easier to model and implement although additive

manufacturing could potentially introduce more disruptive dissipation mecha-

nisms.

• Viable macro models were obtained through a full description of a fundamental

unit cell.

• An efficient reduced-order modelling strategy was put forward, comparable to a

full viscothermal description to estimate losses within air gaps in multilayered

perforated panels which was shown to be a robust design tool.

• Sensitivity analysis of critical parameters to design a multilayered panel structure

to obtain low-frequency broadband absorption.

6.2 Future Work

Considering some of the experimental results obtained in this thesis with the printed

multilayered plate configurations, further investigation of the structural responses could

be investigated. This could be done either by quantifying the structural resonances
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6.2. FUTURE WORK

within the models by prior experimental investigation with a vibrometer or using a dif-

ferent manufacturing procedure. Indeed the plates were printed individually, printing

one cell composed of two plates with fixed partition walls might alter the resonances

observed. However, the added resonance provided by the vibro-acoustic coupling could

be further exploited to provide additional sound absorption. In order to analyse the

performance of these noise reducing treatments, it is necessary to evaluate them in

environmental conditions which resemble the environment where they will be used.

Attempt of a continuation study of the topics explored in this thesis which in the au-

thor’s view is critical to evaluate their suitability in a turbofan engine environment is

given in Appendix B.4. The preliminary experimental work analyses some absorptive

structures under external flow conditions. The results obtained attest the stability of

these structures at low Mach numbers. As temperatures in the proximity of the engine

can reach approximately 850◦C, analysing noise reducing treatments under hot flow

would extend the knowledge on the usage of such materials and provide information

on certain necessary adaptation required so their performance is not altered.
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[7] Anne-Sophie Evrard, Marie Lefèvre, Patricia Champelovier, Jacques Lambert,

and Bernard Laumon. Does aircraft noise exposure increase the risk of hy-

pertension in the population living near airports in france? Occupational

and Environmental Medicine, 74(2):123–129, 2017. ISSN 1351-0711. doi:

10.1136/oemed-2016-103648. URL https://oem.bmj.com/content/74/2/123.

[8] L Leylekian, M Lebrun, and P Lempereur. An overview of aircraft noise reduction

technologies. Aerospace Lab Journal, 2014.

[9] AIRBUS. Getting to grips with aircraft noise, December 2003. URL https:

//www.slideshare.net/FernandoNobre1/aircraft-noise-27755949.

[10] P S Tide and K Srinivasan. Novel chevron nozzle concepts for jet noise reduc-

tion. Proceedings of the Institution of Mechanical Engineers, Part G: Journal of

Aerospace Engineering, 223(1):51–67, 2009. doi: 10.1243/09544100JAERO347.

URL https://doi.org/10.1243/09544100JAERO347.

[11] Maxime Huet, François Vuillot, Nicolas Bertier, Marek Mazur, Nancy Kings,

Wenjie Tao, Philippe Scouflaire, Franck Richecoeur, Sebastien Ducruix, Corentin

Lapeyre, et al. Recent improvements in combustion noise investigation: from the

combustion chamber to nozzle flow. AerospaceLab, (11):10, 2016.

[12] Uno Ingard. On the theory and design of acoustic resonators. The Journal of the

Acoustical Society of America, 25(6):1037–1061, 1953. doi: 10.1121/1.1907235.

URL https://doi.org/10.1121/1.1907235.

[13] SAFRAN Aircelle. GdR META kick-off Metamaterials for aeronautics,

January 2016. URL http://events.femto-st.fr/sites/femto-st.fr.

GdR-META/files/content/Documents/Reunion_Lancement/2016-01%20KO%

20GdR%20META%20-%20Aircelle%20presentation.pdf.

136

http://www.who.int/quantifying_ehimpacts/publications/en/
http://www.who.int/quantifying_ehimpacts/publications/en/
https://oem.bmj.com/content/74/2/123
https://www.slideshare.net/FernandoNobre1/aircraft-noise-27755949
https://www.slideshare.net/FernandoNobre1/aircraft-noise-27755949
https://doi.org/10.1243/09544100JAERO347
https://doi.org/10.1121/1.1907235
http://events.femto-st.fr/sites/femto-st.fr.GdR-META/files/content/Documents/Reunion_Lancement/2016-01%20KO%20GdR%20META%20-%20Aircelle%20presentation.pdf
http://events.femto-st.fr/sites/femto-st.fr.GdR-META/files/content/Documents/Reunion_Lancement/2016-01%20KO%20GdR%20META%20-%20Aircelle%20presentation.pdf
http://events.femto-st.fr/sites/femto-st.fr.GdR-META/files/content/Documents/Reunion_Lancement/2016-01%20KO%20GdR%20META%20-%20Aircelle%20presentation.pdf


BIBLIOGRAPHY

[14] Jacky Mardjono, Riou Georges, Boiteux Jean-Michel, and Frederic Boubila.

The epsl static tests demonstration of liners noise reduction concepts. In 19th

AIAA/CEAS Aeroacoustics Conference, page 2174, 2013.

[15] DLR Berlin Enghardt, Lars. Proband: Improvement of fan broadband noise

prediction: Experimental investigation and computational modelling. In CEAS

BBN Workshop 2008, Bilbao, 2008.

[16] RE Motsinger and RE Kraft. Design and performance of duct acoustic treatment.

NASA Tehcnial Reports, 1991.

[17] T Zandbergen. Do locally reacting acoustic liners always behave as they should?

AIAA Journal, 18(4):396–397, 1980.
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[68] Mariano Jiménez, Luis Romero, Iris A. Domı́nguez, Maŕıa del Mar Espinosa,
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[97] René Christensen. Topology optimization of thermoviscous acoustics in tubes

and slits with hearing aid applications. In COMSOL Conference, 2017.

[98] John William Strutt Baron Rayleigh. Theory of Sound. Macmillan, London,

1877.

[99] G. P. Ward, R. K. Lovelock, A. R. J. Murray, A. P. Hibbins, J. R. Sambles, and

J. D. Smith. Boundary-layer effects on acoustic transmission through narrow slit

cavities. Phys. Rev. Lett., 115:044302, Jul 2015. doi: 10.1103/PhysRevLett.

115.044302. URL https://link.aps.org/doi/10.1103/PhysRevLett.115.

044302.

[100] C. Zwikker and Cornelis Willem. Kosten. Sound absorbing materials. Number

ix, 174 p. Elsevier Pub. Co., New York, 1949. URL //catalog.hathitrust.

org/Record/001479870.

[101] H. Tijdeman. On the propagation of sound waves in cylindrical tubes.

Journal of Sound and Vibration, 39(1):1–33, March 1975. ISSN 0022-460X.

doi: 10.1016/S0022-460X(75)80206-9. URL http://www.sciencedirect.com/

science/article/pii/S0022460X75802069.

[102] David Oliva and Valtteri Hongisto. Sound absorption of porous materials –

Accuracy of prediction methods. Applied Acoustics, 74(12):1473–1479, December

2013. ISSN 0003-682X. doi: 10.1016/j.apacoust.2013.06.004. URL http://www.

sciencedirect.com/science/article/pii/S0003682X13001382.

[103] Yasushi Miki. Acoustical properties of porous materials-Modifications of Delany-

Bazley models. Journal of the Acoustical Society of Japan (E), 11(1):19–24, 1990.

ISSN 0388-2861.

147

https://doi.org/10.1038/s41598-019-40665-9
https://doi.org/10.1038/s41598-019-40665-9
https://link.aps.org/doi/10.1103/PhysRevLett.115.044302
https://link.aps.org/doi/10.1103/PhysRevLett.115.044302
//catalog.hathitrust.org/Record/001479870
//catalog.hathitrust.org/Record/001479870
http://www.sciencedirect.com/science/article/pii/S0022460X75802069
http://www.sciencedirect.com/science/article/pii/S0022460X75802069
http://www.sciencedirect.com/science/article/pii/S0003682X13001382
http://www.sciencedirect.com/science/article/pii/S0003682X13001382


BIBLIOGRAPHY

[104] Jean Allard and Noureddine Atalla. Propagation of sound in porous media: mod-

elling sound absorbing materials 2e. John Wiley & Sons, 2009.

[105] F.J. Fahy. Foundations of Engineering Acoustics. Elsevier Science, 2001. ISBN

978-0-12-247665-5. URL https://books.google.ie/books?id=EDnwlpOUqDoC.

[106] Jean-Louis Auriault, Claude Boutin, and Christian Geindreau. Homogenization

of coupled phenomena in heterogenous media, volume 149. John Wiley & Sons,

2010.

[107] K.R. Rajagopal. A new development and interpretation of the navier–stokes

fluid which reveals why the “stokes assumption” is inapt. International Journal

of Non-Linear Mechanics, 50:141–151, 2013. ISSN 0020-7462. doi: https://

doi.org/10.1016/j.ijnonlinmec.2012.10.007. URL https://www.sciencedirect.

com/science/article/pii/S0020746212001655.

[108] L. Brekhovskikh. Waves in Layered Media. Applied mathematics and mechanics.

Elsevier Science, New York, 1980. ISBN 978-0-323-16162-6.

[109] S. Y. Song, X. H. Yang, F. X. Xin, S. W. Ren, and T. J. Lu. Modeling of rough-

ness effects on acoustic properties of micro-slits. Journal of Physics D: Applied

Physics, 50(23):235303, May 2017. ISSN 0022-3727 1361-6463. doi: 10.1088/

1361-6463/aa6fa1. URL http://dx.doi.org/10.1088/1361-6463/aa6fa1.

[110] British Standards Institution. Iso 10534-2:1998 acoustics: determination of sound

absorption coefficient and impedance in impedance tubes - part 2: Transfer

function method. British Standards Institution, 1998. ISSN 9780580324628

0580324621. OCLC: 958821240.

[111] Erlend Magnus Viggen. The lattice boltzmann method: Fundamentals and acous-

tics. 2014.

[112] AERIALIST-Horizon 2020. Simulation of benchmark, aerialist deliverable 2.5,

jun 2019.

[113] Michail Papanikolaou, Michael Frank, and Dimitris Drikakis. Effects of surface

roughness on shear viscosity. Phys. Rev. E, 95:033108, Mar 2017. doi: 10.1103/

148

https://books.google.ie/books?id=EDnwlpOUqDoC
https://www.sciencedirect.com/science/article/pii/S0020746212001655
https://www.sciencedirect.com/science/article/pii/S0020746212001655
http://dx.doi.org/10.1088/1361-6463/aa6fa1


BIBLIOGRAPHY

PhysRevE.95.033108. URL https://link.aps.org/doi/10.1103/PhysRevE.

95.033108.

[114] ManishKumar Gupta and Monika Singh. Comparison between metamaterial

based circular patch antenna and microstrip patch antenna. International Journal

of Engineering Research and Applications (IJERA), 2(3):574–579, 2012.

[115] Bichoy Bahr, Luca Daniel, and Dana Weinstein. Optimization of unreleased

cmos-mems rbts. In 2016 IEEE International Frequency Control Symposium

(IFCS), pages 1–4. IEEE, 2016.

[116] Lawrence T Pillage and Ronald A Rohrer. Asymptotic waveform evaluation for

timing analysis. IEEE Transactions on Computer-Aided Design of Integrated

Circuits and Systems, 9(4):352–366, 1990.

[117] B. Brouard, D. Lafarge, and J.-F. Allard. A general method of mod-

elling sound propagation in layered media. Journal of Sound and Vibration,

183(1):129–142, 1995. ISSN 0022-460X. doi: https://doi.org/10.1006/jsvi.

1995.0243. URL https://www.sciencedirect.com/science/article/pii/

S0022460X8570243X.

[118] T.H. Melling. The acoustic impendance of perforates at medium and high sound

pressure levels. Journal of Sound and Vibration, 29(1):1–65, 1973. ISSN 0022-

460X. doi: https://doi.org/10.1016/S0022-460X(73)80125-7. URL https://

www.sciencedirect.com/science/article/pii/S0022460X73801257.

[119] Michael R. Stinson. The propagation of plane sound waves in narrow and wide

circular tubes, and generalization to uniform tubes of arbitrary cross-sectional

shape. The Journal of the Acoustical Society of America, 89(2):550–558, 1991.

doi: 10.1121/1.400379. URL https://doi.org/10.1121/1.400379.
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A.1 Introduction to multiscale modelling for acous-

tic structures

In relation to the configurations examined in this thesis, a direct approach was chosen

to examine the impact of defects within the structure, caused by the manufacturing

processes employed. As waves propagate through such materials, viscous and ther-

mal effects are induced. In order to analyse their acoustic behaviour it is necessary

to first obtain their effective parameters. The principle of homogenisation allows to

zoom out from the unit structure. When dealing with a periodic media, the problem

can be treated as an equivalent continuous medium [106]. Describing small scale het-

erogeneities on a unit cell is a complicated process, especially in the case of a printed

structure. If a large volume is composed of many small-scale heterogeneities, mod-

elling these numerically can be difficult and expensive. Homogenisation is an upscaling

method which is analogous to an averaging process over a larger scale. In the studies

carried out throughout this thesis, there was a clear separation of scales, examining

the acoustic effects on a unit cell and using transformation methods to obtain the

acoustic performance of a built up structure. This process is referred to as a micro

to macro approach. The multiple scale approach separates what occurs internally at

a microscopic level and the effective fields at a macroscopic level [106]. The unit cells

that were analysed are all periodic structures therefore, homogenisation seems like a

reasonable approach. Through homogenisation, the homogeneous effective parameters

are extracted from the heterogeneous media. These extracted effective parameters can

then be substituted in propagation models to obtain their behaviour at different length

scales. The equivalent fluid approach which reposes on the theory of two scale asymp-

totic homogenisation was used to extract the JCAL transport parameters, its theory

is outlined in Section A.1.1.

A.1.1 Two scale asymptotic homogenisation procedure

The finite element method code from COMSOL was used to calculate the quantities

that describe the behaviour inside the structure. Once these parameters have been

evaluated they were substituted inside the JCAL model. The unit cell which was

modelled in COMSOL is an idealised model which does not take into account internal

defects. some studies have been performed where effective parameters are inversely
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characterised through experimental procedures and then substituted into propagation

models to determine a macro scale behaviour [120]. In order to carry out two-scale

asymptotic homogenisation a representative volume of a unit must be determined.

The unit structure is evaluated and the transport parameters are then derived and

computed, which can be done through FEM in COMSOL [120]. The homogenization

method is applied to the governing equations 2.1 to 2.3 on the representative volume.

The JCAL parameters are derived by integrating the solution fields to these equations

over the fluid domain, Ωf , or the fluid-solid interface, Γ. The solution fields are outlined

bellow arising from the viscous and thermal cell problem.

Figure A.1: Representative volume AC of unit cell size, lc with orthonormal basis
(e1, e2, e3).

Visco-inertial effects

The visco-inertial cell problem is composed of the incompressible stokes flow through

the unit cell in response to a pressure gradient. The cell is considered in its main di-

rection where the dynamic tensor of viscous permeability is diagonal, the visco-inertial

equations are outlined in [126]. The numerical model for tortuosity was built in COM-

SOL in the normal direction, e3 for the fluid volume, Ωf . The following parameters

are direction dependent denoted by the direction xj.

High frequency limit of the tortuosity, τ∞33

τ∞33 = ϕ
〈
e3 −T ∇yζ

∞
3

〉−1 · e3 (A.1)
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Characteristic viscous length in normal direction, λ∞
3

λ3 = 2

∫
Ωf

(e3 −∇yζ
∞
3 )2dΩy∫

Γ
(e3 −∇yζ∞3 )2dΓ

(A.2)

The numerical model to obtain the Darcy permeability a creeping flow model was

created in COMSOL, and the permeability was integrated over the fluid volume the

unit cell AC.

Static viscous permeability, q033

q033 =
1

|Ω|y

∫
Ωf

k0
3dΩy (A.3)

Thermo-acoustic effect

The thermo-acoustic effect in the cell consists of the heat conduction through the

unit cell loaded by a constant pressure. the homogenisation process of the constitutive

equations in [106, 126]leads to the temperature field at the local scale. The thermostatic

problem was evaluated in COMSOL with the coefficient form PDE interface.

Open porosity, ϕ

ϕ =
1

|Ω|y

∫
Ωf

dΩy (A.4)

Thermal characteristic length, Λ
′

Λ
′

= 2

∫
Ωf

(θ∞ · θ∞)dΩy∫
Γ
(θ∞ · θ∞)dΓ

= 2
|Ω|y
|Γ|

(A.5)

Static thermal permeability, Θ0

Θ0 =
1

|Ω|y

∫
Ωf

θ0dΩy (A.6)

A.1.2 Johnson-Champoux-Allard-Lafarge propagation model

The transport parameters are used to estimate the dynamic viscous and thermal per-

meabilities. The frequency dependent macroscopic viscous and thermal permeabilities

can be obtained from the asymptotic regime at low and high frequencies [127]. The

dynamic viscous and thermal permeabilities are given by Equations A.8. The trans-
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port parameters determined numerically are used to estimate the shape factors Mj and

M′ and characteristic frequencies ωj and ω′ for the viscous and thermal permeabilities

respectively. The characteristic frequency ωj denotes the transition between static and

viscous regions and ω′ the isothermal to adiabatic transition.

Mj =
8τ∞jj K

0
jj

Λ2
jϕ

M
′

=
8Θ0

ϕΛ′2

ωj =
µϕ

ρ0K0
jjτ

∞
jj

ω′ =
κϕ

Θ0ρ0cp

(A.7)

where ρ0 is the density, cp the heat capacity, µ the dynamic viscosity and κ the thermal

conductivity of the air.

qωjj =
q0jj√√√√

1 − ȷ
ω

ωj

Mj

2
− ȷ

ω

ωj

wherej ∈ {1, 2, 3}

Θω =
Θ0√

1 − ȷ
ω

ω′

M
′

2
− ȷ

ω

ω′

(A.8)

The effective density and bulk modulus in Equations A.9 and A.10 can be obtained

from the homogenised permeabilities in Equation A.8 [128].

ρ(ω) =
η

−ȷω
[qω]−1 (A.9)

K(ω) =
K0

ϕγ + ȷωρ0cp(γ − 1)Θω/κ
(A.10)

The fluid properties used to estimate the effective parameters are outlined in A.1.
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Symbol Value Unit

K0 101325 K Bulk modulus
ρ0 1.2043 kg/m3 Density
µ 1.8132E-05 Pa.s Dynamic viscosity
c0 342 m/s Speed of sound
Cp 1005 J/(kgK) Specific heat capacity
κ 0.025756 W/(mK) Thermal conductivity

Pr0 0.7075 - Prandtl number
Dth 2.128-05 m2/s Thermal diffusivity

Table A.1: Fluid properties-equivalent fluid model.

A.1.3 Estimation of aborptivity from JCAL model for unit
AC

A normal incident plane wave of frequency ω propagates in an impedance tube of

domain Ω0 and impinges on the porous sample Ω of thickness L=0.006m presented in

Figure A.1, backed by an impervious layer. In the normal direction the incident and

reflected waves travelling in the tube are defined by Equation A.11.

pi(x, ω) = e−ȷk0(x3−L)

pr(x, ω) = R(ω)eȷk0(x3−L)
(A.11)

In the porous sample the effective properties are defined by Equations A.9 and A.10.

The transfer matrix outlined in 3 can be used to obtain the solution to the wave

propagation problem of the characteristic cell and the built-up structure. The loading

variables are known,

 p

v3

 and used to solve the field variables at the interface of the

sample (inlet and outlet).

 p

v3


L

= expm

L

 0 ȷωρ33

ȷω/K 0

︸ ︷︷ ︸
TM

p

0


0

(A.12)

R =

TM11

TM21

+ Z0

TM11

TM21

− Z0

(A.13)

α = 1 − |R|2 (A.14)
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The transport parameters were obtained numerically from the equivalent fluid approach

detailed previously. These were then substituted to obtain the effective parameters

of the medium. The absorptivity obtained through the JCAL model is displayed in

Figure A.2. This is compared with the numerical models used to determine the ab-

sorptivity of the AC unit and the experimental measurements on a printed PLA cell

under normal incidence.

Figure A.2: Results from JCAL propagation model where parameters were deter-
mined through homogenisation for the plate design AC.

It can be seen that there is an overestimation of the first resonant frequency with the

JCAL model. In comparison with the direct numerical models, the viscothermal and

reduced order provide a closer match to experiment using an equivalent fluid might not

be the best approach. The two numerical models plotted in blue are acoustic-structural

models and were reviewed in Chapter 4. The mode located at 2500 Hz is suspected to

be a structural resonance and a discussion on the reasoning for this has been provided.

In order for the homogenisation approach to be effective it is necessary to zoom in

on a cell within the periodic medium which is representative of the existing geometry.

In the assessment, using homogenisation for the problem under consideration might
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not be truly representative of the problem. With this asymptotic method it was pos-

sible to recover the reflection coefficient for the structure. The parameters obtained

numerically represent the unit in a purely geometric sense. For the unit volume to

properly represent the heterogeneities, only inverse characterisation methods of the

sample would satisfy this as the microstructure is the main factor which influences the

transport parameters. Even if inverse characterisation of the sample is possible with

experimental measurements, a precise description of the microstructure is difficult to

obtain.

In conclusion, for the geometry considered there is more fidelity in the results obtained

through the reduced order and viscothermal models, as it is within the experimental

error tolerated with experimental tests. The homogenisation approach which is an av-

eraging method is in the author’s view a step further in the approximation of dissipative

effects, and should not be privileged in the modelling of sub-wavelength structures.

160



Appendix B

Acoustic treatments under grazing
incidence and external grazing flow

161



APPENDIX B

B.1 Introduction

The structures analysed as part of this thesis are set in a linear acoustic regime. Some

preliminary experimental work has been carried out on some of these structures to

assess their stability in other environmental conditions in collaboration with Thomas

Humbert, research engineer at the LAUM and Yves Aurègan, research director at the

CNRS (UMR CNRS 6613). The experimental grazing incidence test bench at the

LAUM (Laboratoire d’Acoustique de l’Université du Mans) where experimental work

was carried out on a number of samples manufactured for this testing campaign is

shown in Figure B.1.

Figure B.1: Grazing incidence test bench facility at the LAUM, Le Mans [129].

This test bench is composed of a section 40x50 mm2 and the lined section is 200

mm in length. There are two acoustic sources which are used to obtain measurements

upstream and downstream of the sample and two anechoic terminations. The acoustic

measurements were carried out by 20 face to face microphones by impedance eduction.

The flow measurements were carried out using a pitot tube. The three samples manu-

factured are 190 mm long and 50 mm wide. A holder was manufactured to fit in the

acoustic testing section in B.2(a) which was used in one of the measurements but due

to clamping issues it was then substituted for the holder shown in Figure B.2.
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(a) Sample holder (b) Section of sample holder

Figure B.2: Sample holder for acoustic measurements at LAUM [129].

A swept sine excitation from 100 Hz to 4000 Hz with a 5 Hz step is used for

acoustic impedance eduction. Transmission coefficients for upstream and downstream

waves are obtained measuring the pressure at different location on both sides of the

sample. The impedance of the lined section was obtained by an inverse method based

on multimodal calculations to match numerical and experimental scattering matrices.

For the experiments performed the pressure was averaged over 200 cycles at each

frequency and in the presences of flow it was averaged over 1000 cycles. The cut off

frequency for plane wave propagation in the tube is 3500 Hz.

One of the structures examined in Chapter 2 based on a unit cell amenable to

additive manufacture put forward by the COST action DENORMS was assessed under

grazing incidence in the presence of external flow. Details of the results obtained on the

labyrinthine DENORMS structure are presented in B.2. Two other plate structures

were also tested under grazing. One which was previously examined under normal

incidence in Chapter 3 and whose main findings were published in [50]. The other

which is based on the AC cell unit structure of which most results attesting of its

acoustic behaviour are detailed in Chapter 4.

B.2 Grazing incidence results for DENORMS cell

configuration

One of the built-up structure based on the design proposed by the COST action DE-

NORMS was manufactured to be the tested in the grazing rig presented previously.
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(a) Denorms labyrinthine structure

(b) Sample in holder

Figure B.3: Denorms labyrinthine sample manufactured for grazing incidence testing.

It was manufactured using an Anycubic photon DLP printer. This labyrinthine set-

up doubles the length of the number of resonators through a space coiling mechanism.

The sample was printed in two separate 50 mm x 50 mm, 100 mm long samples due to

build plate constraints. The sample within the holder is presented in a U-shaped holder

in Figure B.3(a). The sample was placed in its regular orientation in the housing for

acoustic testing in Figure B.3(b). The transmission and absorption coefficients obtained

experimentally for this set up without flow are shown in Figures B.4(b)and B.4(a). The
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system was excited at different sound pressure levels to ensure the stability and linearity

of the system. This was done for 100 dB, 120 dB and 130 dB. From observations made

in FigureB.4 it can be affirmed that the system is linear.

(a) Absorption (b) Transmission coefficient

Figure B.4: Absorption and Transmission results for Denorms labyrinthine sample
at different sound pressure levels under grazing incidence.

For optimal noise to signal ratio, an acoustic signal at 130 dB was used to excite

the system and the response obtained was analysed with the addition of different

external flow velocities. The absorption and transmission coefficients are given in the

presence of different external flow velocities propagating in the same direction as the

acoustic wave in Figure B.5. The addition of flow contributes to a slight reduction

in the transmission coefficient at low flow velocities, and is more significant at higher

flow velocities. However, the whistling effects in the system are minimal which is

encouraging. Therefore the absorptivity provided by this configuration ensures good

performance in the presence high flow velocities. As this type of structure shows good

absorptive acoustic performance in the presence of flow, secondary tests with flow

reversal were carried out.
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(a) Absorption (b) Transmission coefficient

Figure B.5: Absorption and Transmission results for Denorms labyrinthine sample
for different Mach numbers at 130 dB where flow and sound waves propagate in the
same direction.

The acoustic sources in this rig are provided by compression chambers upstream

and downstream of the lined section. In the absorption and transmission coefficients

plots shown in Figures B.5(a)and B.5(a), the acoustic source was located upstream of

the sample, therefore results shown are composed of the acoustic wave travelling in the

same direction as the flow. The results presented in B.6 display the absorption and

transmission coefficients obtained at Mach 0.25 with the flow plotted as a continuous

magenta line which are compared to results from the acoustic wave travelling against

the flow represented by the dashed line. These results are plotted against a baseline

result at the same sound pressure level without flow.

(a) Absorption (b) Transmission coefficient

Figure B.6: Absorption and Transmission results for Denorms labyrinthine sample
for Ma 0.25 at 130 dB where waves propagate with (-) and against (- -) the flow.

166



APPENDIX B

Analysing both the absorption and transmission coefficients in Figures B.6(a)and B.6(b),

it can be seen that with flow reversal against the acoustic wave the absorption increases

by approximately 18%-24% with respect to the no flow case, and with respect to the

acoustic wave and flow propagating in the same direction it increases by 28%-40%.
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B.3 Grazing incidence results for plate design AC

in Chapter 4

The plate design labelled AC in Chapter 4 was manufactured in order to test it in

the grazing rig in Figure 2.11 with the pore radius. The drawings for this setup are

available in Figure B.14, the plates are made from 1 mm think aluminium sheet and

the air gaps between the plates are provided by 2 mm thick stainless steel spacers. This

was assembled together by 8 screws placed on the sides which clamp the plate-air-gap-

plate set-up. The holder which was made for the testing is shown in Figure B.7, a slot

had been created into the holder in a potential case of adding a Kevlar sheet to the

rectangular drum mount to ensure it was flush with the set up.

Figure B.7: Multilayered plates denoted as SET A in holder manufactured for test
campaign with screws used to tighten the plates and spacers together.
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Figure B.8: Grazing incidence absorption coefficient results on sample A clamped
with screws at different sound pressure levels.

The plane wave behaviour in this duct is assured until 3500 Hz, the absorption

coefficient is shown at different sound pressure levels for SET A in Figure B.8. Even

though the behaviour produced remains linear there is a level of sporadicity displayed

for each test. Countersunk screws were used to clamp the plates together which was

not necessarily the best approach as they can interact both with the acoustic wave and

the external flow. To prevent this from occurring, double-sided tape was deposited on

the sides of the plate which is shown in Figure B.9. The experiment without flow was

reproduced at 130 dB. The absorption coefficient result of the modified experimental

set-up with double-sided tape is compared to the original clamped screw set-up in

Figure B.10.
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Figure B.9: Multilayered plates denoted as SET A with double sided tape to remove
interference produced by the screws.

The absorptivity obtained with the double-sided tape dampened the sporadic be-

haviour that was observed with the visible screw mounting. The amplitude of the first

resonant peak was also larger, however the second resonant acoustic peak is 10% lower

than with the visible screws in the test section. The sporadicity that predominated

from 2300 Hz onwards is reduced and provides a lower absorption but a continuous

broaderband behaviour.
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Figure B.10: Grazing incidence absorption coefficient results on sample A clamped
with screws versus with double sided tape at 130 dB.

In a first instance, the experimental grazing results were compared with numerically

obtained absorptivity results under a normal incident sound wave from an acoustic-

structure interaction model. This is displayed in Figure B.11. The red plot corresponds

to the experimental normal incident wave impinging on a PLA sample of three stacked

AC plates. The dotted red plot corresponds to the absorptivity obtained from graz-

ing incidence results over an aluminium-stainless steel configuration of 3 multilayered

AC plates with a repeated pattern along the length of the lined section, therefore the

sample has a different porosity. The local porosity of the sample would affect its local

impedance as well, which can shift the resonant frequency. Therefore, comparing nor-

mal and grazing incident waves on the manufactured samples, the resonant frequencies

for the grazing sample are shifted to the right as the porosity is increased. However,

the difference observed remains minimal. The structural resonance observed from the

grazing results at around 1000 Hz was not visible in the normal incident results visible

experimentally which is to be expected as the plates are manufactured from different

materials with differing natural frequencies at which they oscillate. The acoustic res-
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onances observed occur around the same frequencies for the first and second acoustic

modes, however under grazing the amplitude observed for the absorption coefficient is

lower. The impedance obtained under normal incident plane wave does not account

for any grazing incidence effects which might occur. However, these effects are not

substantial as there is no additional external grazing flow represented in Figure B.11.

Nonetheless, the results obtained show good agreement between normal and grazing

incidence testing.

Figure B.11: Comparison of normal incident plane wave impinging on three stacked
AC units compared with grazing incidence results on the same configuration adapted
for the holder in the Le Mans grazing bench.

The plate configuration was tested in the grazing rig in the presence of flow at

different velocities. The resulting cumulative effects of acoustic and flow velocities

are shown through the absorption and transmission coefficients in Figures B.12(a)

and B.12(b). The responses remains smooth despite an amplitude decrease with the

addition of grazing flow at low Mach numbers and some instabilities occur at Ma > 0.2.
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(a) Absorption (b) Transmission coefficient

Figure B.12: Absorption and Transmission results for multilayered Set A plates for
different Mach numbers at 130 dB under grazing sound incidence with flow.

The configuration referred to as Set A in FigureB.14 system was investigated un-

der flow reversal in Figures B.13(a) and B.13(b). The absorption and transmission

coefficients for the acoustic wave propagating with and against the flow are compared

against the no flow case at 130dB. The absorption when the acoustic wave was prop-

agating against the grazing flow resulted in an increased absorption of around 25 %

compared with both velocities in the same direction.

(a) Absorption (b) Transmission coefficient

Figure B.13: Absorption and Transmission results for multilayered plates, Set A for
Ma 0.25 at 130 dB where waves propagate with (-) and against (- -) the flow.
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Figure B.14: Drawings of manufactured sample Set A (AC plates in Chapter 4) for
grazing incidence test.
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B.4 Grazing incidence results for unit plate design

in Chapter 3

The first configuration of plates studied which was published in [50] was also manu-

factured for testing in the grazing rig at LAUM. The assembly used for Set A detailed

in Section B.3 was also applied to Set B as in Figure B.18 using spacers made from

stainless steel and the perforated plates from 1 mm aluminium sheet. As the results

obtained with the exposed screw setup was not satisfactory double sided tape was

added to this configuration in the holder in Figure B.15. The plate system shown was

very similar to the previous design, in both cases the pores were 3 mm diameter, the

hole location and the number of holes in each plate differed. The grazing flow tests

were carried out at the highest signal to noise ratio (130 dB) possible. Results ob-

tained under grazing incidence for different Mach numbers are presented through the

absorption and transmission coefficients in Figures B.16(a) and B.16(b).

(a) Set B plates in holder (b) Tape on existing screws to clamp
plates and spacers

Figure B.15: Multilayered plates Set B following metaliner unit in Chapter 3 manu-
factured for grazing incidence testing.
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The absorption is highest without the presence of flow, as the external flow veloci-

ties increase there is a further amplitude decrease in the absorption coefficient. With

respect to the stability of the system it would seem that there is more noise at a lower

Mach number compared to Set A. Indeed in Figure B.12(a), the behaviour appears

to be less sporadic. The uneven number of pores on each alternating plates provide

a merging of resonant peaks with compared to Set A, which provides a broader-band

behaviour. However, further analysis would be required to determine the true nature of

the resonance at 1100 Hz as from the study performed in [50] analysing solely acoustic

modes it would seem to be of a structural nature.

(a) Absorption (b) Transmission coefficient

Figure B.16: Absorption and Transmission results for multilayered Set B plates at
different sound pressure levels under grazing incidence.

As in previous cases the flow reversal contributes to increasing the amplitude of the

absorption coefficient from approximately 20% to 40% with respect to the behaviour

obtained when the acoustic wave propagates in the same direction as the external flow.

Overall the absorption obtained exhibited a more broadband nature in the flow reversal

scenario.

All the configurations examined exhibit a resistive behaviour, the sound pressure level

and the grazing flow velocity contribute to diminishing the resistance of the acoustic

treatment. However in the samples observed the reduction was not dramatic. This

resistive behaviour observed has a potential benefit for aeronautical applications, the

treatments seem relatively consistent under grazing flow which points to their suit-

ability in engine duct environments. Inside turbofan engines the sound pressure level

can reach approximately 160 dB and external flow velocities up to Ma 0.7. There are
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limitations to representing operating conditions for liners in experimental setups both

under normal incidence and grazing incidence with the addition of flow. Other vari-

ables come into play which are difficult to account for in test bench rigs used in this

study.

(a) Absorption (b) Transmission coefficient

Figure B.17: Absorption and Transmission results for multilayered Set B plates for
Ma 0.25 at 130 dB where waves propagate with (-) and against (- -) the flow.
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Figure B.18: Drawings of manufactured sample Set B (AB in Chapter 3) for grazing
incidence tests.
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