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Abstract

The study explores the creation of 3D printed sound cancelling waveguides
that can be customised for selected frequencies as a function of geometry. The
potential for attenuation in these waveguides is characterised through
experimentally measured acoustic-absorption () and Transmission Loss (TL).
This was done to evaluate the potential of geometry-controlled waveguides in
the development of passive sound cancelling structures. Geometrically complex
waveguides to exploit the Herschel-Quincke-Arjunan (HQA) waveguide model
manufactured in Nylon-12 using Selective Laser Melting (SLM) are presented.
The attenuation of the waveguides was compared to the bulk Nylon-12
materials to segregate the material-based influence. The results showed that
the performance of HQA waveguides can be controlled as a function of length,
diameter and waveguide-tortuosity. Accordingly, under right parameters
significant improvement in « (0.96, 0.80, 0.61 and 0.98) and TL (65.59%,
30.15%, 53.36% and 95.28%) can be achieved at the design frequency. The
proposed methodology can be used to develop customisable waveguides
exploiting the principles of acoustic wave interference for a range of application

including building walls, noise barriers and absorptive panels.
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1. Introduction

For buildings close to polluted noise environments such as motorways, railways and airports,
noise reduction is still a challenging problem [1]. Due to high population densities, the effect of
noise pollution is a dominant issue in Europe. more than half a million A significant number of
people (<0.5 million) move home every year in England as a result of noise pollution [2]. This is
despite the adoption of numerous approaches taken by United Kingdom to manage the impact
of sound-pollution to resident communities. Solving this challenging problem demands new and

innovative design-based solutions that can provide targeted noise reduction.

Building components that act as noise defenders have their performance often dictated by its
mass and stiffness properties [3-7]. Accordingly, these components require significant addition in
mass and thickness to make meaningful improvements to acoustic insulation. Furthermore, the
traditional techniques of mass and stiffness dampening do not allow for frequency customisation.
No frequency customisation means that key noise sources (traffic noise, railway noise, airport

noise etc.) cannot be targeted leading to poor efficiency.

Frequency dependent noise reduction techniques are of significant interest to the building
community. Targeting the frequency spectrum of the noise source allows to design acoustically
fit for purpose building components leading to stress friendly infrastructure. This will also enable
the targeted reduction of low frequency or high frequency noise which are often difficult to

manage through traditional methodologies [8,9].

Active noise cancellation using sound-interference has long been identified as a potential
technology for targeted noise reduction [10-15]; common example being noise cancelling
headphones [16]. However, this is often implemented in an active form, meaning it require
additional energy and employs secondary acoustic source [17-19]. On the other hand, studies on
the implementation of geometry or structure-based resonance without the use of active elements

has been gaining momentum [20-24].

Sound transmissions in two-dimensional tubes were explored by Depollier et al. [25] and
demonstrated attenuation potential. Later on, a general expression for the acoustic insulation of
connected waveguides under one dimensional flow utilising the principle of interference was
proposed by Selamet [26]. This work was based on the Herschel-Quincke (HQ) theory of
interference-based noise reduction [27]. However, the focus was on a one-dimensional lined duct
and involved a two-tube concept. Despite the available literature on resonance based waveguides,

research focusing on application to building systems are limited [13,22].

The attenuation potential of interference channels with a view to applying it to building

components was carried out through the investigation of curved waveguides and coplanar voids
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[28-30]. Where these pioneering works established the attenuation potential that can be achieved,
none of these works characterised the transmission loss associated. Other notable works building
on geometrical parameters combined the principles of Helmholtz resonators with flexible tubes
and neck extensions by Shinsuke [31] and Lu [32]. Attenuation of high amplitude pulses using a
lattice of Helmholtz resonators was studied by Olivier [33] and reported a nonlinear absorption.
Recent analysis on quarter wavelength resonators were carried out by Cambonie et al. [34] who
studied the effect of curvature while the effect of orifice geometries were quantified by Howard
and Craig [35].

The rise of digital manufacturing techniques such as Selective Laser Melting (SLM) [36] allows
the creation of complex shaped waveguides. Consequently, SLM is increasing being used in the
development of acoustic materials due to the ease at which geometry can be customised [37,38].
Zhang et al. [39] developed continuously graded phononic crystals using SLS that showed
broadband noise reduction potential between 1.350 and 3 kHz. Acoustic properties of a 3D
printed material with micro-tubes manufactured using SLS was studied by Chaoyang et al. [40]

which also showed elevated acoustic properties.

As can be seen there is a substantial focus from the research community towards design-based
solutions to improve acoustic absorption. However, despite the existing literature on absorption,
TL performance associated with passive interference waveguides are limited. From a practical
standpoint, a combination of these two characteristics are of significance to fully realise design-
based solutions for noise reduction. Accordingly, this study explores the potential of developing
interference waveguides that can have a potential impact on both the sound absorption
coefficient as well as transmission loss. A non-traditional design approach integrating geometrical
parameters into a single cavity dictated by the incident acoustic frequency is demonstrated. This
approach was realised through taking advantage of the SLM manufacturing process in Nylon-12
material. Emphasis was placed on cavity design strategy at four selected frequencies between 0.4
and 1.6 kHz. A geometrical parametric analysis is also carried to understand sound-interference
in open channel waveguides in addition to extending the theory to propose the Herschel—
Quincke-Arjunan (HQA) model of branchless sound-interference waveguides. Therefore, this
research establishes a new direction in the area of design-based performance of both @ and TL

suitable for wider acoustic application.

2. Methodology

2.1. Herschel-Quincke-Arjunan (HQA) waveguide for interference

As shown in Fig. 1; interference of sound waves happens when two sound waves W1 and W2
overlapped to form a resultant wave I. The resultant wave has a higher or lower amplitude
depends on Constructive-Interference (CI) or Destructive-Interference (DI) respectively. The

amount of interference depends on the acoustic phase shift between the waves. The physics of
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sound-interference is well known and is widely exploited in active form referred to as Active
Sound Cancellation (ASC). The most common application of ASC can be found in noise
cancelling headphones and similar controlled acoustic environments [41]. ASC require a sound
monitoring device such as a microphone that inputs the acoustic wave into an electronic circuit
where a phase shifted wave at 180° is produced which is then added to the incoming sound wave
to cause CI or DI. However, this study attempts to create phase shift to an acoustic wave to
create DI through geometry-based intervention alone without using any active components.
Attempts in this regard have been scarce and focused on multi-channel waveguides with varying

degree of acoustic performances [28-30].
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Fig. 1. Sound-interference through superimposition of sound waves W1 and W2.

For geometry-based creation of DI, a Herschel-Quincke-Arjunan (HQA) single channel
waveguide is proposed as shown in Fig. 2. When acoustic waves simultaneously enter through
both ends of the HQA waveguide of distance [, they are hypothesised to meet at a certain phase
difference to create DI. The degree of phase shift (¢) between the acoustic waves can be
controlled by modifying the waveguide length (I) and the wavelength (\) of the sound waves.
When the difference in wavelength is half the incident wavelength, ¢ will become 7 radians

(180°) and perfect DI will occur leading to complete passive noise cancellation.

Considering the HQA waveguide in Fig. 2; acoustic waves from the same source simultaneously
enter the waveguide of total length [ under a constant speed of sound c¢. The frequency of sound

and the sound transmission-length-difference Al can then be related using Eqn. (1):

B _(2m—1)c 1
A=ty — 1y = (1)

Where m represents the occurrence of DI starting at 1 tending to infinity (oo) in a positive
integral manner (m = 1,23 ......... oo) and Al refers to the point where DI will occur which is
the difference between the long (l;) and short (l;) path of the HQA waveguide as shown in Fig.
2.
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Fig. 2. Herschel Quincke-Arjunan (HQA) single channel waveguide to create geometry-based destructive
interference.

The HQA concept builds on the one-dimensional (1D) theory [26] of the HQ tube shown in Fig.

3. The HQ tube is composed of a straight and branched channel where the ends are connected

to the sides of the main duct experiencing a unidirectional flow. This concept was first introduced

by Herschel [42] and verified by Quincke cited in [43] using the HQ tube experiment under a

unidirectional flow. The HQ tube works on the principle that a particular frequency of acoustic

wave divided through two channels, one being longer than 0.5A, then the waves will experience

a certain phase difference.

HQ tube

Upstream interface Down-stream interface

— > Main duct —> Flow direction

< L >
Fig. 3. The Herschel-Quincke (HQ) tube.

Even though, the HQ tube has specialist application for duct acoustics in the presence of
unidirectional flow, research is necessary to identify alternative interference waveguides to deliver
noise cancellation for general application such as building walls or noise barriers. Accordingly,
the fundamental aim of this study was to validate the HQA hypothesis and to characterise the
DI that can be achieved. Efforts have been placed to implement the proposed theory into
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geometries so that DI can occur at the external surface (mouth) of the waveguide. This will
enable HQA waveguides to be used as passive sound cancellation devices. This means that
geometry-based DI can be exploited for targeted o or TL establishing a new relationship in the

field of geometrically controlled acoustic performance.

2.2. Design generation

The derivation of the HQA waveguide for experimental samples are conducted following Eqn.
(1), where the speed of sound is taken as 343.0 m/s and ratio of waveguide length () to
transmission-length-difference (Al) is equated using Eqn. (2):
l
=10 (2)

For HQA waveguides satisfying Eqn. (2), noise cancellation is anticipated at the surface of the
waveguide. Accordingly, the lengths of the waveguides are calculated to be 34.3 cm (A), 17.15
cm (B) and 11.43 cm (C) for noise cancellation to occur at 500, 1000 and 1500 Hz respectively.
In all design cases a minimum requirement of lem wall thickness was considered to minimise in

direct transmission through the boundaries of the waveguide.

For each transmission-length-difference (Al), four waveguides are designed varying the diameter
as shown in Table 1. The upper limit of the diameter (3 cm) was the largest that could hold the
longest Al within the specimen dimension limited by the impedance tube diameter to conduct

the low frequency analysing (400 to 1600 Hz).

Table 1 Parametric values considered for the experimental samples (all dimensions in cm).

Min wall Specimen Specimen
T W ide (Al d1 d2 d3 d4 i
ybe aveguide (Al) thlc(lg‘ess height (k)  diameter (D)
3 25 2 15
U 34.3 (A 1.0 10 10
(A) (3AU)  (25AU)  (2AU)  (1.5ATU)
3 2.5 2 15
17.15 (B L 1 1
v 715 (B) (3BU)  (25BU)  (2BU)  (1.5BU) 0 0 0
3 2.5 2 15
114 L 1 1
v 30 (3CU)  (25CU)  (2CU)  (L5CU) 0 0 0
2
H 34.3 (A) - - (2AH) - 1.0 10 10
I 34.3 (A) 2 1.0 10 10
: i i (2A1) i '
Q 8.58 (D) L5 1.0 10 10
' ' ) ) (1.5DQ) '
S Solid specimen (N) 0 10 10
0114 specimen - - - -
P (ONS)
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Dimension reference

Fig. 4. Design of the test geometries showing both internal and external view.
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To conceive the HQA waveguides featuring three Al and incorporating the four diameters,
various orientations of the waveguide were considered. Finally, a simple shape resembling the
alphabet U was selected because of its scalable simplicity. This shape was also beneficial when
it comes to the powder removal from the waveguides post selective laser melting [44]. However,
to quantify the impact of such an orientation, alternative designs designated H (single helix) and
I (double helix) were considered featuring interference length A. Due to the shape constraints of

these waveguides, a diameter of 2 cm was the largest that could be incorporated.

As none of the designs featured a two-tube concept as prescribed by HQ), it was significant to
evaluate whether the waveguides are operating as quarter-wave resonators. Consequently, a new
design was conceived following the quarter-wave theory to allow for resonance at odd multiples
of 100 Hz. The cavity was designated as 1.5DQ and featured a length of 8.58 cm and diameter
of 1.5 em. This design was held suitable as all the frequencies considered in this study will come
under odd multiples of 100 Hz. Finally, a reference solid flat specimen was used to compare the
improvement in absorption and TL from the waveguides alone. All design parameters are listed

in Table 1 with the resulting test specimen as shown in Fig. 4.
2.3. Rapid prototyping

Based on the Computer Aided Design (CAD) geometries, test specimens were rapid prototyped
using the SLM process which is one of the leading techniques in Additive Layer Manufacturing
(ALM). Among the various ALM techniques, laser melting of polymers has been recognised to
be the most promising due to its ability to produce geometrically complex and dimensionally

accurate parts with good mechanical strength [45].

Table 2. Nylon-12 material properties used for the laser melting process.

Properties Values

Density of Laser Sintered Part 0.9 to 0.95 g/cm?
Tensile Modulus 1700 £+ 150 MPa
Tensile Strength 45 £ 3 MPa
Elongation at Break 20 £+ 5%
Flexural Modulus 1240 + 130 MPa
Melting Point 172 to 180°C
Coefficient of Thermal Expansion 1.09 x 10'4 JK

Based on the digital designs machine parameters were generated for the laser melting process
using Nylon 12 with material properties shown in Table 2. Using the machine software, the
designs were oriented and arranged on the SLM print platform so as to enable self-supporting
and avoid support structures. This resulted in geometrically accurate waveguides avoiding any

remnants that could have been introduced by the support-structures.
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On receiving the sliced digital file, the machine warms up with Nylon-12 powder heated to just
below melting point. The powder is then dispersed in a thin layer on top of the platform inside
of the build chamber. The printer preheats the powder to a temperature just below the melting
point making it easier for the laser to increase the temperature of selected regions of the powder
bed. The laser then scans a cross sectional slice of the model, fusing the Nylon-12 particles
together to create one solid layer. The unfused powder supports the part during printing and
eliminates the need for dedicated support structures. The platform lowers by one layer into the
build chamber and a re-coater applies fresh powder on top. The laser then continues the process
until the structure is fully manufactured. The finished parts are left to cool down gradually
inside the printer itself. The cooled parts are then removed from the build chamber and
transferred to the cleaning area to clean the excess powder. Fig. 5. Shows the resulting prototypes

after cleaning ready for experimental testing.

Fig. 5. Nylon-12 experimental test samples manufactured using laser melting.
2.4. Acoustic testing

The acoustic testing to measure the sound absorption coefficient («) and normal incidence
transmission loss (TL) were carried out using the SW series Impedance Tubes manufactured by
BSWA Tech. The experimental setup uses the transfer function method following relevant
standards [46]; where « is measured using the 2-microphone setup and TL uses a four-microphone
setup shown in Fig. 6. The procedure for absorption measurement can be found in ISO10534-2

and other literature [47].

A requirement when using impedance tube to characterise the acoustic performance is
consideration of lowest cut-off frequency to produce plane waves. In such a way that the resulting

sound field in the tube consists of a single component traveling towards and reflected. For the
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test setup considered two microphones (M1 and M2) were mounted in the source chamber (SC)
and other two microphones (M3 and M4) were mounted in the receiving chamber (RC). The
arrangement, meant that both incident and reflected acoustic waves could be obtained. All
microphones used were class 1 featuring a frequency response range of 0.02 to 12.5 kHz
approximately. A loudspeaker connected to an amplifier was used as the sound source situated
at the far end of SC.

Power Data acquisition card Computer

Amplifier

3
8 g
: :
g ) RC D g
S <
N =
[
<3
o
t
H Microphone SC — Source Chamber

RC - Receiving Chamber
B Test specimen

Fig. 6. Experimental setup used to measure the normal incidence transmission loss.

The experimental rig for the TL was coupled to a tone generator through an amplifier and the
microphones were connected to a data logger. Using the front surface of the test specimen facing
the sound source as reference the relative position of microphone L1, L2, S1 and S2 were
measured. Consequently, the complex acoustic pressures at the four microphone locations within
the impedance tube can be expressed using Eqn. (3-6).

P, = (Ae k@1 4 Bedkei)eiwt 3

) (3)
Aekrz 4 Be~ika)ejwt (4)
Ae IFrs 4 Bedkes)eiwt (5)
) (6)

Aejkw4 +B6 jkx, ejwt 6

(

= (

= (

= (
Where z,, x4, 5, and x, are distance from the specimen reference to microphones M1, M2, M3
and M4 respectively. Furthermore, k represents the wave number, A and B indicate the incident
and the reflected acoustic components in SC and C and D indicate the transmitted and the
reflected acoustic components in RC. Eqn. (3-6) can then be rearranged to obtain Eqn. (7-10)
which can be used to solve for parameters A to D:

_ (Pt — Pyeltn (7)
2sink (z; —x,)
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J(Pye M — Pye ke (8)

B p—
2sink (x; —x,)
J(Pye?tes — P elkes (9)
C 2sink (x5 — )
(Pt — Pyeh (10)

2sink (xg —x,)

In order to obtain a reliable solution, the measurements were carried out under two difference
boundary conditions. This involves having two end conditions (represented using subscripts 1
and 2 for A, B, C and D), for example having a rigid termination (RC closed) or no termination

(RC open), then Eqn. (11) can be solved to obtain a:

_ADy —AyD,y (11)

“~¢,D,—C,D,

Where, A,, C,, D, and A,, C,, D, are the acoustic wave amplitudes for when measurements
were taken with the closed and open boundary respectively. Consequently, the transmission loss

matrix relates the forward and backward travelling acoustic wave using Eqn. (12).

(-1 2 &

Where o and § are the pressure transmission loss coefficient of the waveguide (measurement
sample) determined from the source and receiving chamber respectively. 5 and «y are parameters
determining the acoustic impedance of the waveguide. The thus determined transmission loss

coefficient « is then used to calculate the TL in decibels using Eqn. (13).

TL = —201og(|a)) (13)

Before testing the TL values of the waveguides, the microphones were calibrated, and validation
test performed using a polyurethane (PUR) specimen of known a and TL values. The relative
humidity and temperature of the acoustic lab was maintained at a constant 21°C and 64%
respectively through the test for consistency. For each HQA waveguide, six measurements were
taken, three at open and three at closed boundary conditions. The data was collected at one-

twelve octave band at a frequency range of 400 to 1600 Hz.

3. Results and discussion
3.1. Validation
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Before characterising the acoustic performance of the HQA waveguides, the validation of the
experimental right was carried using a material of known o and TL. This was done to
corroborate the compliance of the measurement data with ISO10534-2 [46] and to quantify the
extent of uncertainty, repeatability and reproducibility of the experimental setup. A 25 mm

thick PUR foam (p = 6 kg/m?) was chosen as the validation specimen.
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Fig. 7. Reference and measured values for (a) transmission loss and (b) absorption coefficient.

The two central parameters describing the acoustic insulation of a component are the normal
incident sound absorption coefficient («) and transmission loss (TL). Accordingly, the validation
specimen was used to establish the accuracy of both parameters. A frequency range of 400 to
1600 Hz was deemed appropriate as this accommodated the whole range of Al considered in this
study. Fig. 7 presents comparison between acoustical test results and the reference measurements
from independent tests at 1/3 octave band. The highest difference observed was 0.39 dB at 500
Hz for TL as shown in Fig. 7a. This is well below the 1SO10140 [48] defined measurement

uncertainty as shown in Table 3.

Table 3 Allowable measurement uncertainty against experimentally measured.

1/3 Octave band Measurement Uncertainty
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Frequency (kHz) Standard (+dB) Measured (dB)

0.250 1.5 —0.19
0.315 1.5 —0.02
0.400 1.2 + 0.01
0.500 1.2 —0.39
0.630 1.2 + 0.04
0.800 1.0 + 0.13
1.000 1.0 + 0.35
1.250 1.0 —0.11
1.600 1.0 + 0.31

Similarly, for absorption coefficient, the highest difference between the data sets was 0.06 (6%).
Generally, an uncertainty in the measurement of 10% (0.1) is allowed [49]; consequently, the
comparison presented in Fig. 7b is well within acceptable limits. Relating o to TL, a 10%
difference in absorption translates to an uncertainty of approximately 0.50 dB which is well
below the acceptable uncertainty [49] within the frequency range considered. Consequently, the

test setup can be considered validated in accordance with relevant standards.

3.2. Absorption

3.2.1. Noise cancellation at selected frequency

The primary focus was the validation of the hypothesis to assess HQA waveguide’s capacity to
create DI and in turn passive noise cancellation. At Al/l = 1, the waveguide 1.5AU was designed
to create DI and thus noise cancellation at 0.5 and 1.5 kHz at m=1 and 2 respectively. Analysing
the results at 1/12 octave band as shown in Fig. 8, substantial increase in « ( 0.96 and 0.98 for
m =1 and 2 respectively) was observed at 0.475 and 1.4 kHz demonstrating almost complete
noise cancellation. However, at m =1, a -25 Hz variation between the theoretical and
experimental frequency was observed where the highest o was observed. This may be due to the
HQA'’s single channel waveguide as opposed to a traditional two channel setup. In addition, any
change in the length of waveguide due to tortuosity (the twisted nature of the waveguide) was
not adjusted for in the computation of the Al/l ratio that may have also been a contributing

factor.

A comparison of the performance of the HQA waveguide in relation to a fully solid flat Nylon-
12 geometry ONS is also carried out (Fig. 8). This was done to evaluate whether the absorption
results obtained from the waveguide has any correlation with the acoustic modes of the
experimental setup or the material used. The results clearly show that when a flat specimen was
used there were no significant spikes in « values instead the values seems to coincide with the
surface absorption of Nylon-12. This shows that the waveguide design itself is the contributing

factor towards the noise cancellation and hence the heightened a values.

13 of 27



1.00
0.80
0.60
e}
0.40
0.20
0.00 1 L@ 1 L 1 1 L 1 L 1 I | 1 [ & Sl L 1
o jin) o 0 o o o o o o o o o o o o o o o o o o o o o
(=) [a\] 0 I~ (=) (32 e o ™ I~ — 0 () 0 () 0 (=] = N 0 0 [ (= (=] o
<t <t <t <t 0 i) 0 =) =) =) ~ ~ 0 o0 D D o (==} — — [a\] o™ < 0 =)
— i — i i — i — —
F (Hz)

Fig. 8. Sound absorption coefficient for interference cavity 1.5AU in comparison with solid specimen ONS.

It was also encouraging to see that the flat specimen and the waveguide showed similar a values
in the non-targeted zone. This evidences that the HQA waveguide is performing as hypothesised
and can achieve frequency dependent noise cancellation with minimal influence on the non-
targeted frequencies. Consequently, the a spikes of 0.96 at 0.475 and 0.98 at 1.4 kHz can be
related to the occurrence of DI starting at m = 1 and 2 in a positive integral manner as linked
in Eqn. (1). The absorption values close to unit shows that complete absorption of the sound
waves is taking place at selected frequency demonstrates the effectiveness of the HQA waveguide

in comparison to other resonance-based systems.

3.2.2. Effect of ‘waveguide diameter to transmission-length-difference’ ratio

For a logical and coherent discussion, the data from the experimental tests are grouped under
associated cavity length (Al) and an overarching discussion connecting the results are presented.
For every HQA waveguide of type U (AU, BU and CU), four diameters considered were 1.5 cm,
2 c¢m, 2.5 cm and 3 cm represented using an alphanumeric system as listed in Table 1. The
diameter 3 cm was the largest possible to contain the longest waveguide within the experimental

samples. The smallest was chosen to be half (1.5 cm) to identify any potential correlation.

From the results presented in Fig. 9, it can be seen that for the HQA waveguide at 343 mm at
all tested diameters exhibits « spikes representative of noise cancellation at targeted frequencies.
However, a steady decline in the absorption coefficient consistent at both m=1 and 2 were
observed as the diameter increased. The highest absorption coefficient for the longest waveguide
was delivered by the smallest diameter of 15 mm. Despite the elaborated selection of diameters,
it is not known at this point whether a further reduction in the diameter is capable of delivering
high « at the selected frequencies. Therefore, further work in this aspect is necessary to identify
the smallest diameter capable of the highest « for the HQA waveguide. Nevertheless, the trend

in the result is promising and shows that HQA waveguides can be manufactured at smaller size
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to tackle low frequency acoustic emission which if of significant advantage to the acoustic

community.
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Fig. 9. Effect of diameter on the absorption coefficients of U type HQA waveguides featuring a Al of 34.3 cm.

Fig. 9 clearly shows a coherent pattern of decreasing o both at m =1 and 2 at interference
frequencies as a result of the increase diameter. The pattern is particularly distinctive at m = 2
where the 3cm dia. shows the smallest o and every 5 mm decrement in diameter resulted in
consistent improvements reaching an « of 0.98 at the smallest diameter. Poor « at larger dia.
can be due to the influence of multiple acoustic reflection facilitated by the relatively large cross-
section of the waveguide. While the influence of the cross-sectional area on the acoustic
performance of HQA need further evaluation, « is still higher compared to the surface absorption

of Nylon-12.
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Fig. 10. Effect of diameter on the absorption coefficients of type U waveguides with a Al of 17.15 cm (B).
Consistent with AU, the HQA waveguides characterised under the category BU were also
successful in delivering noise cancellation at the desired frequency as shown in Fig. 10. The «
spikes as a result of the waveguide length occurred at a frequency of 0.950 kHz for m = 1. This
accounts for a difference of 50 Hz between the predicted (1 kHz) and experimental frequency

accounting for a 5% error. However, the shift 5% shift in frequency is consistent with previous
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results obtained for AU. For example, when the sound transmission-length-difference was halved
(34.3/2 = 17.15 em), the frequency doubled (475 x 2 =950 Hz). Accordingly, the reason for
this is the small changes in length due to the added tortuosity of the waveguides which was not

accounted in the theoretical prediction.

Additionally, « spikes due to DI was observed to vary significantly depending upon the diameter
of the waveguide as shown in Fig. 10. The highest a« BU was exhibited by the waveguide that
featured the smallest d, a trend similar to AU. Furthermore, a was found to decrease with every
5 mm increment in d. In addition to the « spike at the design frequency inconsistent absorption
spikes averaging 0.32 where observed around 1.250 kHz. It is unclear from the data whether the
additional spikes are a function of the waveguide alone or due to a coupling loss as a result of
the impedance chamber. While the additional « spikes are beneficial to the overall sound
absorption performance of the waveguide, further studies are necessary to refine the 1D theory

to account of unpredicted effects.
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Fig. 11. Effect of diameter on the absorption coefficients of type U waveguides with a Al of 11.43 cm (C).

Fig. 11. shows the acoustic performance of the HQA waveguide characterised under UC featuring
the smallest Al. The « spikes due to noise cancellation occurred at 1.330 kHz in comparison to
the design frequency of 1.5 kHz, a difference of 12%. This shows that for higher frequencies the
difference between the theoretical and experimental frequencies exhibits a wider shift. This was
expected as small changes in Al has significant influence as the wavelength decreases. Looking
at the influence of the waveguide dia., the trend was similar to the previous waveguides where
the best performance was exhibited by the smallest d. However, as the acoustic wavelength
decreased, waveguides that feature comparable cross-section started experiencing multi-
dimensional interference and resonance phenomenon delivering numerous low-level « spikes. This
is clear evidence that the geometries of the HQA waveguides need optimisation both in size

shape and tortuosity to create the most controlled acoustic environment.
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The highest acoustic absorption by the best performing HQA waveguides as a result of controlled
wave interference under all the different Al is shown in Fig. 12. For all HQA design, a diameter
of 15 mm (smallest) showed the best performance. The longest waveguide showed almost
complete noise cancellation resulting in @ ~ 1 at both m = 1 and 2. However, as the Al values
decreased so did the noise cancellation with « reaching 0.61 at 11.43 cm. This shows the
importance of ‘interference length to diameter’ ratio in the design of HQA waveguides where the
influence of diameter increases significantly as the frequency increases. Nevertheless, the

reduction in peak « values were consistent and corelated with the step-by-step decrease in Al.
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Fig. 12. Absorption due to acoustic wave interference exhibited by best performing HQA waveguides.
When the sound transmission-length-difference of the HQA waveguide was halved from A to B
and then to C, effective noise cancellation fell by ~20% each time. Spatial interference as a result
of the reducing acoustic wavelengths enabled by the comparatively large cross-sectional area of
the waveguide can be the reason for this. Accordingly, HQA waveguides featuring smaller d is
demanded for complete cancellation at higher frequencies. This is a critical finding and add to
the one-dimensional modified theory of HQ tubes utilised for the design of these geometries.
Furthermore, the width of the o peaks as a result of wave interference at m = 1 are similar for
all the HQA waveguide designs considered. This is crucial in designing multifrequency

waveguides within a single geometry.

3.2.3. Effect of waveguide tortuosity

Tortuosity here relates to the twisted nature of waveguide within the cylindrical volume. It was
significant to identify whether the noise cancellation had a relationship linking to the tortuosity
of the HQA waveguide. In order to study this phenomenon in isolation, two different tortuous
HQA waveguides AH and Al were developed. The waveguides AU, AH and Al share identical
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Al and d parametric values of 34.3 and 2 cm respectively. However, the tortuous nature of the
waveguides are dissimilar as can be seen from Fig. 4 . While the waveguide AU represents a
relatively simple geometry featuring one bend, AH and Al feature significant tortuosity

resembling a spiral and twin-spiral waveguide respectively.

Comparing the results as shown in Fig. 13, despite the change in waveguide tortuosity, noise
cancellation was observed at the predicted frequencies both at m = 1 and 2. Nevertheless, the
associated « spikes showed a slight difference between the waveguides. The twin spiral waveguide
AT showed an absorption of 0.73 at m = 1 as opposed to 0.63 for both AU and AH. However, at
the 2" integral spike both AU and Al exhibited similar performance showing an « of 0.84, a
difference of 0.12.
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Fig. 13. Effect of waveguide tortuosity on the measured absorption coefficients.

Overall when it comes to the tortuous nature of the HQA waveguides no difference in the
predicted frequency of noise cancellation were observed in this study. Furthermore, difference in
a due to tortuosity was found to be minimal and shows to demonstrate that the HQA concept
allows for a design freedom allowing the full utilisation of confined spaces. However, it is
acknowledged that the tortuosity of HQA waveguide requires further studies to effectively

characterise its influence on «.

8.2.4. Comparison to Quarter-wave resonators

The one-dimensional interference theory adopted for HQA waveguides were linked to the length;
a phenomenon that can be considered similar to quarter-wave resonators. Therefore, it was
significant to identify whether the performance of the HQA waveguide could be linked to the
design guidelines associated with traditional quarter-wave resonators. Accordingly, a new design
1.5DQ was developed featuring quarter-wave resonators instead of interference waveguides. A
diameter of 1.5 cm was chosen, as it was the best performing diameter in all the HQA waveguides
tested. A total of four quarter-wave waveguides were built into a single sample, each featuring

a length of 8.58 cm to accommodate the largest length of 34.3 cm (A). At a length of 8.58 cm,
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the quarter-wave tubes were expected to exhibit resonance at odd multiples of 100 Hz (i.e. 500

Hz at ng=3, 700 Hz at ng=4, 900 Hz at ng=>5 etc.).
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Fig. 14. Comparison between HQA waveguide and quarter-wave resonators of similar radial dimensions.

Comparison of the performance shown in Fig. 14 shows that the absorption for HQA waveguide
was substantially higher than quarter-wave resonators. Even though, resonance peaks where
consistently observed at every odd multiples of 100 Hz, the highest absorption was limited to
0.38 at ng=3. Therefore, the absorption exhibited by the HQA waveguide are due to the
phenomenon of sound-interference and cannot be compared to the performance of quarter-wave
resonators. It is acknowledged that if a state-of-the-art quarter-wave resonator with optimum
geometrical parameters are used, comparable a values to that of HQA waveguides can be
reached. However, the reason for the presented comparison is to merely show that the HQA

waveguide performs differently to a quarter-wave resonator.

3.3. Transmission Loss (TL)

8.8.1. Targeted creation of TL

There is no prior literature to reference whether geometries delivering interference such as the
HQA waveguide can recreate TL peaks corresponding to design frequencies. Consequently, one
of the key objectives of this study was to see whether TL peaks related to design frequencies for
the HQA waveguides.

Fig. 15 shows that the waveguides under respective Al exhibited DI peaks resulting in superior
TL at targeted design frequencies. This was encouraging as design guidelines dictating absorption
and sound transmission for partitioned structures are often different. Comparing the performance
of HQA waveguides with a flat specimen, significant improvement in TL was observed at all
interference waveguides. For the longest transmission-length-difference of 34.3 cm (AU), the first
and second TL interference peaks were observed at 450 and 1400 Hz corresponding to 53.10 dB
and 64.58 dB respectively. In comparison to the flat specimen, this was an improvement in TL
of 30.15% and 65.59% at targeted frequencies of 450 Hz and 1400 Hz respectively.
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Fig. 15. Transmission loss of best performing HQA waveguides under each Al considered in comparison with a
solid flat specimen.

For cavity lengths of 17.15 cm (BU) and 11.43 cm (CU) TL peaks due to interference occurred
at 900 Hz and 1250 Hz resulting in 53.36% and 95.28% improvement in comparison to a solid
flat specimen. A slight shift in TL interference frequency (1250 Hz) was observed for design C
compared to the frequency at which absorption peak occurred (1330 Hz). This shift in 80 Hz can
be attributed to the large diameter of the cavity shifting the overall mass of the component.
Other than for the targeted design frequencies, a reduction in TL from 670 Hz to 1330 Hz was
observed for 3AU in comparison to solid specimen. This was expected due to a 30.87% reduction
in material mass featured by the cavity 3AU in comparison to the solid specimen. As the cavity
size reduced the overall performance at non-interference frequencies where better than the solid

specimen except for 500 Hz which can be associated as the eigenmode frequency of the specimen

3BU and 3C.

8.8.2. Effect of waveguide diameter on TL

Comparing the results as shown in Fig. 16, all HQA waveguides expect 1.5AU exhibited TL
peaks at the first interference frequency of 450 Hz (m = 1). A similar performance was observed
at the second interference frequency with 2.5AU showing a slight shift from 1400 Hz to 1500 Hz.

Overall, with the decrease in diameter the TL peaks decreased steadily, a trend contrary to what

was observed for absorption.
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Fig. 16. Effect of diameter on the transmission loss of HQA waveguides with a Al of 34.3 cm (A).

As opposed to «, the highest transmission loss was found for the waveguide that feature the
highest d (3AU) at both m = 1 and 2. The substantial reduction in the TL amplitude at smaller
dia. could be attributed to the ‘cavity to non-cavity’ material ratio. Nevertheless, the
transmission loss behaviour through HQA waveguides needs further investigation to improve the

1D design guideline to take into consideration the diameter for optimal TL performance.
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Fig. 17. Effect of diameter on the transmission loss of HQA waveguides with a Al of 17.15 cm (A).

Comparing the performance of the waveguides with a solid flat specimen, significant
improvement in TL was observed for all HQA waveguides tested. However, for non-interference
frequencies, design 3AU and 2.5AU exhibited slightly dissimilar performance between 670 Hz
and 1330 Hz due to the reduction in material mass contributed by the waveguide volume. As

the cavity volume decreased, the performance at these frequencies became comparable to the

solid specimen.

Consistent with the performance of the previous designs, all HQA waveguides tested under the
category BU also recreated TL peaks as shown in Fig. 17. The TL interference peaks for all the

four designs under this category were observed around 900 Hz; a shift of 50 Hz when compared
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to frequency at which absorption was observed. Comparing the TL curves as shown in Fig. 17,
the extend of transmission loss as a result of the waveguide design was highly influenced by d.
The peak transmission loss as a result of passive noise cancellation from the waveguides were
48.30, 49.30, 46.70 and 63.80 dB at a d of 15, 20, 25 and 30 mm respectively. Consequently, the
highest TL at interference coincided with the highest d tested showing an improvement in
acoustic insulation of 53.36% compared to a solid flat specimen. The lowest performance was an
improvement of 16.1% exhibited by the HQA waveguide that featured the smallest d. Evaluating
the overall performance, it is evident that the difference in material mass have a certain impact
on the performance at the non-interference frequencies. As the cavity diameter decreased, the

TL curve at non-interference frequencies became more and more comparable to the solid

specimen similar to previous designs.
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Fig. 18. Effect of diameter on the transmission loss of HQA waveguides with a Al of 11.43 cm (C).

From the results of the HQA waveguide category CU (Fig. 18), the noise cancellation is
comparable to the waveguides in the previous category. However, the frequency of highest noise
cancellation changed slightly for the biggest d from 1.330 to 1.250 kHz. For the rest of the
waveguide diameters grouped under CU, the TL spikes were at 1.330 kHz similar to what was
observed for a. However, when it comes to the TL performance, the 30 mm dia. outperformed
all other waveguides resulting in a 78.79 dB acoustic insulation, an improvement of 95.28%
compared to the solid flat sample. The lowest transmission loss due to noise cancellation was

exhibited by waveguide that featured a 15 mm dia. with only an improvement of 30.65% in

comparison to the flat sample.

It is evident that the larger diameter waveguides in comparison are exhibiting numerous TL
peaks and valleys throughout the frequency range tested. It is not clear at this point whether all

of the spikes can be associated to the phenomenon of acoustic wave interference. Nevertheless,
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the fluctuation can be easily classified due to their low TL amplitude in comparison to the noise
cancellation peaks. This is perhaps pointing to the difference that the overall volume of the
waveguides might be acting also as resonance devices between when it comes to transmission
through them. However, as the diameter of the waveguides become smaller, the performance of

the TL curve other than for the predicted frequencies are comparable to the solid specimen.

At all frequencies tested, the largest diameter exhibited the best TL performance; as the design
frequency increased so does the amplitude of the TL peaks. This was contrary to absorption
curves, as the best performance was observed for the smallest diameter tested. Accordingly, the
HQA waveguides should be designed with the potential application of either absorption or
transmission. The best performing HQA waveguide for absorption might be the worst performing
when it comes to transmission loss. Nevertheless, by the controlling the number of parameters

demonstrated in this study required performance can be achieved.

The presented HQA waveguide designs resulted in an improvement in the sound transmission
loss of 95.28%, 53.36% and 30.15% under groupings C, B and A respectively. These are
substantial improvements difficult to be achieved through traditional mass or stiffness
manipulation showcasing the potential of interference-based TL improvement that can be
employed for noise abatement. For the longest Al tested, the performance of the TL curve
improved from 30.15% to 65.59% from first to the second interference frequency showing that
further research is needed to identify the optimal ‘m’ value for design guidelines. Nevertheless,
the methodology for improved TL demonstrated through HQA waveguide is suitable for
incorporation into building walls or noise barrier to improve acoustic insulation at the same time

reducing material mass.

3.3.3. Effect of waveguide tortuosity on TL

The designs 2AU, AH and Al all share the same waveguide length and diameter; a combination
that was chosen to allow for alternative waveguide tortuosity within the noise cancellation
frequency. Comparing the results as shown in Fig. 19, all waveguides show transmission loss as
a result of noise cancellation at both m = 1 and 2. However, a slight shift in frequency at the
first interference peak of 50 Hz was observed for 2AH. The simple U-shaped cavity 2AU exhibited
the best performance both at m=1 and 2 of 53.55 and 59.23 dB respectively. Even though at
m=1, the waveguides performed closely, at m=2, there was a clear distinction between the
waveguides despite the similar Al. Overall, towards the high frequencies 2AU outperformed the
other two designs from a TL perspective. This shows that the waveguide tortuosity is critical

for HQA when it comes to TL performance and has a substantial impact on acoustic insulation.

The change in tortuosity within a cylindrical dimension of 10 cm yielded similar TL performance

at the first integral frequency, however a change in noise cancellation frequency of 50 Hz was
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observed. At the second integral frequency (m = 2), significant difference in performance was
occurred between the tested HQA waveguides. Nevertheless, the waveguide 2AU showed an
improvement of 30.25% in comparison to the solid flat sample followed by 2AH and 2AI at
7.25% and 3.75% respectively. From the study the tortuosity of the U-shaped HQA waveguide

was found to be superior in sound transmission both at m = 1 and 2.
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Fig. 19. Influence of waveguide tortuosity on the transmission loss of HQA waveguides.

Overall, the results are encouraging and establishes that HQA waveguides can be used to develop
geometry dependent sound absorption and transmission loss that works through passive noise
cancellation. The study also demonstrates the a and TL improvements that can be expected
from branch-less waveguides and differentiate its performance form quarter-wave resonators.
Comparison of the HQA performance with solid flat specimen showed substantial improvement
in acoustic insulation despite significant mass and volume reduction. Accordingly, the HQA
waveguides using the right parameters associated with Al, d and waveguide tortuosity can

deliver significant acoustic performance that allow for frequency customisation.

4. Conclusions

Development of HQA waveguides utilising the principles of acoustic wave interference to achieve
targeted noise cancellation is demonstrated in this study. The results show that under right
geometrical parameters very high sound absorption and transmission loss can be achieved at
predetermined frequencies. However, an error < 12% was found when it comes to the prediction
of frequency where peak noise cancellation is expected to happen. When it comes to «, the
smallest diameter (d = 1.5 ¢m) outperformed all other designs showing almost complete noise
cancellation. However, the TL performance showed an opposite trend with the largest diameter
(d = 3 cm) exhibiting improvement of 95.28% (A) in comparison to a solid flat specimen of same
material. Furthermore, the waveguide diameter was found to have an influence of 0.8f < f <
1.2f where the frequency of maximum TL can happen in association with Eqn. (1). Comparison
of the HQA waveguide with quarter-wave resonators established that the performance is vastly

different and incomparable. Finally, the waveguide tortuosity seems to have a significant impact
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on TL and minimal influence on «a. Accordingly, this study establishes a new direction in passive
acoustic performance that is both material independent and frequency customisable. However,
significant further work in terms of numerical modelling and optimisation is required to identify

the most optimal HQA waveguide parameters for various applications.
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