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Abstract

Tonal noise propagating in ducts and radiating from their outlets is a common
problem in situations where a fan or a blower is used to drive exhaust gases through
the exhaust duct out to the environment. It is also a problem in the exhausts of large
diesel engines such as those used to power large marine vessels. One way of attenuating
tonal noise propagating in ducts is to use one or more side branch resonators, each of
which is specifically designed for optimal performance at a particular frequency.

One of the major problems associated with the use of side branch resonators is that
any slight change in excitation frequency decreases the effectiveness of the resonators.
The change in excitation frequency can be caused by a change in the speed of the engine,
fan or blower, or change in temperature in the duct, which changes the speed of sound,
and hence the wavelength of the noise. Resonators incorporating a provision for altering
their geometry in real-time in order to adapt to environmental or operating condition
changes is one approach that has been used by previous researchers. In particular,
adaptive Helmholtz resonators have received considerable attention in the literature.

Previous work has involved the use of one or more pressure sensors located in the
duct downstream of the resonator to provide a cost function to be minimised by an
electronic control system which alters the geometry of the resonator. However, in
many cases, especially where the duct serves as a passage for exhaust gases to be
driven out to the environment, it is not desirable to mount microphones in the duct.
Also, microphones located remote from the resonator introduce wiring problems as well
as the need to mount the microphones at the correct location in the duct, which will
change as the wavelength of the tonal noise in the duct changes as a result of changes
in operating or environmental conditions. It is highly desirable to have a completely
self-contained Helmholtz resonator (HR) which can be attached to the duct and for
which the only external wiring needed is the power supply.

The work described in this thesis is concerned with the development of a self-

contained adaptive HR which can be optimally tuned by using signals from two mi-



crophones located in the cavity and neck of the resonator, respectively. The primary
focus of the work is the development of a novel cost function, which can be used by
an electronic controller to optimally tune the HR. The scope of the analysis has been
restricted here to the ‘no mean flow’ condition.

The theoretical and numerical analysis of the duct-HR system is first conducted
using the well known transfer matrix method and finite element analysis (FEA) soft-
ware package ANSYS, respectively. The net acoustic power transmission in the duct
downstream of the HR is estimated by using the two-microphone method. Analysing
the duct-HR system with the transfer matrix method mandates the incorporation of
three end-correction factors which are related to the unflanged open end of the duct,
neck-cavity interface and neck-duct interface. However, because of the complexity in
estimating the end-correction factor of the neck at the neck-duct interface due to the
generation of a complex sound field in the vicinity of the neck opening, the transfer
matrix method only approximates the in-duct net acoustic power transmission. This
implies that changing the value of the neck-duct interface end-correction factor changes
the calculated frequency at which the maximum reduction of in-duct net acoustic power
transmission downstream of the HR occurs. On the other hand, ANSYS does not re-
quire the inclusion of any kind of end-correction factors apart from the actual physical
dimensions of the system, and is thus much more accurate than the transfer matrix
method.

To minimise the in-duct net acoustic power transmission downstream of the HR, a
number of different cost functions that were related to the net acoustic power transmis-
sion were investigated theoretically, numerically and experimentally. These all involved
either the acoustic pressure at the top of the closed end of the cavity of the HR or at the
neck wall of the HR close to the neck-duct interface or the amplitude of the pressure
transfer function between two microphones located in the resonator. The two potential
cost functions which were initially considered to be maximised for indicating the min-

imisation of the in-duct net acoustic power transmission downstream of the resonator
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were: (a) the pressure at the top of the closed end of the cavity, and (b) the amplitude
of the pressure transfer function between the pressure at the top of the closed end
of the cavity and the pressure at the neck wall close to the neck-duct interface. It
was found that the location of the microphone in the neck was extremely important,
with the best location being at the centre of the duct adjacent to the neck opening.
However, this location was not considered practical because a microphone in the duct
can obstruct the mean flow of gas in the duct. The best location for mounting the
microphone in the neck was found to be at the neck wall as close as possible to the
neck-duct interface.

The results are shown in two different ways: (1) broadband analysis, whereby the
in-duct net acoustic power transmission downstream of the HR, the pressure at the top
of the closed end of the cavity and the pressure transfer function between the pressure
at the top of the closed end of the cavity and at the neck wall close to the neck-
duct interface are plotted as a function of frequency, and (2) single frequency analysis,
whereby all the aforementioned results are plotted as a function of the cylindrical cavity
length (for a fixed cavity diameter) for a single, tonal frequency.

For broadband analysis, the numerical (ANSYS) results showed that the frequency
at which the maximum reduction of in-duct net acoustic power transmission down-
stream of the HR occurs differs from the frequencies which correspond to the maximum
responses of cost functions (a) and (b) described above. For single frequency analy-
sis, when trying to optimise the performance of a duct-mounted HR at a particular
frequency by altering its volume, the optimal dimensions of the HR required to attain
the maximum reduction of in-duct net acoustic power transmission at that frequency
differ from the dimensions of the HR which correspond to the maximised responses of
the cost functions (a) and (b). These results were validated experimentally using a 3
m long circular duct of 0.1555 m diameter with an attached cylindrical HR. During the
experimental work, only plane waves were propagating down the duct and there was

no mean fow in the duct.
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Instead of only focusing on the amplitude of the pressure transfer function between
the pressures at the top of the closed end of the cavity and the pressure at the neck wall
close to the neck-duct interface, the phase difference between the same locations in the
HR was also considered. It was found that the phase difference depends on the quality
factor (or damping) of the entire acoustic system. Experiments were conducted with
varying dimensions of the HR and two novel cost functions were empirically derived.
Both cost functions, which does not include any kind of measurement remote from
the HR, are based on the damping (or the quality factor) of the duct-HR system and
the phase difference between the pressure at the top of the closed end of the cavity
and the pressure at the neck wall close to the neck-duct interface. The effectiveness
and performance of both cost functions were found to be excellent for minimising the
in-duct net acoustic power transmission downstream of the HR. However, the second
cost function is preferred because the procedure involved for measuring the system
damping is more convenient from the practical point of view than the procedure for
the first one.

The quality factor of the duct-mounted HR, at the frequency at which noise needs
to be attenuated, was determined by tuning the length of the cavity of the HR so as
to maximise the amplitude of the pressure transfer function of the HR. This estimated
quality factor was found to be directly related to the transfer function phase which
corresponds to the minimum in-duct net acoustic power transmission at the tonal
frequency. Once this optimum transfer function phase is known, an active control
system can be used to drive a motor to adjust the cavity length of the HR to achieve

the optimum phase.

viil



Statement of Originality

To the best of my knowledge and belief, all the material presented in this thesis,
except where otherwise referenced, is my own original work, and has not been published
previously for the award of any other degree or diploma in any university. If accepted
for the award of the degree of Master of Engineering Science, I consent that this thesis

be made available for loan and photocopying.

Sarabjeet Singh

Date:

1X



This page intentionally contains only this sentence.




Acknowledgements

I would like to acknowledge the efforts of all the people who have contributed to-
wards the work in this thesis. I am deeply indebted to both of my research advisors,
Professor Colin Hansen and Dr. Carl Howard, without whom this thesis would have
never been completed. Apart from appreciating their erudite suggestions on the re-
search matters and their will to sharing the knowledge from their repository, I am
extremely thankful to them for entertaining my unscheduled intrusions. A note to
appreciating all their help and support would be incomplete without praising their
professionalism (kudos to the spirit of their work ethics!).

I am also thankful to the dextrous instrumentation and workshop personnel, George
Osborne, Silvio De leso, Bill Finch, Ron Jager and Bob Dyer, for the construction of
the rigs used in this research work.

I am extremely grateful to Karen Adams for helping me in writing with her English
language expertise.

I owe my deepest and sincere thanks from the abyss of my inner self to my parents,
Sardar Jagmehar Singh and Sardarni Pawinder Kaur, for all the sacrifices they made
to get me a quality education, for the financial support, constant encouragement and
patience. Thanks also go to my siblings, Arvinder and Gurwinder, for their support,
love and understanding.

[ would also like to express my honest gratitude to Mr. Pomi Sandhu and Mrs. Jas
Sandhu for their extended support and help while finishing.

Finally, a big thanks to my friends, Melinda, Manjinder, Sahil, Shonali, Adrian,
Chris, Jackie and Sam, for sharing many laughs and tolerating my frustrations while
writing. Special thanks go to Manjinder, Sahil and Shonali for helping me at the
finishing phase. Special thanks also go to Melinda for buying me many smoothies and
a T-shirt with an awesome print of “Don’t ask me about my thesis”.

“Waheguru Ji Ka Khalsa, Waheguru Ji Ki Fateh”

(The Khalsa belongs to God, victory belongs to God)

x1



This page intentionally contains only this sentence.




Contents

Abstract A

Statement of Originality ix

Acknowledgements Xi

Contents xiii

List of Figures Xix

List of Tables xxXi

1 Introduction 1

1.1 Introduction and Significance . . . . . .. . .. ... .. ... ... .. 1

1.2 AImS . . . . L 4

1.3 Outline of the Thesis . . . . . . . . .. ... .. ... .. ... ..... 4

2 Literature Survey 7

2.1 Introduction . . . . . . . .. .. 7

2.2 Stand-alone Helmholtz Resonator . . . . . .. ... ... ... ... .. 7

2.2.1 Resonance Frequency . . . . . . ... ... 8

2.2.2  Effects of Geometry on the Resonance Frequency of HRs . . . . 10

2.3 Duct with an Attached Helmholtz Resonator . . . . . . . . ... .. .. 13
2.3.1 Effects of Geometry on the Resonance Frequency and Transmis-

sion Loss of Duct-mounted HRs . . . . . . . ... .. ... ... 13

xiil



2.3.2
2.3.3
2.34
2.3.5

2.3.6

CONTENTS

Neck-Duct Interface End-Correction Factor . . . . . . . . . . ..
Acoustic Performance of HRs . . . . . . .. ... ... ... ..
In-Duct Acoustic Power Transmission . . . . . . ... ... ...
Effects of Flow on the Resonance Frequency and Acoustic Per-
formanceof HRs . . . . .. . . ... ... L.

Applications of HRs . . . . . . . .. ...

2.4 Adaptive Helmholtz Resonator . . . . . . . .. ... . ... ... ....

25 Summaryof Gaps . . . . . ...

Theoretical Modelling

3.1 Introduction . . . . . . . . . .

3.2 Stand-alone Helmholtz Resonator . . . . . . . . . . . . . . . . .. ...

3.2.1

3.2.2

Equivalent Circuit Analysis . . . . . ... .. ... ... ....
3.2.1.1 End-Corrections . . . . ... ... ... ... ...,
3.2.1.2 Models to Predict Resonance Frequencies of HRs

3.2.1.3  Analysing the Models . . . . . ... ... ... ....

SUMMATY . . . . o o o v e s

3.3 Circular Duct with an Attached Helmholtz Resonator . . . . . . . . ..

3.3.1
3.3.2

3.3.3

Transfer Matrix Method . . . . . . ... ... ... ... ....
Uniform Circular Duct . . . . . .. ... ... ... ... ....
3.3.2.1 Cut-on Frequency / Plane Wave Assumption . . . . .
3.3.2.2 Radiation Impedance . . . . . .. . ... ... ...
3.3.2.3 Transfer Matrix of a Circular Duct . . . . . . . .. ..
3.3.2.4  Acoustic Pressure and Velocity at the Duct Exit . . . .
3.3.2.5  Acoustic Pressure and Velocity at Arbitrary Locations
3.3.2.6 Modal Decomposition of Sound Field . . . . . . . . ..
3.3.2.7 In-Duct Net Acoustic Power Transmission . . . . . . .
Duct-HR System . . . . . . .. . ... ...

3.3.3.1 Neck-Duct Interface End-Correction Factor . . . . . .

Xiv



CONTENTS

3.3.3.2 Transfer Matrixof a HR . . . . . ... ... ... ... o7
3.3.3.3 Input Point Impedance ofa HR . . . . . . . ... ... 58
3.3.3.4 Complete Transfer Matrix of a Duct-HR System . . . . 59
3.3.3.5  Acoustic Pressure and Velocity at the Duct Exit . . . . 61

3.3.3.6  Acoustic Pressure at the Top Closed End of the Cavity 61
3.3.3.7 Pressure Transfer Functionofa HR . . . . . . . . . .. 64

3.3.3.8 In-Duct Net Acoustic Power Transmission Downstream

ofthe HR . . . . . . . . . ... 67

3.3.3.9  Effects of Varying the End-Correction Factors . . . . . 68

3.3.3.10 Optimal Locationof HRs . . . . . . . ... ... ... 70

34 Conclusion . . . . . ... 81
4 Numerical Modelling 83
4.1 Introduction . . . . . . . .. 83
4.2  Uniform Circular Duct . . . . . . . . . ... .. ... . 85
4.2.1 Building the Model . . . . . . . .. ... 86
4.2.2 Meshing the Model . . . . . . .. ... ... 0oL 87
4.2.3 Applying Boundary Conditions . . . . . . ... ... ... ... 88
4.2.3.1 Rigid-Wall Boundary Condition . . . . . .. ... ... 88

4.2.3.2 Open-End Boundary Condition . . . .. ... ... .. 88

4.2.4 Applying Loads . . . . . . .. ... 90
4.2.5 Solving the Model . . . . . . . . ... ..o 90
426 Results. . . .. . .. ... 91
4.2.6.1 In-Duct Net Acoustic Power Transmission . . . . . . . 91

4.2.6.2 Resonance Frequencies . . . . . ... ... ... .... 92

427 SUMMATY . . . . o o e e 94

4.3 Circular Duct with an Attached Helmholtz Resonator . . . . . . . . .. 95
4.3.1 Introduction . . . . . .. ... 95
4.3.2 Meshing the Critical Regions . . . . . . .. .. ... ... ... 96

XV



CONTENTS

4.3.3 Implementing Damping in the HR . . . . . . .. .. ... .. .. 97
4.3.4 Harmonic Analysis . . . . . .. ... ... 102
4.3.5 Results. . . . .. . 103

4.3.5.1 Acoustic Pressure Downstream of the HR . . . . . . . 104

4.3.5.2  Acoustic Pressure at the Top Closed End of the Cavity 106
4.3.5.3 Acoustic Pressure in Critical Regions . . . . . . . . .. 108
4.3.5.4  Pressure Transfer Function of the HR . . . . . . . .. 110

4.3.5.5 In-Duct Net Acoustic Power Transmission Downstream

ofthe HR . . . . . . . .. ... ... 114

4.3.5.6  Effect of Different Mesh Densities . . . . . . . ... .. 115

4.4 Sensitivity Analysis . . . . . .. 118
4.5 Conclusion . . . . . . . .. 121
Experimental Verification 123
5.1 Introduction . . . . . . .. ... 123
5.2 Stand-alone Helmholtz Resonator . . . . . .. .. .. ... ... .. .. 125
5.2.1 Experimental Setup . . . . . .. ... ... L. 125
5.2.2  Experimental Results . . . . . . ... ... ... L. 128
5.2.2.1 Resonance Frequencies . . . . . . . .. ... ... ... 128

5.2.2.2  Pressure Transfer Functions . . . . . . . ... ... .. 130

5.2.3  Summary . . .. ... 135

5.3 Circular Duct with an Attached Helmholtz Resonator . . . . . . . . .. 135
5.3.1 Experimental Setup . . . . . . . ... ... L. 135
5.3.2 Broadband Analysis . . . . ... ... ... L 139

5.3.2.1 Acoustic Pressure at the Top Closed End of the Cavity 139
5.3.2.2  Acoustic Pressure at the Neck Opening . . . . . . . .. 141
5.3.2.3  Pressure Transfer Function of the HR . . . . . . . .. 144
5.3.2.4  In-Duct Net Acoustic Power Transmission Downstream

ofthe HR . . . . . . . . . . .. 149

Xvi



CONTENTS

5.3.25 Discussion . . . . ... o 153
5.3.3 Single Frequency Analysis . . . . .. ... ... ... ... .. 156

5.3.3.1 In-Duct Net Acoustic Power Transmission Downstream

ofthe HR . . . . . . . .. ... ... 156

5.3.3.2 Acoustic Pressure in the HR . . . . . . ... ... ... 158

5.3.3.3  Pressure Transfer Function of the HR . . . . . . . .. 158

5.3.3.4 Discussion . . . . .. ... oo 160

54 Conclusion . . . . . ... 160

6 Cost Function 163
6.1 Introduction . . . . . . . . ..o 163
6.2 Approach . . . . . ... 164
6.3 Damping . . . . . . .. L 166
6.4 Cost Function . . . . . . . .. . .o 169
6.4.1 The First Cost Function . . . . . ... ... ... ... . .... 169

6.4.2 Approximating Damping at a Single Frequency . . . . . .. .. 172

6.4.3 The Second Cost Function . . . . . .. .. ... .. ... .... 177

6.4.4 Comparison of the Two Cost Functions . . . . . . . . .. .. .. 180

6.4.5 Performance of the Two Cost Functions . . . . . . .. .. .. .. 181

6.4.6 Limitations of the Two Cost Functions . . . . . ... .. .. .. 183

6.5 Conclusion . . . . . . . .. 184

7 Summary and Conclusion 185
7.1 Summary and Conclusion . . . . . .. .. .. ... L. 185
7.2  Recommendations for Future Work . . . . .. ... ... ... ... .. 188
References 191

A Transition of the Transfer Matrix Method Elements and Sequence of

the State Variables Adopted For This Study 201

Xvil



CONTENTS

B List of Symbols 205

C Publications Originating from this Thesis 209

XViii



List of Figures

3.1
3.2

3.3

3.4

3.5

3.6

3.7
3.8

A Helmholtz resonator . . . . . . . .. ... ... 29
Comparison of the resonance frequencies of cylindrical HRs predicted
using the classical, Panton and Miller’s and Li’s models. . . . . .. .. 35
A schematic of a uniform circular duct modelled as being driven by a
constant amplitude piston source mounted at one (left) end and open at
the other (right). . . . . . . . . . .. .. 41
A schematic of a uniform duct depicting the end-correction at the un-
flanged open end of the duct. . . . . . ... ... 47
Theoretical (transfer matrix method) prediction for the net acoustic
power transmission in a uniform circular duct driven by a constant am-

plitude piston source mounted at one (left) end and open at the other

A schematic of a duct-HR system for estimating the expression for the
input point impedance of the HR. . . . . . . . ... ... ... .. ... 57
A schematic of a duct-HR system showing its division into three elements. 60
Theoretical (transfer matrix method) prediction for the acoustic pressure
at a point located at the top centre of the closed end of the cavity of the
HR mounted onto a duct. The duct was driven by a constant amplitude
piston source mounted at the end upstream of the HR and open at the

end downstream of the HR. . . . . . . . . . . . . . ... ... ... 64

Xix



3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

LIST OF FIGURES

Theoretical (transfer matrix method) prediction for the pressure transfer
function amplitude of the HR. . . . . . . .. ... ... ... ... ...
Theoretical (transfer matrix method) prediction for the pressure transfer
function phase of the HR. . . . . . . . . ... ... ... ... .....
Theoretical (transfer matrix method) prediction for the in-duct net
acoustic power transmission downstream of the HR for the duct driven
by a constant amplitude piston source mounted at the end upstream of
the HR and open at the end downstream of the HR. . . . . . . . . . ..
Theoretical (transfer matrix method) predictions for the pressure trans-
fer function amplitudes of the HR using different exterior end-correction
models. . ...
Theoretical (transfer matrix method) predictions for the pressure trans-
fer function phases of the HR using different exterior end-correction
models. . . ..
Theoretical (transfer matrix method) prediction for the in-duct net
acoustic power transmission downstream of the HR using different ex-
terior correction models. The duct was driven by a constant amplitude
piston source mounted at the end upstream of the HR and open at the
end downstream of the HR. . . . . . . .. ... .. ... ... ... ..
The results from figure 3.14 expanded over the frequency range from 205
Hzto 235 Hz. . . . . . . . . o
Sound pressure level along the duct depicting a standing wave plot cor-
responding to a tonal (excitation) frequency of 197 Hz. . . . . . .. ..
Theoretical (transfer matrix method) prediction for the in-duct net
acoustic power transmission downstream of the HR at 197 Hz for vary-
ing the HR mounting location along the duct. The duct was driven by
a constant amplitude piston source mounted at the end upstream of the

HR and open at the end downstream of the HR. . . . . . . . .. .. ..



LIST OF FIGURES

3.18

3.19

3.20

3.21

3.22

3.23

Theoretical (transfer matrix method) predictions for the in-duct net
acoustic power transmission downstream of the HR at 197 Hz for the
HR mounted at a distance of 0.45 m (a pressure node) and 0.88 m (an
antinode) from the source end of the duct. The duct was driven by a
constant amplitude piston source mounted at the end upstream of the
HR and open at the end downstream of the HR. . . . . . . . .. .. ..
Sound pressure level along the duct depicting a standing wave plot cor-
responding to a tonal (excitation) frequency of 224 Hz. . . . . . . . ..
Theoretical (transfer matrix method) prediction for the in-duct net
acoustic power transmission downstream of the HR at 224 Hz for varying
the HR mounting location along the duct. The duct was being driven
by a constant amplitude piston source mounted at the end upstream of
the HR and open at the end downstream of the HR. . . . . . . . . . ..
Theoretical (transfer matrix method) predictions for the in-duct net
acoustic power transmission downstream of the HR for the HR mounted
at a distance of 0.75 m (a pressure node), 0.37 m (an antinode) and 0.56
m (an optimal location) from the source end. The duct was driven by a
constant amplitude piston source mounted at the end upstream of the
HR and open at the end downstream of the HR. . . . . . . . .. .. ..
Sound pressure level along the duct depicting a standing wave plot cor-
responding to a tonal (excitation) frequency of 211 Hz. . . . . . . . ..
Theoretical (transfer matrix method) prediction for the in-duct net
acoustic power transmission downstream of the HR at 211 Hz for vary-
ing the HR mounting location along the duct. The duct was driven by
a constant amplitude piston source mounted at the end upstream of the

HR and open at the end downstream of the HR. . . . . . . . .. .. ..

poel



LIST OF FIGURES

3.24 Theoretical (transfer matrix method) predictions for the in-duct net

4.1
4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

acoustic power transmission downstream of the HR for the HR mounted
at a distance of 0.61 m (a pressure node), 1.02 m (an antinode) and 0.91
m (an optimal location) from the source end. The duct was driven by a
constant amplitude piston source mounted at the end upstream of the

HR and open at the end downstream of the HR. . . . . . . . .. .. ..

A schematic of the geometry of a FLUID29 element. . . . . . . . . . ..
Numerical (ANSYS) and theoretical (transfer matrix method) predic-
tions for the net acoustic power transmission in a uniform circular duct
driven by a constant amplitude piston source mounted at one (left) end
and open at the other (right). . . . .. ... .. ... ... ... ....
A schematic of the duct-HR system showing four different regions to
which the system was divided. . . . . . . . ... oo
A three-dimensional finite element model of the duct-HR system dis-
playing coarse mesh. . . . . .. ... oL
A three-dimensional finite element model of the duct-HR system dis-
playing finemesh. . . . . .. ..o
Selected regions, critical duct section, cavity section and neck section,
of the three-dimensional finite element model shown in figure 4.4.

Selected regions, critical duct section, cavity section and neck section,
of the three-dimensional finite element model shown in figure 4.5.

A schematic of a duct-HR system showing the locations at which the
acoustic pressures were calculated using ANSYS.. . . . ... ... ...
Numerical (ANSYS) and theoretical (transfer matrix method) predic-
tions for the acoustic pressure at a point located in the duct wall at 2.2
m from the source end (location ‘1’) downstream of the HR. The duct
was driven by a constant amplitude piston source mounted at the end

upstream of the HR and open at the end downstream of the HR. . . . .

xXxil

99

99

105



LIST OF FIGURES

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

The results from figure 4.9 expanded over the frequency range from 190
Hz to 260 Hz. . . . . . . . . . . . 105
Numerical (ANSYS) and theoretical (transfer matrix method) predic-
tions for the acoustic pressure at a point located at the top center of the
closed end of the cavity (location ‘A’) of the HR mounted onto a duct.
The duct was driven by a constant amplitude piston source mounted at
the end upstream of the HR and open at the end downstream of the HR. 107
The results from figure 4.11 expanded over the frequency range from 190
Hz to 260 Hz. . . . . . . . . . . . 107
Numerical (ANSYS) prediction for the real part of the acoustic pressure
within the duct-HR system at 226 Hz. . . . . ... ... .. ... ... 109
Numerical (ANSYS) prediction for the imaginary part of the acoustic
pressure within the duct-HR system at 226 Hz. . . . . . .. .. .. .. 109
Numerical (ANSYS) predictions for the acoustic pressures at locations
‘E’” and ‘T’ and theoretical (transfer matrix method) results. . . . . . . 111
Numerical (ANSYS) predictions for the acoustic pressures at locations
‘G’ and ‘H’ and theoretical (transfer matrix method) results. . . . . . . 111
Numerical (ANSYS) and theoretical (transfer matrix method) predic-
tions for the pressure transfer function amplitudes of the HR. . . . . . 113
Numerical (ANSYS) and theoretical (transfer matrix method) predic-
tions for the pressure transfer function phases of the HR. . . . . . . .. 113
Numerical (ANSYS) and theoretical (transfer matrix method) predic-
tions for the in-duct net acoustic power transmission downstream of the
HR for the duct driven by a constant amplitude piston source mounted

at the end upstream of the HR and open at the end downstream of the

HR. . 114

Xxiii



4.20

4.21

4.22

4.23

4.24

5.1
5.2

2.3

LIST OF FIGURES

Numerical (ANSYS) predictions showing the affect of varying mesh den-
sities on the in-duct net acoustic power transmission downstream of the
HR for the duct driven by a constant amplitude piston source mounted
at the end upstream of the HR and open at the end downstream of the
HR. .
Numerical (ANSYS) predictions showing the effects of positive phase
errors of a few degrees on the in-duct net acoustic transmission down-
stream of the HR for the duct driven by a constant amplitude piston
source mounted at the end upstream of the HR and open at the end
downstream of the HR. . . . . . . . . . .. .. ... ... ... ...
Numerical (ANSYS) predictions showing the effects of negative phase
errors of a few degrees on the in-duct net acoustic transmission down-
stream of the HR for the duct driven by a constant amplitude piston
source mounted at the end upstream of the HR and open at the end
downstream of the HR. . . . . . . . . . .. ... .. ... ... ... ..
Numerical (ANSYS) predictions showing the effects of different sound
velocities on the in-duct net acoustic transmission downstream of the
HR for the duct driven by a constant amplitude piston source mounted
at the end upstream of the HR and open at the end downstream of the
HR. . .
The results from figure 4.23 expanded over the frequency range from 190

Hz to 260 Hz. . . . . . . . . .

A picture of a HR placed on a table inside an anechoic chamber. . . . .
A different view of the HR pictured in figure 5.1 showing the microphones
mounted at the opening of the neck. . . . . . ... ... ... ... ..
A schematic of a stand-alone cylindrical HR showing the locations of the

microphones. . . . . ...

XXiv



LIST OF FIGURES

5.4

2.5

2.6

2.7

2.8

2.9

5.10

5.11
5.12

5.13

5.14

Experimentally measured resonance frequencies of stand-alone cylindri-
cal HRs along with the predictions from several theoretical models.
Experimentally measured pressure transfer function amplitude between
microphone ‘A’ and microphone ‘E’. The vertical line at 222 Hz corre-
sponds to the experimentally measured resonance frequency of the HR.
Experimentally measured pressure transfer function phase between mi-
crophone ‘A’ and microphone ‘E’. The vertical line at 222 Hz corresponds
to the experimentally measured resonance frequency of the HR.
Experimentally measured pressure transfer function amplitudes between
microphones ‘A’ and ‘C’, ‘A’ and ‘B’, and ‘A’ and ‘D’. The vertical line at
222 Hz corresponds to the experimentally measured resonance frequency
ofthe HR. . . . . . . . . .
Experimentally measured pressure transfer function phases between mi-
crophones ‘A’ and ‘C’, ‘A’ and ‘B’, and ‘A’ and ‘D’. The vertical line at
222 Hz corresponds to the experimentally measured resonance frequency
ofthe HR. . . . . . . . . . . .
A picture of the experimental rig showing a circular duct with an at-
tached HR along with the B&K Pulse system and amplifiers. . . . . . .
A picture of a duct showing a circular section welded on the duct at a

distance of 0.5 m from the sourceend. . . . . . . . . . . . . ... ...

A picture of the PVC sections. . . . . . . . . ... ... ... ... ...
A schematic of the duct-HR system showing the locations of the micro-
phones. . . . . . .
Experimental, numerical (ANSYS) and theoretical (transfer matrix

method) results for the acoustic pressure at microphone ‘A’ as a func-
tion of frequency. . . . . . ..o
The results from figure 5.13 expanded over the frequency range from 190

Hzto 290 Hz. . . . . . . . . o

XXV

129

132

132



5.15

5.16

5.17

0.18

5.19

5.20

5.21

0.22

5.23

LIST OF FIGURES

Experimentally measured acoustic pressures at the neck opening micro-
phones ‘B’, ‘C’, ‘D’ and ‘T’, as a function of frequency. . . . . . . . .. 142
The results from figure 5.15 expanded over the frequency range from 190
Hzto 290 Hz. . . . . . . . . . . 142
Numerical (ANSYS) predictions for the acoustic pressures at the loca-

tions analogous to the neck opening microphones ‘B’; ‘C’, ‘D’ and ‘1",

as a function of frequency. . . . . . ... ..o 143
The results from figure 5.17 expanded over the frequency range from 190
Hzto 290 Hz. . . . . . . . . . . . 143
Experimentally measured pressure transfer function amplitudes between

microphones ‘A’ and ‘B’, ‘A’ and ‘C’, ‘A’ and ‘D’, and ‘A’ and ‘T’, as a
function of frequency. . . . . . . ..o 145
Experimentally measured pressure transfer function phases between mi-
crophones ‘A’ and ‘B’, ‘A’ and ‘C’; ‘A’ and ‘D’, and ‘A’ and ‘T’ as a
function of frequency. . . . . . ... oL 145
Numerical (ANSYS) predictions for the pressure transfer function am-
plitudes between locations ‘A’ and ‘B’, ‘A’ and ‘C’, ‘A’ and ‘D’, and ‘A’
and ‘T’ as a function of frequency. . . . . . . ... .. ... .. 146
Numerical (ANSYS) predictions for the pressure transfer function phases
between locations ‘A’ and ‘B’, ‘A’ and ‘C’, ‘A’ and ‘D’, and ‘A’ and ‘1",
as a function of frequency. . . . .. ... oL 146
Numerical (ANSYS) predictions of the pressure transfer function ampli-
tudes between locations ‘A’ and ‘B’, ‘A’ and ‘C’, ‘A’ and ‘D’, and ‘A’
and “T” for the location of the HR as 1.2 m from the source end of the

duct, as a function of frequency. . . . . . . ... ... 147

XXV1



LIST OF FIGURES

5.24

0.25

5.26

5.27

0.28

5.29

9.30

Numerical (ANSYS) predictions of the pressure transfer function phases
between locations ‘A’ and ‘B’, ‘A’ and ‘C’, ‘A’ and ‘D’, and ‘A’ and ‘T’
for the location of the HR as 1.2 m from the source end of the duct, as
a function of frequency. . . . . . . . ...
Experimental, numerical (ANSYS) and theoretical (transfer matrix
method) results for the in-duct net acoustic power transmission down-
stream of the HR for the duct driven by a constant amplitude piston
source mounted at the end upstream of the HR and open at the end
downstream of the HR. . . . . . . . . . .. ... ... ... .. ...
Experimental, numerical (ANSYS) and theoretical (transfer matrix
method) results for the in-duct net acoustic power transmission with-
out the HR for the duct driven by a constant amplitude piston source
mounted at one (left) end and open at the other (right). . . ... ...
Experimentally measured in-duct net acoustic power transmission with-
out the HR and with the HR attached to the duct for the duct driven
by a constant amplitude piston source mounted at the end upstream of
the HR and open at the end downstream of the HR. . . . . . . . . . ..
Numerical (ANSYS) predictions for the in-duct net acoustic power trans-
mission without the HR and with the HR attached to the duct for the
duct driven by a constant amplitude piston source mounted at the end
upstream of the resonator and open at the end downstream of the HR .
Experimentally measured acoustic pressures at microphone ‘A’, ‘B’ and
“T’, as a function of frequency. The vertical line at 226 Hz corresponds
to the frequency of the maximum reduction of the in-duct net acoustic
power transmission downstream of the HR. . . . . . . . . . ... .. ..
Experimentally measured pressure transfer function amplitudes between

microphones ‘A’ and ‘B’, and ‘A’ and ‘T’, as a function of frequency.

XXVii

151

155



5.31

5.32

2.33

0.34

2.3

6.1
6.2

6.3

6.4

LIST OF FIGURES

Experimentally measured pressure transfer function phases between mi-
crophones ‘A’ and ‘B’, and ‘A’ and ‘T’, as a function of frequency. . . .
Experimental and numerical (ANSYS) results for the in-duct net acous-
tic power transmission downstream of the HR corresponding to 226 Hz,
as a function of the HR cavity length. . . . . . .. ... ... ... ...
Experimentally measured acoustic pressure at microphones ‘A’; ‘B’ and
“T” corresponding to 226 Hz, as a function of the HR cavity length.
The vertical line at 70 mm corresponds to the cavity length required to
attain the maximum reduction of in-duct acoustic power transmission
downstream of the HR at 226 Hz. . . . . . . . ... ... .. ... ...
Experimentally measured pressure transfer function amplitudes between
microphones ‘A’ and ‘B’, and ‘A’ and ‘T’ corresponding to 226 Hz, as a
function of the HR cavity length. The vertical line at 70 mm corresponds
to the cavity length required to attain the maximum reduction of in-duct
net acoustic power transmission downstream of the HR at 226 Hz. . . .
Experimentally measured pressure transfer function phases between mi-
crophones ‘A’ and ‘B’; and ‘A’ and ‘T” corresponding to 226 Hz, as a
function of HR cavity length. The vertical line at 70 mm corresponds to
the cavity length required to attain the maximum reduction of in-duct

net acoustic power transmission downstream of the HR at 226 Hz. . . .

155

159

159

Frequency response of a system showing bandwidth and half-power points.166

Experimentally measured critical damping ratios of the duct-HR system
for various HRs. . . . . . . . . . .
Critical damping ratio versus phase difference corresponding to the fre-
quency at which the maximum reduction of in-duct net acoustic power
transmission downstream of the HR occurs, for three different neck di-
ameters and many cavity volume sizes. . . . . . .. ... .. L.

A schematic representation of a single degree-of-freedom system. . . . .

XXVIil



LIST OF FIGURES

6.5

6.6

6.7

6.8

6.9

6.10

Experimentally measured ratio of pressures at microphone ‘A’ and mi-
crophone ‘B’ corresponding to 226 Hz, as a function of the HR cavity
length. The vertical line at 70 mm corresponds to the cavity length
required to attain the maximum reduction of the in-duct net acoustic
power transmission downstream of the HR at 226 Hz. . . . . . . . . ..
Experimentally measured ratio of pressures at microphone ‘A’ and mi-
crophone ‘B’ corresponding to the cavity length of 84 mm, as a function

of frequency. The vertical line at 226 Hz corresponds to the frequency

of maximum in-duct net acoustic power reduction downstream of the HR.175

Qualtiy factors of several HRs obtained using two different methods: (1)

by measuring the maximum pressure ratio of microphone ‘A’ to micro-

phone ‘B’, and (2) by applying the half-power point bandwidth method.

Quality factor versus phase difference corresponding to the frequency at
which the maximum reduction of in-duct net acoustic power transmis-
sion downstream of the HR occurs, for three different neck diameters.

Experimentally measured in-duct net acoustic power transmission down-
stream of the HR corresponding to 226 Hz plotted as a function of the
HR cavity length; markers indicate the acoustic power level for various
cost functions. . . . . . . . L
Numerical (ANSY'S) predictions for the in-duct net acoustic power trans-
mission downstream of the HR corresponding to 226 Hz as a function of
the HR cavity length with no damping included; markers indicate the

acoustic power level for various cost functions. . . . . . . ... ... ..

XXIX

176

179



This page intentionally contains only this sentence.




List of Tables

3.1

3.2

4.1

4.2
4.3

5.1

Criterion for selecting an appropriate theoretical model for calculating
the resonance frequencies of cylindrical HRs. . . . . . .. .. .. .. ..
Theoretical (Blevin’s formula and transfer matrix method) predictions
for the first seven acoustic resonance frequencies of a piston driven-open

duct system. . . . . . ..

Numerical (ANSYS) and theoretical (Blevin’s formula and transfer ma-
trix method) predictions for the acoustic resonance frequencies of a pis-

ton driven-open duct system. . . . ... ...

Error between the acoustic resonance frequencies tabulated in table 4.1.

Summary of the elements per wavelength at 226 Hz for dividing the

model of the duct-HR system. . . . . . . ... ... .. ... ... ...

Experimentally measured resonance frequencies of stand-alone cylindri-

cal HRs along with the predictions from several theoretical models.

XXX1

116

129



This page intentionally contains only this sentence.




	TITLE PAGE: Tonal noise attenuation in ducts by optimising adaptive Helmholtz resonators
	Abstract
	Statement of Originality
	Acknowledgements
	Contents
	List of Figures
	List of Tables


