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ABSTRACT

The aim of the work reported in this thesis is to establish a generic approach for the
study of the propagation of higher-order modes in ducts of circular cross section when a
simple aperture device is installed in the duct. Additionally to describe the effects of the
simple aperture device on the whole in duct acoustic field, especially in the frequency
range after the first higher-order mode cuts on. The approach, which is based on
approximating each higher-order mode as an uncoupled mode, requires an accurate and

effective decomposition of the in duct field in the higher frequency range.

In the theoretical work for the propagation of the higher-order modes in circular ducts,
one established model to describe the open end of the duct is considered. Another model
to describe the sound source (both plane wave source and point source) and the
boundaries between the aperture device and the main duct is proposed. Combining the
two models together, a revised model to describe the whole acoustic system is obtained
and used to carry out the in duct field decomposition in the higher frequency range.
From this the amplitudes of various higher-order modes are obtained. Experimental
investigations have also been carried out to determine the applicability of this model.
The experimental work can be divided into two groups: reference measurements for the
inputs to the models and direct measurements of the sound fields. The reference
measurements are used to obtain the strength of the sound source. The direct
measurements are used to compare with the results obtained from the theoretical
calculations. Through the comparison, the errors and the applicability of the theoretical
mode! are established. It is shown that this approach to the problem may be used in the
normalized wave number region up to £ * R <7, which is nearly four times the plane

wave region and includes sixteen propagating higher-order modes.

By determining the amplitudes of the higher-order modes, the whole in-duct acoustic
field is fully decomposed into individual model contributions and can be reconstructed
in detail. In order to get a complete and coordinate-independent description of the effects

of installing different simple aperture devices, the power radiated out of the open end of



the duct is calculated in the form of different single modes, Additionally the insertion
losses for different aperture device situations are also obtained. Then through the
comparison of the powers and the insertion losses, it is possible to find an effective and

direct way to express the effects of installing different simple aperture devices in a duct.

Key words: higher-order modes, simple aperture device, circular duct, normalized

wave number, insertion loss (IL), radiated power.

-1 -




Acknowledgements

This thesis is the final academic research report for my PhD registration at
Loughborough University. I would like to thank my supervisor, Dr. Jane L. Horner, who
introduced me to the subject of noise control in ducts. Thanks for Dr. Homer’s great

help and valuable comments.

I would also like to thank my family and friends for their consistent support and kindly
help. Particularly, my mother and my parents-in-law gave me a lot of both material and
spiritual support during my four years’ hard work. I greatly appreciate everything they

have done for me.
Thirdly, I gratefully acknowledge the Department of Aeronautics and Automotive
Engineering of Loughborough University, for their generous financial aids during the

four years of my research work.

Last but not least, I would like to thank my beloved wife Haiyan, my adorable daughters

Xiaoyu and Xiaoyue, because of whom I am where I am today.

- i -



CONTENTS

Notation

Chapter

1. Introduction

1.1 Background
1.2 Literature review
1.2.1 The plane wave propagation and reflection by duct termination
1.2.2  Analytical description of higher-order modes
1.2.3 Measurement methods for the acoustic properties in circular ducts
1.2.4 Higher-order mode experimental decomposition methods
1.2.5 Effects of the orifice plates on the acoustic field
1.2.6 Model for the description of the aperture device
boundary condition

1.3 Present work

The plane wave propagation in a circular duct

2.1 Introduction

2.2 Theoretical derivation

2.3 Lumped-parameter model (acoustical two-ports system model)
2.3.1 Duct without simple aperture devices
2.3.2 Duct with simple aperture devices

2.4 Blocked particle velocity method

2,5 Two-different-inputs method

2.6 Discussion

Higher-order mode propagation in a circular duct and the reflection

coefficients R, atthe duct open end

mul,

3.1 Introduction

iV -

— N Y R W N e

13
15

19
19
19
22
22
24
26
29
34

35
35



3.2 Higher-order mode in circular cross-section duct 36
3.3 Applicability of lumped-parameter model to higher-order modes
in circular duct ‘ 41

3.4 Model to calculate the reflection coefficients R, at the open end

of the duct 44

3.5 Generalized impedances Z,,, and reflection coefficients R, 48
3.6 Discussion _ 58
. The plane wave source and the point source 59
4.1 Introduction 59
4.2 The plane wave source 59
4.2.1 Configuration of the plane wave source 59
4.2.2 Description of the plane wave source boundary condition 60

4.3 The point source : 65
4.3.1 Configuration of the point source 65
4.3.2 Description of the point source boundary condition 66

4.4 Discussion _ 72

. Sound field produced by a point source propagating in

a circular duct without simple aperture devices 73
5.1 Introduction 73
5.2 Experimental set-up 73
5.3 Experimental decomposition of the in duct acoustic field 75

5.3.1 Theoretical derivation for experimental decomposition approach 75

5.3.2 Experimental decomposition results 77
5.4 Theoretical decomposition approach of the in duct acoustic field 79
5.4.1 Theoretical derivation ' 81
5.4.2 Experiment measurements and results 83

5.4.3 Effects of the radial location of the sound source on prediction 87
5.4.4 Prediction for the different circumferential positions 90

5.5 Discussion 93




6. Sound wave produced by a plane wave source propagating in

a circular duct without simple aperture devices 95
6.1 Introduction 95
6.2 Theoretical derivation 95
6.3 Experiment measurements and results _ 97
6.4 Difference between the coupled and uncoupled prediction 104
6.5 Effects of the length of the duct on prediction _ 107
6.6 Effects of the radial location of the sound source on the prediction 111
6.7 Predictions for different circumferential positions 112
6.8 Discussion _ 115

7. Sound field produced by a point source propagating in

a circular duct with simple aperture devices 117
7.1 Introduction ' 117
7.2 Aperture device with a single orifice 117

7.2.1 Theoretical derivation - 117
7.2.2 Experimental set-up and measurement results 128
7.2.3 Comparison of coupled and uncoupled predictions 131

7.2.4 Comparison of predictions with direct measurements for a device

with single orifice _ 133

7.3 Aperture device with two orifices 139

7.3.1 Theoretical derivation | 139

7.3.2 Experimental set-up . 151
7.3.3 Comparison of predictions with direct measurements for a device

with two orifices 151

7.4 Aperture device with several orifices 156

7.4.1 Theoretical derivation 156

7.4.2 Experimental set-up 157
7.4.3 Comparison of predictions with direct measurements for a device

with several orifices 157

7.5 Error analysis 162

7.6 Discussion 165



8. Sound field produced by a plane wave source propagating in
a circular duct with simple aperture devices
8.1 Introduction
8.2 Aperture device with a single orifice
8.2.1 Theoretical derivation
8.2.2 Experimental set-up and measurement results
8.2.3 Comparison of coupled and uncoupled predictions
8.2.4 Comparison of predictions with direct measurements for a device
with single orifice
8.3 Aperture device with two orifices
8.3.1 Theoretical derivation
8.3.2 Experimental set-up
8.3.3 Comparison of predictions with direct measurements for a device
with two orifices
8.4 Aperture device with several orifices
8.4.1 Theoretical derivation
8.4.2 Experimental set-up
8.4.3 Comparison of predictions with direct measurements for a device
with several orifices
8.5 Error analysis
8.6 Predictions for different circumferential positions both before
and after aperture device

8.7 Discussion

9. Radiated power and the insertion loss for different aperture devices
9.1 Introduction
9.2 Power radiated into and out of the main duct
9.2.1 Derivation of the power radiated from the open end of the duct
9.2.2 Approximate lumped-parameter model
9.2.3 Energy loss along z-axis in the main duct
9.2.4 Effects of the source location on the radiated power
9.3 Analysis of the radiated power of different single higher-order mode

9.3.1 Source concentric situation

166
166
166
166
168
171

173
178
178
179

179
184
184
184

185
189

191
195

197
197
198
199
206
208
210
212
212



9.3.2 Source eccentric situation 219

9.3.3 Applicability of the approximate lumped-parameter model 225

9.4 Effects of different configurations of the orifices on the insertion loss 226
9.4.1 Negative insertion loss (/L) 227

9.4.2 Source eccentric situation 229

9.4.3 Source concentric situation 238

9.5 Discussion 244

10. Conclusions and discussion 247
10.1 Conclusions . ‘ 247
10.2 Discussion and future research suggestions 251
References 252
Appendices ' 258
Appendix A: Experiment equipments and set-up 258
Appendix B: Phase match of the microphone pair in the measurement 259
Appendix C: Derivation of pressure continuity boundary condition 261
Appendix D: Derivation of velocity continuity boundary condition 266

Appendix E: The procedure to calculate the afnplitudes of the pressures
by using reference measurement results (point source) 271
Appendix F: The procedure to calculate the amplitudes of the pressures by

using reference measurement results (plane wave source) 273

-vi-



mna? " mn

w2 mn

Hind " mh

IL
J, N

k.k..k,
k*R

LI’LZ’LS

Notation

Amplitudes of (m,n) mode in the main duct (without aperture device);
Amplitudes of (m,n) mode in the before orifice field (with aperture
device)

Amplitudes of (m,7) mode in the orifice

Amplitudes of (m,n) mode in the after orifice field (with aperture
device) |

Speed of sound

Frequency (Hz)

Sound intensity

Insertion loss _

Bessel function and Neumann function

Wave number, wave number along r and z-axis direction

Normalized wave number
Length of the main duct
Length of the before orifice field; aperture device; after orifice field

Level difference

Normalized factor

Acoustic pressure

Acoustic pressure of (m,n) mode
Acoustic pressure for incident wave
Acoustic pressure for reflected wave

Source strength

Directivity factor
Radius of the main duct
Radius of the orificel to orifice » in the device

Complex reflection coefficients

-ix -



r,8

h.@

SA,,,SB,,

mn?

S, S,
TL
U

v

v..,v

r?

z’vw

v

mn

W, Wr
ZiysZigs Lo
VASVAR

Z

By

Radius of the point source duct

Coordinate of any point in the main duct coordinate system
Coordinate of any point in the small duct coordinate system
Amplitudes of (i, 7) mode in the source duct

The cross-section area of the main duct

The cross-section area of the orifice 1 to orifice n

Transmission loss
Volume velocity
Particle velocity

Particle velocity along r direction, z-axis, and circumference

Particle velocity of (m,n) mode

Total power, radiated power

The input, transfer and output impedance

Mechanic impedance at the coordinate z=0 and z=L
Generalized impedances

Specific admittance of the duct wall

Specific-heat ratio

The coordinate for the original point of the orifice in the main duct

coordinate system
Kronecker Delta function

Wave length
The density of air
Velocity potential

Driving force

Angular frequency



1. Introduction

Chapter 1 Introduction

1.1 Background

Many engineering products contain ducts of constant cross-section that conduct
sound, such as mufflers and ventilation ducts. The acoustic properties in these ducts
have been widely studied in the pasf and the laws governing sound propagation in
such systems are very important in solving problems in acoustics. At the same time
many engineering systems, such as ventilation ducts, require the installation of
aperture devices, such as grilles or louvers in the straight duct. These devices are
installed for the purpose of airflow control or merely as ornaments, Acoustically, the
installation of these devices introduces a change in impedance to the whole system
and may also give rise to excessive noise in different parts of the audio frequency
range. Currently research on the acoustic performance of such devices has focused on
the specific application for a specific device and no generic approach has been taken.
Thus this limitation often prevents published data on a particular device being applied

to other situations, such as a different installation or a different frequency range.

The lumped-parametér model, extended from the electrical representation, is very
useful for the analysis of the acoustic properties of ducts or pipes and has been widely
studied. This model uses a limited number of time-dependent aggregate variables
rather than field variables varying with both position and time, However there is a
limitation for the application of this model, the sound propagaﬁng in circular ducts
should satisfy the condition that £* R <~<1. Thus the lumped-parameter model is
only applicable to the plane wave region. Once k* R >1.84, higher-order modes
begin to propagate in the duct and cross-coupling effects between these higher-order
modes occur. Thus these higher-order modes cannot be simply represented by lumped

parameters.

To consider the performance of the aperture devices over a wide frequency range, it is
necessary to consider the propagation of higher-order modes in circular ducts. Thus

an approach is sought to allow each higher-order mode to be approximated by using
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lumped parameters in the same manner as the plane wave. Although the results will

be approximate, it will extend the frequency range of this method.

In this project, both experimental and theoretical analyses of higher-order modes are
carried out. For the theoretical analysis, two different types of the sound source, the
plane wave source and the point source, will be considered and the relevant
descriptions will be presented. Combining the descriptions of the sound source with
that of the duct open end, the solution for the acoustic properties in circular ducts
without an aperture device present will be obtained. Then the descriptions of the
boundary conditions between the main duct and the aperture device will be also
presented and from the consideration of all the boundary conditions together, the
solution for the acoustic properties for both the before aperture device field and the

after aperture device field will be obtained.

For the experimental work, a circular cross-section duct with a flanged end will be
used as the main duct and aperture devices of different open area will be placed in the
duct. Measurements will be made in different regions (source duct region, before
aperture device field and after aperture device field). The measurement made in this
work can be divided into two categories: the first one is reference measurements,
which are used for the predictions of the acoustic properties in the duct; the second
one is direct measurements, which are used for the comparison with the predictions

obtained from the theoretical analysis.

Based on the results, the acoustic properties of the main duct without and with
aperture devices will be studied respectively in both the plane wave region and the
higher-order mode region, then the acoustic properties of the aperture devices will be
separated from those of the main duct. Each higher-order mode will be decomposed

to consider the individual effect on the whole in-duct acoustic field.
1.2 Literature review

Many authors have published works on the acoustic properties or measuring methods

for circular ducts. Discussions of the most relevant publications are given below. The

-2




1. Introduction

basic and also the most important part for the study of the acoustic properties in

circular ducts is the plane wave propagation in duct.
1.2.1 The plane wave propagation and reflection by duct termination

The theories, which govern the plane wave propagation in circular ducts, have been
discussed in detail and fully presented in Ref [1] to Ref [8]. From the theoretical
derivation to the acoustic performance, these references covered nearly every detail of
the plane wave propagation in circular ducts. Also in Ref [4], the lumped-parameter
model (acoustic two-ports system model) was introduced as well as its applications
and limitations. For the plane wave propagation in circular ducts of finite length, the
reflection from the open end played a very important role. So references, which
focused on the sound radiation from the end of the duct when there was only the
plane wave propagation in duct, are introduced below. Ref [9] gives the detailed
information on the derivation of the equations for different Bessel functions. By
adopting these equations, one can derive the equation groups which are used to
describe the boundaries between the main duct and the sound source, as well as the

main duct and the aperture devices.

For example, one rigorous solution for the sound radiation (plane wave only) from an
un-flanged circular pipe was proposed in Ref [10]. In order to simplify the problem, it
did not consider the wall thickness and only axially-symmetric excitation was
considered. One approximate solution for the sound radiation from the semi-infinite
circular pipe of certain wall thickness was presented in Ref [11]. It used the Laplace
transform and Wiener-Hopf technique to get the reflection coefficient and end

correction of the duct end.

One approximate method to calculate the reflection coefficient R in the low frequency
range was proposed in Ref [12]. In this paper, the authors gave the low-frequency end
correction length of 0.82159 radii of the duct, which was very close to Rayleigh’s
conjectured value of 0.82 radii, The authors also expressed the transmitted power as a

function of angle from the axis of the duct.
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A boundary element method was proposed in Ref [13] to study the wave reflection
from different types of the duct termination, such as flanged, un-flanged, oblique duct
extension and the reflection coefficient and end correction to each situation were also
presented. Although it mainly dealt with the plane wave, it was still very useful in the

analysis of the acoustic properties in the ducts with open end.

An alternative approach of the CAA (computational aero-acoustics) method was
introduced in Ref [14] to calculate both near field and far field radiation from an un-
flanged duct. The authors divided the whole domain into three regions: the wave
admission and emission region, a propagation region around the edge of the duct and
a radiation region outside the duct. The authors applied the C44 model to these three
regions with different emphasis. For the admission and emission region, spurious
waves are damped by using a buffer zone boundary condition. In the propagation
region, the acoustic wave propagation was predicted by solutions of the Linear Euler
Equation (LEE). An integral solution of the FW-H (Ffowcs-Williams Hawkings)
equations was used to predict the far field radiation. Through the calculation, the
authors found that the computation near the edge of the duct had a large influence on

the far field directivity prediction, especially in the angle prediction.

Although the plane wave propagation remains the most important part for the acoustic
properties studies in circular ducts, in recent years more and more attention has been
paid to higher-order mode propagation in ducts. So in the next section, higher-order

mode propagation in circular ducts will be introduced.

1.2.2 Analytical description of higher-order modes

Many works have discussed the propagating higher-order modes in circular ducts, but
much of the literature concerned with higher-order modes dealt with the radiation

from the end of the duct rather than the in-duct field.

For example, one model to calculate the generalized radiation impedances Z,,,, of all

modes in circular ducts, which was terminated with an infinite baffle, was given in
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Ref [15]. The equation for Z

. Was reduced to a single infinite integral which was a
function of the mode radiation directivity factors. Then an infinite matrix equation

was derived to relate the generalized mode reflection coefficients R, to the radiation

mnl

impedances Z,,, . By knowing the complex reflection coefficients R, ., one could
easily relate the reflected amplitudes B, with the incident amplitudes 4, and then

it was possible to decompose the in-duct field into different higher-order modes and

then to predict the acoustic properties in circular ducts precisely.

One theoretical study of non-dimensional directivity factor @, for multi-modes

sound radiation from the open end of a duct without a flange was presented in Ref
[16]. In this paper, the authors used a single incident duct mode to calculate the
single-mode sound power transmission coefficient and the multimode far field
directivity factor. For the multimode calculation, the modes were assumed to be
incoherent and three types of source were explored: (1) equal power per mode
incident on the open end; (2) incoherent monopoles uniformly distributed over a duct
cross-section; (3} incoherent axial dipoles uniformly distributed over a duct cross

section. Conclusions of relationships between the directivity factor Q, and frequency,

angle to the axis and the weighting models were obtained. These could then be used

in the sound power measurement from exhaust pipes or ducts.

A quite different method to study the radiation from a flanged circular duct was
developed in Ref [17]. Most previous works have used Bessel functions to
decompose the ficld inside the duct, but in this paper, the authors used ‘edge
functions’ (the velocity field near the corner yields a new family of functions). The
authors compared the results obtained from the new functions with those from the
traditional Bessel functions and found although the Bessel functions were composed
of a complete basis, this basis had difficulty in describing the velocity field, due to its
singularity at the wave guide/flange corner and so resulted in a large degree of ripple
and poor convergence. But the edge functions could improve the convergence
properties and reduce the ripple. Through the analysis, one could see that the behavior
of the edge had quite a large effect on the whole orifice.
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Not only are the theoretical derivations of the plane wave and higher-order modes in
circular ducts important for the study of the acoustic properties, but also the
measurement set-ups and measurement methods. Through the measurement, one can
get the acoustic properties, such as pressure and particle velocity in the duct directly.
Also through the measurement, one can justify the theoretical model construction and
calculation results. So the measurement methods and experimental set-ups have also
been widely studied and new methods and set-ups are proposed one by one. In the
following section, these different set-ups and measurement methods will be

introduced,
1.2.3 Measurement methods for the acoustic properties in circular ducts

There is a significant body of literature on the measurement of the sound wave
propagation in circular ducts. In order to obtain the lumped parameters of the circular
ducts, it was ﬁecessary to determine both acoustic pressure and particle velocity at
any point. The following references presented different approaches to measure

acoustic properties or transfer functions.

For example, compared with the measurement of acoustic pressure, the measurement
of particle velocity was much more difficult and complicated, just because the
particle velocity was a vector value. Several methods for particle velocity
measurement were introduced in Ref [18). In recent years, the method using two
closely placed identical pressure transducers was widely adopted. The theory for this
method was quite sirﬁple, which was, the particle velocity was a function of the local
spatial gradient of the acoustic pressure. So through the measurement of two closely
placed microphones, one could have the spatial gradient at that point and then the

particle velocity at that point was obtained.

A cross-spectral method for the measurement of the acoustic intensity was discussed
and methods to avoid the error caused by the instrument phase mismatch were also

proposed in Ref [19]. In order tb_ eliminate the instrument phase mismatch between
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two channels, the author first measured cross-spectral G,, at one point, then switched
two channels and measured cross-spectral G,; at the same point, and then multiplied

them together. By doing so, one could avoid errors caused by these two channels. But
this method had its {imitation, which was the product of the wave number and the
microphone space remains small. This method had been adopted in this project to

calculate the particle velocity.

A transfer function method was introduced in Ref [20] and Ref [21] for the in-duct
acoustic properties measurement. The authors mathematically decomposed the
broadband stationary random acoustic wave in the duct into incident and reflected
components by using a simple transfer-function relation between the acoustic
pressures at two locations on the duct wall. By knowing the incident and reflected
components, one could easily get the complex reflection coefficient and then the
complex acoustic impedance. So the transmission loss of a silencer element or sound

absorption coefficient of a material could be determined.

Two-microphones method (the method which used two closely placed microphones
to measure acoustic properties, such as acoustic pressure and particle velocity), which
was introduced in Ref [22] to Ref [23], has been widely studied for the measurement
of acoustic properties in ducts. In Ref [22], the author discussed the possible errors
introduced by this method, such as, the bias errors and random errors of transfer
functions, the length measurement errors and the calculated quantity errors. In order
to minimize the errors, it was suggested that the overall length of the duct be kept
small, in practice, L =5-10 diameters; the source end of the duct should be as non-
reflective as possible; microphones should be high coherence and the separation
between the microphone pairs shduld be small. By doing so, the authors reduced the
possible errors introduced by this method. Discussions of the first helical mode’s

contribution to the plane wave were made in Ref [24]. In this paper, the authors

placed two receiver micropnoncs —in the same plane with the speaker. This
arrangement allowed a better measurement of the plane wave up to the cut-on
frequency of the second higher-order mode and hence was able to isolate the first

higher-order mode. From the comparison of those different measurement methods of
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acoustic properties of the in-duct field, the two-microphones method has been proved
to be the most widely used one, as well as the standard one. The two-microphones
method was widely applied in current research work, so it was very important to
reduce the errors caused by the microphone locations or even the space between these
two microphones. One method was proposed in Ref [25] to determine the space
between these two microphones accurately. By knowing the accurate space between
those two microphones, one could get the accurate particle velocity through the

measurement.

The multiple-microphones method was proposed in Ref [26] for the measurement of
the acbustic properties in ducts and some guidelines for the selection of proper
microphone positions were also provided. Although the two-microphones method
was accepted as the standard method for the measurement of the in-duct acoustic
properties, results on using the least square method with multiple measurement points
have been reported for enhancing the frequency response of the two-microphones
method. By increasing the number of the microphones, one could improve the

measurement accuracy and increase the effective frequency range.

Several techniques used to measure the impedance were reviewed in Ref [27] and Ref
[28]. In these papers, the author made an overview of the impedance measurement
methods and discussed the advantages and disadvantages of each method. These
methods included: two-pressure-transducers method, one-pressure-transducer
method, one-pressure-transducer and one-volume-velocity-transducer method and
other-transducers method. Especially for the two-pressure-transducers method, the
author pointed out that it could only give satisfactory results for some parts of the
frequency range. Measurements were not possible if the distance between two
microphones was too small or close to a multiple of the half wavelength. The two-
pressure-transducers method was adopted by this project to measure the particle

velocity and hence establish the impedance of the ducts or aperture devices.

One multi-loads method was proposed in Ref [29] to measure the acoustic source
parameters such as, source strength or source impedance, in duct systems. Because

the input data, such as load pressure or impedance, were usually contaminated by

-8-
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measurement error, this always resulted in errors in the calculated source parameters.
So the authors tried a set of pipe lengths to make the calculated results least sensitive

to the input data error, and then yielded the best results.
1.2.4 Higher-order mode experimental decomposition methods

The references discussed above provided some practical experimental set-ups or
measurement methods for the acoustic properties in the ducts. There were also some
published works dealing with the experimental methods to separate the higher-order
modes propagating in circular ducts and hence experimentally sei)arate the measured,
summed higher-order modes into individual ones. Then it was possible to compare
the experimentally separated duct modes with those theoretically predicted ones and

to test the applicability of the theories used to separate higher-order modes.

A cross-correlation technique was used to separate the modes at the blade-passing
frequencies of an axial fan and the effects of reflected waves were discussed in Ref
[30]. Although the current work did not contain a fan, the technique of mode
decomposition described was still applicable. The method of the measurement was
using two probes (hot wire anemometers to measure the axial component of particle
velocity), which were traversed in the circumferential direction at a given axial and
radial position. One improved measurement method was proposed in Ref [31], in
which the authors used the microphones rather than hot wire anemometers and the
radial mode separation was achieved by traversing one of the microphones in the

axial direction.

One new technique of measuring the reflection matrix for duct discontinuities with
higher-order modes was discussed in Ref [32]. It was based on the measurement of
the acoustic pressure by microphone pairs in two closed cross sections of the circular
duct and separated incident and reflected modes by using a Fourier-Lommel
transform. It generated enough independent incident fields by mounting two acoustic
drivers on the duct wall that could rotate 360 degree in the same cross section or two

different axial positions.
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Direct modal decomposition was carried out in Ref [33). In circular ducts, the
circumferential analysis was simply a Fourier transform, but the radial analysis was in
terms of Bessel functions. So the author mainly focused on the separation of the
radial modes and made a comparison of three methods, the matrix inversion method,
the integration method and the least squares method. Through the comparison, the
author found the least squares method was the best one, because the matrix method
was prone to instability and the integration method had a relatively high noise floor.
According to the study, it was possible to separate the in-duct field into different
modes even when there were a larger number of higher-order modes propagating in
circular ducts. However it needed quite a lot of measuring points. Ideally, the number
of the measuring points should be twice the product of the maximum number of
propagating circumferential modes and the maximum number of propagating radial
modes for any circumferential order. But in practice, many more points were needed

to average out the measurements errors.

The instantaneous mode separation method, which could separate the broadband
noise propagating inside circular ducts into different higher-order modes, was
developed in Ref [34]. In this method, 2*n pressure transducers spaced evenly around
the circumference of the duct were used to separate the (n-7) order of circumferential
modes. This method had one advantage, in that it did not need the circumferential
traversing of the microphone array, and so the circumferential separation did not
involve matrix solutions, which could be sensitive to small measurement
inaccuracies. However it also had a limitation, which was it could only separate the

circumferential modes.

One new in-duct modal decomposition technique, which is based on the transfer
function measurements between microphone pairs, was described in Ref [35]. The
rationale for using this method was because the transfer functions had two
advantages: first, they were independent of the signal type in the ducts; secondly,
transfer functions were in many cases less sensitive to bias and random errors than
other spectral quantities. By using this method, one could separate the in-duct field
into incident and reflected waves from measurements at two axial positions. This

method was also only valid for the separation of the circumferential modes.

-10-



1. Introduction

There are also other experimental set-ups and measurement methods which provided
useful information or approaches to the decomposition of higher-order mode
propagation in circular ducts. For example, one new experimental set-up was
proposed in Ref [36] for measurement of acoustic power dissipation in lined ducts for
higher-order mode propagation with air-mean flow conditions. Through the
measurement of the acoustic pressure and axial particle .velocity in the upstream and
downstream section, the authors could deduce the modal acoustic powers. By adding
the model powers together and comparing it with directly measured total acoustic
power, the authors found the method to get the modal intensity was effective.
Although this literature mainly dealt with the higher-order modes propagation with
air-mean flow, the method and conclusion obtained were applicable to the situation

without air-mean flow.

From the references discussed above, it could be seen that the experimental
decomposition of higher-order modes was very difficult and many methods were only
practical for the circumferential modes. So it was important to find another way to
carry on the model decomposition in circular ducts, which was the theoretical
decomposition method. The so-called theoretical decomposition method was through
the modal construction and calculation to obtain the parameters for those higher-order
modes rather than through the direct measurement. If one could achieve the
theoretical separation of the higher-order modes, then it would be. easier for the study

of the acoustic performance of the aperture devices.
1.2.5 Effects of the orifice plates on the acoustic field

In order to study the effects of the simple aperture devices in circular duct, one should
consider the scattering effects of an orifice plate, especially if the frequency range
was high enough when the wavelength was smaller than or nearly equal to the size of
the open area. Again there were many previous works, which had studied the effects

of the orifices in aperture devices.

The transmission coefficient Q of a circular orifice in a thin panel was introduced in

Ref [37]. Some ways to get the O were discussed, such as through the diffraction by
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the orifice, piston theory or complex impedance presented by the orifice. The
transmission coefficient O was meaningful only when the #* was small, which

meant it was only applicable for the plane wave situation.

An acoustic impulse technique in Ref [38] was developed to separate the reflected
waves from the incident waves for the purpose of the study of the internal acoustic
energy distribution. One high intensity pulse generated by a spark charge used as the
sound source. Placing the microphone a certain distance from the end of the duct, it
could pick the incident impulse and impulse reﬂectéd by the orifice plate at the end of
the duct separately. Through the research, the author found that the acoustic
behaviour of the orifice plate and the perforated plate terminations was qualitatively
similar to that of the conical nozzle termination, The author also found that some low
frequency power for orifice plates and perforated plates was absorbed (dissipated) at
the end of the duct. This phenomenon was caused by non-linearity or dissipated in the

form of vortical energy at the orifice plate and perforated plate termination,

Acoustic scattering from orifices in the hard thick wall was studied in Ref [39]. The
Hankel transform was applied to express the scattered field and the boundary
conditions were enforced to obtain simultaneous equations for the transmitted field
inside the thick hard screen. The simultaneous equations were solved to represent the
transmitted and scattered fields in series forms. Based on these representations, one
approximate method to calculate the modal coupling between higher-order modes in
the orifice was studied in Ref [40] and Ref [41]. In these papers, the authors found
that each (m, n) mode of the scattered field was dependent on the amplitude of the in-
orifice waves and a driving term unique to each (m, #) mode. So it wés easy to
establish the amplitude of the in-orifice field and the effects of modal coupling. In
these papers, useful information about the scattered field were provided, which could
be referred in the research of higher-order modes propagation in the duct with simple

aperture devices.

Acoustic scattering from two circular orifices in a thick hard screen had been studied
in Ref [42). The authors used the Hankel transform and modal matching to represent

the scattered field in rapidly convergent series. Thus reflection coefficient and
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transmission coefficient could be derived and calculated rigorously. The coupling
effects between two orifices in terms of distance between two orifices (k*L), incident
polar angle, azimuth angle and orifice radii were also discussed. The authors also
proposed the possibility to extend this situation to the multiple-orifices scattering

case. This had direct relevance to the study of multi-orifice aperture devices.

Sound attenuation in circular ducts using slit-like short expansion of concentric and
serialized configuration was studied in Ref [43]. Through the study, the authors
pointed out that first, this slit-like circular expansion chamber performed as a
resonator muffler in the duct; secondly, the serialized slits shown the summative
performance of each composing slit, a certain interaction among those slits occurred
if those resonant frequency came close to each other. The reason why this paper is
interesting is they studied the slit like expansion while this project is studying the

‘slit-like” contraction.
1.2.6 Model for the description of the aperture device boundary condition

For the simple aperture devices in circular ducts, it was important to find a way to
describe and resolve the boundary conditions between the aperture devices and the
circular ducts. Considerable works have been done on this subject. Although most of
them were for the circular expansion chamber of a muffler, the method provided a

similar way for the research work of this paper.

When the duct was uniform, then at low frequency, there should be only the plane
wave propagating in the duct. But if there was a junction or sudden area discontinuity
in the duct, some higher-order, evanescent modes should also occur and then could be
considered as acoustical impedance to the propagation of the plane wave. This
acoustic impedance was analyzed in Ref [44]. At the sudden area discontinuity, the
author listed the continuity of the pressure and particle velocity and then multiplied

each side of the equatioﬁ with weighting functions J,,(k,,.7)*exp(ym¢) and then

integrated both sides. Then the author obtained equations to correctly model this

discontinuity. After considering this approach, it is possible to increase the accuracy
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of the analysis of the low frequency plane wave in a circular duct with a sudden

discontinuity.

A similar method was also applied in several other papers for their study of the
discontinuities in circular duct. The effects of the length of the concentric expansion
chamber on the acoustic attenuation performance were studied in Ref [45]. The
acoustic attenuation performance of circular expansion chambers with single-inlet
and double-outlet was studied in Ref [46]. The acoustic attenuation performance of
circular expansion chambers with offset inlet/outlet was studied in Ref [47] and Ref
[48]). The circular unsymmetric Helmholtz resonators were studied in Ref [49]. In
these papers, the authors made an assumption that only the plane wave is propagating
in the expansion' chamber and the small duct, all other higher-order modes were
evanescent. Based on this method, those authors proposed one three-dimensional
analytical approach to determine the relationships between the transmission loss (71)
and the length of the chamber, the relative offset distance of the inlet/outlet, radius of
the chamber and the number of the outlet. Through their studies this method had been
proved to be very effective in the study of the sudden area discontinuity in circular

ducts.

Other methods were also proposed to study the effects of the sudden area
discontinuity. A three-dimensional (3D) finite element analysis to verify the inertia of
the higher-order modes in a sudden area change was proposed in Ref [50]. The duct
was treated as a substructure and then further divided into an appropriate number of
segments which should be met the convergence criterion that the maximum typical
finite element dimension should be smaller than 0.524 . The author found that when
the length of the duct is larger than 3 times the diameter of the duct with more
segments, the result would be inaccurate, which might be caused by the rounding-oft

errors. This will limit the applicability of this 3D finite element method.

Discussions about the acoustic properties of circular orifice in the ducts with mean
flow were also made in Ref [51] to Ref [53]. These works provided revised
experimental set-ups for the measurement of the impedance of the orifice in circular

ducts. In Ref [53], the author pointed out that the sound absorption by an orifice plate
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takes place as the acoustic field energizes a vortex filed which is generated at the

orifice rim.

Other works have been done on the study of the acoustic properties in circular ducts,
such as Ref [55] to Ref [59]. Although the works mainly focused on the condition
with axial flow in circular ducts, the methods or analysis could still be referred to the
without axial flow condition. For example, in Ref [55] and Ref [56], the authors
pointed out that the power radiated from the end of the duct showed strong
dependence on the pa;rametefs such as, source locations, source frequency, flow Mach
number and duct length. In Ref [58] and Ref [59], the author studied the sound
generation and transmission in ducts with flow, especially the generation and

transmission of the rotating pressure patters in ducts.
1.3 Present work

The research work in this thesis can be divided into three stages.
1. The analysis of the plane wave propagation in circular ducts with simple
aperture devices.
2. The analysis of the higher-order modes propagation in circular ducts without
aperture devices.
3. The analysis of higher-order modes propagation in circular duct with simple

aperture devices.
The thesis follows this order of investigation.

In Chapter 2, the lumped-parameter model or the acoustical two-ports system model
for the plane wave propagation in circular ducts, as well as in ducts with simple
aperture devices is introduced and experimentally verified. Also in this chapter, some
measurement methods are discussed for the measurement of the lumped parameters

such as acoustic pressure and volume velocity of the simple orifices or of the ducts.

In Chapter 3, the theoretical derivation for the higher-order modes in circular ducts is

given. Discussion about the applicability of the lumped-parameter model to this
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situation is also made. In order to justify the approximate lumped-parameter model,

one method used to obtain the generalized radiation impedances Z,,, and the general
reflection coefficients R, at the flanged open end of the circular duct is presented.
The general reflection coefficients R,,, are very important in the calculation of the

in-duct field amplitudes. There are two approaches to use these coefficients R,,; ,

first one is the uncoupled method, in which only the self coupling effect is considered

(B, =R, 4,). The second method is the standard fully coupled method, in which

other cross coupling effects are also considered (B,, = ZRanAmL ). Then one can get
L

the estimates of in-duct field amplitudes 4,, and B, with these two methods.

In Chapter 4, two types of sound source are introduced. One is the plane wave source
and the other is the point source in a hard plate. Different types of sound source give
different types of boundary conditions in the model construction. The plane wave
source is a common sound source for ducts, pipes and mufflers. The point source is a
simple sound source and the component 6f many complicated sound sources. In this
chapter, the theoretical descriptions are given for these two types of source as well as

the experimental set-ups.

In Chapter 5, the acoustic performances of the sound field produced by a point source

propagating along a circular duct without simple aperture devices are studied.

Combining the point source boundary condition with the model proposed in Chapter

3, one can get the in-duct field amplitudes 4,,, and B

. and then decompose the in-
duct field into single higher-order modes theoretically. In this chapter, the
experimental decomposition method is also introduced. Through the comparison, the
experimental method is found to be ineffective in the decomposition of the higher-
order modes in circular ducts. So in this chapter, attention is focused on the
theoretical decomposition method based on the model proposed. Comparison is made
between the direct measurements and theoretical predictions. Finally the effects of the

source location on the in-duct field are also discussed.
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In Chapter 6 the acoustic performances of the sound field produced by the plane wave
source propagating along a circular duct without a simple aperture device are studied.
Following the same procedure of the Chapter 5, one can decompose the in-duct field

into different single higher-order modes. With these amplitudes 4, and B,, known,

one can reconstruct the acoustic properties, such as the acoustic pressure, at any
points in circular ducts. Then by comparing the predicted pressures with those
directed measured ones, one can get the errors as well as the applicability of this

model.

In Chapter 7, the acoustic performances of the sound field produced by a point source
propagating along a circular duct with simple aperture devices are studied. Three
different simple aperture device configurations, namely a device with a single orifice,
a device with two orifices and a device with several orifices, are investigated.
Combining the theoretical descriptions for the point source boundary, the simple
aperture device boundaries with the open end boundary, one can develop an equation
B

mn?

group for the solution of those amplitudes of 4 E,, and F,, . By solving this

equation group, those amplitudes are obtained. So both the before aperture device
field and the after aperture device field have been decomposed. With these
amplitudes known, one can get the acoustic properties, such as pressure and particle
velocity, at any point in the whole duct. So comparisons are made between direct
measured pressures with theoretical predicted pressures at appointed points to obtain

‘the errors and applicability for each situation.

In Chapter 8, the acoustic performances of the sound field produced by the plane
wave source propagating along a circular duct with simple aperture devices are
studied. Again three different simple aperture device configurations, namely a device -
with a single orifice, a device with two orifices and a device with several orifices, are
investigated. Following the same procedure of Chapter 7, one can also get those

amplitudes of 4

mn ?

B, E,, and F,_ for these different sitvations. Comparisons are

also made between direct measured pressures with theoretical predicted pressures at

appointed points to obtain the errors and applicability for each situation.
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In Chapter 9, after achieving the decomposition of the in-duct field, one can analyze
the power contributed by each higher-order mode for different situations. The power
rather than the volume velocity is chosen as the approximate lumped parameter. Then
the feasibility of the approximate lumped parameter model to higher normalized wave
number range is discussed. Also another parameter, insertion loss (IL) is selected to
show the effects of different simple aperture devices. Compared with the plane wave
situation, the insertion loss (IL) for higher-order modes is difficult to measure.
However with those amplitudes known, it is easy to calculate it. Through the analysis
of each mode’s power and the insertion loss (JL), one can have a clear and direct view
of the acoustic performance for those simple aperture devices at different normalized

wave number ranges.
Finally in Chapter 10, Conclusions of this generic approach for the higher order

modes propagation in circular duct with simple aperture devices are obtained. The

future possible research direction is also given.
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Chapter 2 The plane wave propagation in a circular duct

2.1 Introduction

Considerable previous research, such as Ref[1] to Ref [8], has been done on the study of
the wave propagation in circular ducts. They mainly focused on the frequency range
lower than the cut-on frequency of the first higher-order mode and dealt with the plane
wave situation. One important model (lumped-parameter model or acoustical two-ports
system model) is introduced and discussed in this chapter. This model is widely accepted
as a powerful tool for the research of the acoustic properties in circular ducts in the plane
wave region. Because of the complication of the wave motton, there are no effective
approximate methods to study the performance of the simple aperture devices in the
higher-order modes propagation situation. So this model is considered in the plane wave
region just before being approximated and extended to the higher-order modes region.
Also in this chapter two measurement methods, blocked particle velocity method and
two-different-inputs method, are introduced and compared. Through the measurement of
the lumped parameters, such as the acoustic pressure and volume velocity, the input
impedance, transfer impedance and output impedance of the component (aperture
device) and the whole system are determined. Then the effects of the component on the

system can be analyzed.
2.2 Theoretical derivation

Considering a wave propagating in a circular duct, as discussed in Ref [8] (chapter V),
when the frequency of the wave is comparatively low, it can be treated as a plane wave.
If the length of the duct is infinite, there are no reflected waves in the duct, The acoustic

pressure at certain point with the coordinate z (ignore the friction) is

p(z,0)= p,(2)e = Ay’ ™. @.1)

In a duct of finite length, assuming the duct is closed by an imaginary piston (a moving

surface) with mechanical impedance Z, at the open end and a speaker placed at the other
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2. The plane wave propagation in a circular duct

end of the duct produces a sound, it has the mechanical impedance Z_, and is driven by

the force y_ e’ (for convenience, the origin point of the coordinate is taken at the open |

end of the duct). There will be an infinite number of positive and negative waves that are

superimposed on each other. All the positive waves have the same frequency and the

pressure can be written as

p(z.t)= (P, (2)+ p_(2))e’ = (4ye™ " + By ie™)e™. (22
According to the relation between the pressure and particle velocity
rp=-p jav/ otdz . (2.3)

The particle velocity in the duct should be
W(z,1) = (dye ™™ ~ B, e™)e™ | pc. - (2.4)
Then the boundary conditions of the duct are given as

Zov=y¥_,

(2.5)
Zwv, =8p, ,

in which S is the cross section area of the circular duct.

The quantities of 4, and B, can be obtained from the boundary conditions above.
Substituting p(z,f) and v(z,#)at z=0 and z=-L into equation (2.5), one can get

(Z_p Aye™ _Z-_LBo1e_M)/PC=W-L > 2.6)
(Zy—Spe)Ay, —(Z, +Spe) By, = 0.

Two lincar equations with two unknowns variables 4, and B,, are obtained above. The

determinant of these equations is denoted by

Al ! pee’™ —Z_, | pce™
(Z, = Spc),—(Z, + Spc) (2.7)
257 _, cos(kLY=-2j(Z,Z_, | pc)sin{kL) .

From equation (2.6), one can get

Ay =(Z,+Spcyw_, 1A,

(2.8)
By =(Zy=Speyy_, /A .

|

resulting negative waves will also have the same frequency. In general form the acoustic
Substituting 4,, and By; in equation (2.2) and equation (2.4), one can get ‘
\

|

|
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2. The plane wave propagation in a circular duct

v={(Z, +8pc)e”™ ~(Z, — Spe)e ™ Iy e Kpch) 0.9
p=[(Z, +Spc)e™ +(Z, - Spc)e™ ™ Yyw_,e™ IA.

In equation (2.9) the first term denotes the forward wave and the second term denotes

the backward wave. It should also be noticed that the phase of the forward and backward

waves are both functions of the quantity L, which is the distance from the end of the

duct.

If there is a hard screen in the end of the duct which blocks the particle velocity, then
Z, ~ oo, compared with the Z,, it is possible to ignore the quantity of Spc, so

Ao~y I[~-27(Z_, ! pe)sin(kL)],
By =y _, /[-27(Z_,  peysin(kL)]. (.10)
If the other end of the duct is open, then ignoring the end effect error, the impedance at
that position is so small that it can be expressed as Z, ~ 0, such that
Ay = pey_, I[2Z_, cos(kL)], @.11)
By =—pcy_, [2Z_, cos(kL)].
By knowing this, one can get the acoustic pressure and particle velocity of the in duct
field. Substituting equation (2.10) into equation (2.2) and (2.4), one can get the acousﬁc
pressure and particle velocity when there is a hard screen at the end of the duct as
follow, | |
v=(e® —e My e [-2jZ_, sin(kL)],
p=(" +e " -2/(Z_, ) pe)sin(iD)]. @12
Also substituting equation (2.11) into equation (2.2) and (2.4), one can get the acoustic
pressure and particle velocity when the duct end is left open as,
v=(e™ +e My ™ [2Z_, cos(kL)], 2.13)
p=pe(e™ ~e Yy _e™ N[2Z_, cos(kL)] .

Jot

However normally, the driving force _, e’ is hard to obtain directly. On the contrary,
the acoustic pressure and particle velocity are quite easy to obtained through the direct
measurement in the plane wave situation. Through the analysis of the change of the |

acoustic impedance of the system, one can get the effects of the different simple aperture
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devices on the whole in duct field. So in next section, one model is introduced to study

the impedances of the in duct system.

2.3  Lumped-parameter model (acoustical two-ports system model)

2.3.1 Duct without simple aperture devices

As discussed in Ref [7] (chapter 7), a lumped-parameter model uses a limited number of
time-independent aggregate variables rather than field quantities varying with both
position and time. In acoustics, the commonly used lumped-parameter variables are

volume velocity and average acoustic pressure.

For a circular duct, if the wavelength is comparatively large compared to the cross
section, it is treated as the plane wave. In the plane transverse to the axis of the duct, the
pressure and particle velocity is equal everywhere. So the volume velocity U equals the
particle velocity multiplied by the area S and average pressure P equals to the pressure
measured at any point. In the description of this lumped-parameter model that uses these
two variables, it is convenient to use the concept of the acoustic impedance Z that is
defined as the ratio of P/U.

Suppose there are two surfaces S,and S, in an acoustical system and the propagating
direction is defined as from S, to S, . The region between S, and S, can be regarded as
a passive black box, which is referred to as a two-ports system. The acoustic boundary-.

value problem for the black-box region, given pressures P, and P, on surfaces §,and

S

, » should have a unique solution. The linear nature of the governing partial differential

equations and boundary conditions require that P, and P,should be linear function of
U,and U, namely

P=UZ,+UZ,,
P=UZ,+UZ

a9 a0 ?

(2.14)

in which U, is the input volume velocity of the duct, U, is the output volume velocity of

the duct, Z, is the input acoustic impedance of the systen, Z_ is the output acoustic

o0
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impedance of the system and Z,, is the transfer acoustic impedance of the system.

Assuming reciprocity, there is Z,, = -2

0i?

The analogous principle of equation (2.14) is shown in Fig 2.1. Through the

measurement of P, U,,P,and U, it is possible to determine the input impedance Z,

and the transfer impedance Z,, and the output impedance Z,, of this system.

B FPo

% Zduct o

Zi Zoo
Zio

Fig 2.1 Layout of the acoustical two-ports system model for duct without aperture

device

So for equation (2.14), when there is a hard screen at the end of the duct, there should be

Z, =00 and U,=0, then one can get

P=UzZ,

i |Z=—L ¢

(2.15)
Substituting equation (2.12) into equation (2.15), there is
_pe(e +e™)
TS -
e cos( kL)
PC S sin( kL)
=—jpccot(kL)/S .

(2.16)

If the end of the duct is left open, there should be Z, ~ 0. Substituting equation (2.13)

and equation (2.16) into equation (2.14), Z, is given below:
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Z,=(P~UZ)U,
=(p_, =S*v. *Z,)/(S*v)

_ oef(e™ = ey + joot(RL)(e™ + )] | (2.17)
28
e dX
S *gin(kL)

2.3.2 Duct with simple aperture devices

The equations obtained above are only applicable for a duct without a simple aperture
device. If there is an aperture device in the circular duct and, compared with the
wavelength, the dimension of the aperture device is very small, then it can still be
regarded as a passive black box. The acoustic boundary-value problem for this black-

box region, given pressures P and P, on two surfaces should also have a unique

solutton. So the linear nature of the governing partial differential equations and
boundary conditions still require that P, and P, should be linear function of U/,and U,

which is given in equation (2.14).. The analogous principle for the duct with simple

aperture devices is shown in the figure below,

Fi Pa
Th Zduct - | Zaperture o
'
. Zoo
Zii
Zio

Fig 2.2 Layout of the aconstical two-ports system model for duct with aperture
devices
According to the acoustical two-ports system theory, the circular duct and the aperture
device can also be treated as the acoustical two-ports system individually. So the

impedance of the duct Z,,, and aperture device Z can be shown as below

aperture
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Pai Pdo Pai Pao
Tao

Fig 2.3 Layout of the ﬁcoustical two-ports subsystem for duct and aperture device

So for the combination of the duct and the aperture device, one can get equation (2.14).
But for the duct without aperture device, one can have
Fo Lz Lz
For the simple aperture device only, one can have
P =UZ2,+U,Z

ai “alf a0 ™ aig * 2.19
P, =U,Z, +U,Z | @19)

For continuity, there should be
Up=U, - | (220

For equilibrium, there should be
P =P (2.21)

Substituting equations (2.20) and (2.21) into equations (2.18) and (2.19), one can get

P = (Zdi.iZdao + Zdir‘ pii _-Zjio) U+ [_(dezpio)] U
: (Zdoo + Zpr'r') 1 (Zdoo + Zpii) ’ (2 22)
_ [._(Zdiozpio )] U + (Za‘oozpaa + Zpiizpoo _Zﬁio) . .
’ (Za'aa + Z;Jf'f) ‘ (Zdaa + Zp.r'f') °

Comparing equation (2.22) with equation (2.14), the following relationship can be

Zdsict Zaperture
obtained
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= (Z il joo + Zdifzpﬁ - ij)
# (Zaoo + Z )
_[HZ 42 )]
O Zao+ Z) |
ZinZ oo * Z 2 -Z%)

doo < poo pil < poo pio

o (Zjoo + Z )

)

(2.23)

doo
After obtaining the relationships between the overall impedances with the impedances of
the components (duct and aperture device), it is possible to get the overall impedances
through the equation above (calculated results), as well as direct measurements
(measured results). Then it is possible to compare the impedances obtained by these two

ways to see the errors caused by the assumptions made in equation (2.10) and (2.11).
24  Blocked particle velocity method

In order to measure the input impedance Z, and the transfer impedance Z,, of the duct

without aperture devices, the experimental set-up is adopted as shown in Fig 2.4, The [ist

of instruments used in measurement and the connection of the equipments are given in

Appendix A.
microphone pair micraphone pair
{20 mm) (20 mim)
point a | 3150 mm point b
| AN
' NE
Speaker I '
2 ‘w/ A | p=300 nm
120 mm 50 mim

Fig 2.4 Experimental set-up for duct without aperture devices

Two phase matched microphone pairs are used to measure the acoustic pressure and
particle velocity at point a and point & (The phase matched procedure is given in
Appendix B). According to Ref [18] (chapter 5}, the particle velocity along the line
joining the acoustic center of two closely placed microphones can be obtained by

employing a finite difference approximation to the local spatial gradient of acoustic
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pressure. The Euler’s equation shows: in a small amplitude sound field, the component
of pressure gradient in any direction n is proportional to the component of fluid particle

acceleration in that direction:

ov, dp
==, 2.24
o on (224)
The corresponding particle velocity is therefore given by the time integral
1 ‘¢ op(z
v ()= —— j(ﬂ)dr. (2.25)
p{) -0 an

This is the particle velocity in the time domain, applying the Fourier transform it is easy
to get the particle velocity in the frequency domain as

1
ip,d

V(o) = o1 (@)= p(@)]. (2:26)

So equation (2.14) can be written as follow:
P,(z)e’" = Ui(z)e”uizif +U, (2)e™Z,, , 2.27)
P(2)e! =U (2)e’*Z, +U ()2, , '

in which P.(z),P (z),U,;(z) and U,(z) are real space-dependent amplitudes of acoustic
pressure and volume velocity at the input end and output end of the system. gpi.dpo,

gUi and ¢Uo are space-dependent phases of acoustic pressure and volume velocity.

The measurement procedure is given below:;

1. Place a hard screen at the output end of the duct and take the measurement of the
input pressure and particle velocity. The purpose of using the hard screen at the
output end is to block the particle velocity to zero, by doing so, according to
equation (2.27), one can get the input impedance directly.

2. Remove the hard screen and measure the pressure and particle velocity
individually at point a and point 5.

This method will be referred as the blocked particle velocity method.

Through the measurements of the acoustic pressure and particle velocity at these two

situations, then from equation (2.27) one can get the input impedance Z, and the

transfer impedance Z,, of the duct without aperture devices. Also another group of the
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impedances are obtained from equation (2.10) and equation (2.11), which is an ideal

condition.

The comparison of these two groups of the impedances is shown in Fig 2.5. The
frequency range is taken as 200 - 600 Az , which is transferred to the normalized wave
number range k* R as 0.55-1.66. In Fig 2.5, the left hand column shows the real part,

imaginary part and amplitude of the input impedance Z.; the right hand column shows

Hi

the real part, imaginary part and amplitude of the transfer impedance Z, . The ideal

results are those given by equation (2.10) and equation (2.11).
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Fig 2.5 Comparison of the ideal results and the measured results for duct without
aperture device situation

From Fig 2.5 and equation (2.28) and (2.29), it can be seen that
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2. The plane wave propagation in a circular duct

1. For the ideal condition, the real parts of the impedances Z,and Z, are zero.

However the measurements generate significant real part values rather than zero
real part of theory.

2. For the ideal condition, the imaginary part of the input impedance Z, is a
function of cot(k * Lyand the imaginary part of the transfer impedance Z,, is a
function of 1/sin(k * L). However the fneasurements are not pure functions of
cot(k* L) or 1/sin(k* L). - |

3. The measured impedances agree with the ideal ones in period. However the
amplitudes of those impedances have significant differences because it is
difficult to acquire the ideal boundary cohdition. The hard screen used in
measurement cannot give a perfect rigid boundary, which means the impedance

Z, is not infinite and thus when ignoring the term Spc in equation (2.10), there

_ shoﬁld be some errors. Also for the duct open end, for the ideal condition
described in equation (2.11), it is assumed Z, ~ 0, which is not true for the real
sitﬁation.

4. From Fig 2.5, it can be seen that there are too many sources of errors in blocked

particle velocity method to make it a reliable method.

So from the comparison, it is easy to see that even for a duct without a simple aperture
device, the blocked particle velocity method is not an accurate way for the analysis of the
acoustic properties unless significant effort is spent on obtaining a purely rigid
boundary. So there is no need to test this method for a duct with a simple aperture
device. In order to avoid these errors introduced by this method, another widely adopted
method, two-different-inputs method, is tested in the following section to obtain the

transfer properties of the aperture device as well as the whole system.
2.5  Two-different-inputs method
As discussed above, the microphone pair method (which means two closely placed

microphones) is now widely accepted as the acoustic impedance measurement standard,

especially for the acoustic properties in ducts or pipes. In order to achieve a better
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2. The plane wave propagation in a circular duct

understanding of the acoustic properties in ducts and to check the acoustical two-ports
system’s applicability in the acoustic system with an open end, another method (Two-
different-inputs method) is adopted. The experimental set-up shown in Fig 2.6 is adopted
and two phase matched microphone pairs are placed at point ¢ and point b respectively.

According to equation (2.14), there are totally three unknown variables (Z,,Z,, and

i
Z,), so there should be at least two different conditions available to get enough
equations for those unknown values. The blocked particle velocity method acquires two
different conditions by the presence and the absence of the hard screen. The Two-
different-inputs method acquires two different conditions by applying two different input
voltages to the speaker. | |

In this section four wooden simple aperture devices of thickness 25mm are used for the

study of the effects of the aperture devices. For each aperture device, there is a single

concentric orifice drilled in it, the inner diameters of these orifices are 60mm (4% of
open area), 120mm (16% of open area), 170mm (32% of open area) and 210mm (49%

of open area) respectively. The experimental set-up is shown as below,

wricrophone peir (meastire peint a) riicrophone pair (measure point b)
/ i .l '\'
Speaker __ { 300 mam pointe = paint d
l J:
Aparturs 400 o
3150 mm davice

Fig 2.6 Experimental set-up for duct with simple aperture device situation

For the measurement of the impedances of the whole system, the experimental set-up is
adopted as shown in Fig 2.6. First the aperture device is placed in and two microphone
pairs situated at point @ and point b can get one set of acoustic pressure and particle

velocity. Then the input to the speaker is changed and another set of acoustic pressure
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2. The plane wave propagation in a circular duct

and particle velocity is obtained. Substituting these two sets of measurement results into

equation (2.14), one can get the impedances Z,,Z, and Z, directly (referred to as

{3

‘Measured results’).

The procedures to measure the impedances of these two subsystems are given as below:

First the measurement of the impedances for the duct without aperture device subsystem
is carried on. Still the experimental set-up shown in Fig 2.6 is adopted. The aperture
device is taken out and two microphone pairs are placed at point ¢ and point b
respectively to measure one set of the input and output acoustic pressure and particle
velocity. Then the input to the speaker is changed and another set of measurement
results is obtained. Substituting these two sets of measurement results into equation

(2.18), the impedances of the duct without aperture device subsystem are obtained.

Secondly the measurement of the impedances for aperture device subsystem is carried
on. The aperture device is placed in the duct and two microphone pairs are placed at
point ¢ and point d respectively to measure one set of the input and output acoustic
pressure and particle velocity. Then the input to the speaker is changed and another set
of measurement results is obtained. Substituting these two sets of measurement results

into equation (2.19), the impedances of the aperture device subsystem are obtained.

Substituting the impedances of these two subsystems into equation (2.23), one can get

the impedances Z,

i

Z, and Z  for the whole system through the calculation (referred

to as ‘Calculated results’).

The comparison of the results obtained by these two ways is shown below. Four
different aperture devices with single concentric orifice are considered and two sets of
results are shown for illustration. In these two figures, the left hand column shows the

1 the middle column

H?

real part, imaginary part and amplitude of the input impedance Z
shows the real part, imaginary part and amplitude of the transfer impedance Z,,; the

right hand column shows the real part, imaginary part and amplitude of the output

impedance Z . Fig 2.7 shows the results when the diameter of the orifice is 210 mm

(49% of open area).
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Fig 2.7 Comparison of impédances for aperture device with 49% of open area

(Two-different-inputs method)
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2, The plane wave propagation in a circular duct

Fig 2.8 shows the results when the diameter of the orifice is 60mm (4% of open area).
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Fig 2.8 Comparison of impedances for aperture device with 4% of open area

(Two-different-inputs method)

Through the comparison of Fig 2.5, Fig 2.7 and Fig 2.8, it can be seen that

1. For the aperture device with 49% open area, the calculated results agree quite

well with the measured results in the whole normalized wave number range

shown in the figure. However for the aperture device with 4% open area, the

calculated results agree quite well with the measured ones only in the normalized

wave number range £ * R <1. In the normalized wave number range k*R>1,

-33.




2, The plane wave propagation in a circular duct

significant errors occur for the input impedance, which should be caused by the
aperture device. By comparing Fig 2.7 with Fig 2.8, the effects of the open area
on the calculation of the impedances through equation (2.23) can be seen. The
larger the open area is, the smaller the errors are. For the other aperture devices,
whose results are not shown, the results improved as the open area increased.

2. From Fig 2.5, it can be seen that the blocked particle velbcity method is not an
effective method, however from Fig 2.7 ~ 2.8, it can be seen that the two-
different-inputs method is a reliable one for the aperture device with considerable

open area,
2.6 Discussion

From the analysis above, one can see that, just as expected, the Iumped-pararheter model
or the acoustical two-ports system is applicable at least to the plane wave situation in
circular ducts. It is also often acknowledged by other researches as a powerful tool for
the analysis of the acoustic propert_ies in circular ducts. This model will be referred fo in
Chapter 3 and Chapter 9 and be approximated for the higher-order modes region, hence

the reason for being introduced in this chapter.

Comparing these two measurement methods discussed above (blocked particle velocity
method and two-different-inputs method), one can see that the rwo-different-inputs
method is more accurate and effective than the blocked particle velocity method. So it
will be applied in the investigation of the acoustic properties for higher-order modes

propagation in circular ducts.

Compared with the wavelength, the dimension of the aperture devices used in this
chapter are much smaller (the thickness of the aperture device is only 25mm), so it is
applicable to take it as [umped-parameter model. However if the frequency range is
higher or the thickness of the aperture device is larger enough, the lumped-parameter
model can not work any more and then the method provided in this chapter is not

applicable for that situation. A new approach will be considered in the later chapters.
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3.Higher-order mode propagation in a circular duct and the reflection coefficients R,,,at the duct open end

Chapter 3 Higher-order mode propagation in a circular duct and the

reflection coefficients R,,, at the duct open end

3.1 Introduction

In the previous chapter, the plane wave propagation in a circular duct has been discussed
theoretically and experimentally. In this chapter, attention is given to the theoretical
derivation of higher-order mode propagation in a circular duct without the presence of
the aperture devices. Also the generalized impedance and the complex reflection

coefficients at the open duct end are studied.

When considering the wave propagation in circular ducts, it is necessary to adopt the
general three-dimensional (3D) wave equations. As discussed by M. L. Munjal in Ref
[3] (chapter 1), in the ideal case of a rigid walled duct filled with stationary ideal (non-
viscous) fluid and with only small amplitude waves travelling in it, the basic linear
equations are given below.,

Continuity equation:

op
Vou+r—=0. 3.1
Po or (3.1)
Euler’s equation:
8
Po et Vp=0. (3.2)
ot
State equation:
o)
/. c? . (3.3)
op p
From these three equations, the wave equation can be obtained
i Vil =0 (3.4)
ot* v=us '

in which y is the velocity potential and the Laplacian V* for circular duct is given

below:

_o 10 12 ¥

—+ .
2 622

v? —t——t+—
or: ror rtop

(3.5)

-35-



3. Higher-order mode propagation in a circular duct and the reflection coefficients g _ at the duct 6pen end

3.2 Higher-order modes in circular cross-section duct

According to equation (3.4) and equation (3.5), the wave equation for the function
velocity potential ¢ can be written in the form
10 0 1 0% az¢ ,
—+k 0, 3.6
r ar( or” r? dp 207 22 p= (36)
where i =ge’™ and k=w/c. ¢ is the azimuthal angle.

Separating the variables by Fourier’s method, it is possible to find the solution of this

equation in the form |
b(r.z,0) = ) R, (N Z2(2) | 3.7
in which the z-dependence function Z(z) is given below
a*z
=-klZ. 3.8
dz* f ©.8)

Then substituting equation (3.7) and equation (3.8) in the wave equation (3.6), a Bessel

function for r-dependence function R, ()can be obtained

d;ﬁ"’ += ’1, di +(k -k ————)R =0, (3.9)
The general solution for this function is

R,=AJ, (kr)+BN,(kr), (3.10)
in which

k, =k =k . | - G.11)

In equation (3.10), J,, and N ,,, are Bessel and Neumann functions of argument (k,r),
k. is the wave number. Since on the axis of the duct (r =0), velocity potential ¢
should be finite, which means R, should be also finite. But at the axis of the duct, if
r=0, N,(0)=-w, this leads R, =—, which makes no sense for the velocity
potential ¢ in the duct. So the index B, of the Neumann function N, must be zero to
make R, sensible. If B,=0, then the general solution of equation (3.10) can be written

as,
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3. Higher-order mode propagation in a circular duct and the reflection coefficients g at the duct open end

R, =AJ (k.r). (3.12)
Again, if the wall of the duct is rigid, the radial velocity at the wall (» = R} should be

zero. Therefore,

daJ, (k.r)

=0, when r =R, . (3.13)
dr

so, k, can only take discrete values, which satisfy the equation below: -
Jw(k,R)=0. (3.14)

By denoting the value of %, corresponding to the nth root of this equation as £ one

rmn?

can get

#(r,z,9) = ZZJ (ko n? )™ (A, & “+B,, ) (3.15)

m=0 n=1

in which

k= ﬁ/k =k} - (3.16)

Introducing the harmonic multiplier ¢’ , the solution of the wave equation in the finite

length circular duct is given as follow

(7,2, 0,1) = ZZJ (k,mnr)em’e””(Amne ks +B e by (3.17)

m=0 n=l
in which the first term is for forward propagating waves and the second term is for

backward propagating waves reflected from the end of the duct.

Considering only forward propagating waves, one can get

Jme  jot =ik nz
(r 4 ‘pst) ZZAmn m rm,nr)e e e " s

m=0 n=1
p= p—- JprZA,,,,, A S T (3.18)
m=0 n=1
o 0 ® . »
v, :_i-_-jkzzz Ay i?)e Jmp g jot y=Rsma?
6z m=0 n=1

If a sound wave produced at the source end can propagate along the z-axis, it should
satisfy the condition below

Kywn >0,

k. <k (3.19)
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Otherwise k_,, , is imaginary and can be written in the form,

kZ,m,n = ijﬂ:i—f\! krz,m,n _k2 * . . (3.20)

So ¢(x,y,z,t)is given below

$p 2= Y A, Tk, e (G:21)

m=0 n=1

Taking the negative root of k,, , results in the amplitude of the wave diminishing

L h

exponentially with the increasing distance from the source end.

Thus, when A=k

+.m»» there should be a corresponding cut-on frequency for this (m,n)
mode.
c*k
= D120 3.22
f mn 2 * ﬂ ( )

At a frequency below f, , the wave cannot propagate along the duct. This cut-on

frequency corresponds to the frequency of the natural oscillations of the mode (m,n} in

the direction transverse to z-axis.

According to the above discussion, one can get the cross-sectional spatial patterns of

different modes (m,n), shown in Fig 3.1 and Fig 3.2, for waves propagating in a circular

duct (for convenience, the data is plotted on a Cartesian co-ordinate system). From these
two figures, one can see that there are two different types of nodal lines in the plane
transverse to z-axis. The first type nodal lines are the circumference nodal lines, which

are corresponding to the Bessel function J (k, . .7)and on these nodal lines, there is

r,m,n

J,, (&, ..7)=0, so the acoustic pressure p and the particle velocity v, along z-axis on

rR
these nodal lines are zero. The second type nodal lines are the radial nodal lines, which
are corresponding 1o the item ¢”"?. It should also be noted that for circular duct that the

first possible root of the differential of J,, (£

r,m,n

r) is m=0and n=1, so the planc wave
in circular duct is denoted to be (0, 1) mode.
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mode (0,1 plane wava ‘mode 1.3’ mode 0.3)

¥

‘made (1,3

Fig 3.1 Normalised modal pattern of some higher-brder modes in circular ducts
(from (0, 1) mode to (2, 3) mode)
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mioge [,1} plang wave “inode 0,3),

‘mide {12 mode {1y

Fig 3.2 Surface of the modal patterns of some higher-order modes

From equation (3.18), one can also see that if the radius position and z-axis position stay
unchanged, the acoustic pressure is a function of cos(me), which means that there is
pressure difference between any two adjoining points with the same radius. This
difference causes the spiral propagation pattern of those higher-order modes which agree

m#0.
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3. Higher-order mode propagation in a circular duct and the reflection coefficients g at the duct open end

3.3  Applicability of lumped-parameter model to higher-order modes in circular

duct

In the previous chapter, when there was only the plane wave propagating in the circular
duct, acoustic pressure and volume velocity were taken as two lumped parameters. Then
the lumped-parameter model or the two ports syétem model was tested in the circular
duct without and with simple aperture devices respectively, The results were considered
satisfactory for orifice of significant open area. So in this section, the applicability of this

model for higher-order mode propagation in a circular duct is discussed.

With the increasing of the frequency, higher-order modes begin to propagate along the

duct. According to the equation (3.17), the acoustic pressure is given as follow:
p——Zme(Ame o+ BN (R, ar)e ™0 (3.23)
The particle velocities along z,r and ¢ are given as

ZZ] mn (A en® Z B MmN T (k 1eie | (3.24)

-3 1T SN VIS by By VAT R
. (3.25)
v, =~ a¢ =3 — jm(A,,e " + B e N (K, F)e " e

In which the velocity along z-axis is of interest in this investigation. Then the volume
velocity along z-axis is

Rim Rim

U= _[ _[vzrdrdgo II— a—rdrdqa
- Oz

=SS ko (Age e = B, " Yo er (k, . »)dr j medp  (3.26)

0

R
=203 3 Ko (o™ = Boye ™07 )e ™ [, (K, o i1 )elr .
(LR ] 0
It is well known that the relationship of Bessel function is

!]FJO (kr)dr = %Jl (kR) | (3.27)

so applying equation (3.27) into equation (3.26), one can get
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3 Higher-order mode propagation in a circular duct and the reflection coefficients g at the duct open end

U = 27R*(Ay e/ — By’ )e™ (3.28)

This equation equals to the volume velocity for the plane wave. Because for integration

2r
Ief’"f’dgp , it is zero unless m = 0, which means that the volume velocity U, for (m,n)
. ;

R
mode equals zero unless m = 0. For integration I”Jo(k

0.0
0

r)dr, it is zero unless n=1.

Combine them together, only (0, 1) mode (the plane wave) contributes to the volume
velocity, which means the volume velocities of all higher-order modes are zero and have

~ no significance.

Also the impedance along z-axis is given as follows:
ZZ]pa)(Amne b L B e (k, . .1)e’ " e’
Z, =
v, Z Z sz m n mn Fmn? ane Foma )Jm (kr,m nr)ejmq,ejm
Zcho(Ame 4 B e’ N (K, 7)™

ZZhMMRM”BemﬂJmM)W

.(3.29)

This impedance is so complicated that it cannot be expressed in an explicit form. From
this equation, it is easy to see the impedance is not only a function of those coordinates

z, r and ¢, but also a function of the amplitudes of different higher-order modes A4,
and B, . In order to get the impedance along z-axis, it is necessary to know those

amplitudes 4, and B, , first.

For the two ports system model, there is

P=UZ,+UZ,6 ,

P Uz, +UZ, 330

From this equation, one can see that it is impossible to apply this model for higher-order
mode propagation in a circular duct. Because unlike the plane wave propagation in
circular duct, the acoustic pressure and impedance along z-axis for higher-order modes
are not constant in the plane transverse to z-axis of the duct. Also according to the
lumped-parameter theory, the lumped-parameter model can only be applied to the

situation when k£* R <<1. ie. significantly below the first cut-on frequency. So it
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appears that this model cannot directly apply to the higher-order mode propagation
situation. However, if one can separate the in-duct field into a combination of different
single higher-order modes, it is possible to treat each higher-order mode as an
approximate lumped parameter. A schematic diagram for the approximate lumped-

parameter model is shown below:

Plane wave

(1, 1) mode

{2, 1) mads

- other higher-arder
hd modes

In-duct acoustic freid

Fig 3.3 Schematic plot for the approximate lumped-parameter model

In order to justify the approximate lumped-parameter model, one should try to
decompose the in-duct field into the combination of different single higher-order modes.
This also requires knowledge of the coupling effects between different modes. In other
words, one should try to get the complex amplitudes of different higher-order modes 4,

and B,,. By knowing these amplitudes, one can not only analyse the distribution of the

acoustic properties, such as, pressure, particle velocity, but also analyse the impedance

or insertion loss (I7) of different simple aperture devices.

In the following section, one model is introduced to calculate the complex reflection

coefficients R, from the open end of the duct. From these coefficients, one can include

the effects of the discontinuity at the open end of the duct, as well as the cross coupling

effects between (m, n) mode and (m, L ) mode.
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34 Model to calculate the reflection coefficients R, at the open end of the duct

As shown in Fig 3.4, there is a circular duct of finite length and terminated with an
infinite flange. Following the model proposed in Ref [15] by E. Z. William, the acoustic

pressure at point 4 outside the duct (z > 0) with the coordinate (r,¢p, z) is given by

Helmholtz integral, which depends on the axial velocity v at the end of the duct.
. . 2zR ~ kb :
@ e
p(r)=——12 : Ja[rov(ro)————h dr,dop, . - (3.31)

In which # is the distance from the point 4 to the point x with the coordinate (,, ¢, , 0)

and is given by the equation below

h= [r2 + 1 —2rr, cos(@ — @, ) + zz] vz ©(332)

Duet

Fig 3.4 circular duct ended with infinite baffle

Equation (3.31) is the basis for the definition of generalized impedance of the duct

termination.

The acoustic field in the duct (z<0) is determined by the Helmholiz equation, the

momentum equation and an admittance boundary condition of the duct wails:
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Vip+kip=0
__J o
po oz | o (3.33)
Jop
N iy
Byp k or .

In this investigation, only the hard duct wall is considered, hence B,, the specific

admittance of the duct wall is zero. Then the equations above can be rewritten as:

Vip+kip=0
_J.or
por 0z | (3.34)
| _ |
ai" r=R .

So the general solutions for the acoustic pressure and axial particle velocity of the in-

duct fields are

p(r) = pe Ze”"’“’Z(Ame st B eMen N (k. P)IN,. . (3.35)

M=—cl

k , ,

wr)=c Z e/ Z 1: 2 (A, e et = B, et N (K, )/ N, . (3.36)
n=l

The radial modes are orthogonal and it is easy to choose the normalizing factor N,

PN, ) dr=1. | (3.37)

r.m,n

k? ?r(Jm (k

Evaluating the resulting integral (Equation 11, Page. 135, Ref [9]) gives

1/2
Nmn =kR{O'5{1_(k z R)z}‘]m (kr,mnR)2 +J (krmn } 5Re (Nmn)>0 - (338)

The acoustic pressure and particle velocity at the end of the duct (where z=0) can be

expressed in terms of the duct modes as

p(r)=pe Z WZ R (A Y (3.39)
M=o n=1 .
V(i") < Z ejmqu mn m rmnr)/N (3'40)

Substituting eguation (3.40) into equation (3.31) gives the pressure
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— jkh

e

7y Iy pnfo Y N, drdo, . (3.41)

p(r) =T 3 Sy, [erme 7, ks

© e, B

In order to get the solution of the equation above, the function of % should be eliminated.
According to the Sonine’s infinite integral (Equation 4, Page 416, Ref [9]), this function

can be expressed as follow:

— jkh w0
—=k fe@ =)™ T (k. (3.42)

0

€

Using the Neumann’s addition theorem

Joldkh)y = D J, (dhr ), (dery )e " _ (3.43)
Substituting equation (3.43} into (3.42), one can get

e~

h:

ke [o(c? — 12T, (cke ), (chry T (3.44)
m=—x 0
Then equation (3.41) can be written as:

piry=jpc Y, ™YV, [t(e* =1y I, (#)D,, (x)dr (3.45)
== =l ]
in which

R

D, ()= k* [ryd (k1) (ky 7o)/ Ny - (3.46)
0

r.mn

The integral relations of Bessel function is given as,

R ' .
m[ﬂfm (AR) , (UR) = AT, (uR)J,, (AR)] (A # p)
fer(?Lr)Jm(yr)dr= e ) (3.47)
2L AR + (1 - 2o/, (AR))? = ).
> {( w (AR +( _ﬂsz)( m( ))} (A= p4)
Also according to equation (3.37), one can get the relationship as,
_ .
YR [ 270) N )2 (Kt} N Yy = 1 (3.48)
sl

So the modal velocity amplitude ¥, can be written as,

o0

V. = Zk’

L=1

LI —

rO (‘Im (kr.m,LFO ) / NmL) * (Jm (kr,m,nro ) / Nmn )drﬁVmL . (3'49)

Then substituting equation (3.49) into equation (3.45), one can get,

- 46 -
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P = jpe> 3, e iﬁmz -)7"*D,, (z)dr*

==t n=13\ 0

i k2 Irﬂ"rm (Tkr)(']m (kr,m,LrO ) / NmL )dro * (Jm (kr,m,nro ) / Nmn)VmL J
= (3.50)
= jpc? i ef'"**’Z(J CRESTLA) ¥4 Ir(rZ ~"* D, (7)D,, ()dr

o0

a0 Y AT L

Ii==00

| where the generalized impedance of the circular duct is given as,
= j[z@* -7 D, (z)D,, ()dz . (3.51)
0

The modal pressure amplitudes can be got through equation (3.39) and equation (3.50)

pmnzzzanVmL * o (3‘52)

l ~ From equation (3.35), it can seen that the acoustic field in the duct is composed of sets

of incident waves and reflected waves whose amplitudes have been designated by A4
and B, . Comparing equations (3.35) and (3.36) with equations (3.39) and (3.40), one
can see that 4,, andB,, are related to the modal pressure and particle velocity

amplitudes at the end of the duct by
A (3.53)

Hn

k
V ='_zlfi("4mn _an) . (354)

Substituting equations (3.53) and (3.54) into equation (3.51)

Z(me: 2t 8,y )Byy = Z(ka -8, )4, , (3.55)

L=l

in which &, is Kronecker Delta function.

1 n=L
5 ? (3.56)

(3.57)




3 Higher-order mode propagation in a circular duct and the reflection coefficients g at the duct open end

In which R, are the generalized reflection coefficients and can be obtained by the

mnL

infinite matrix

k k..,
[R,,,,,L}=[[Zm][—”kﬁ]+[I]]'1[[Zm][ ,': 1-0111» (3.58)

in which [/] is the unit matrix (identity matrix).
Then from the equations above, it is easy to get the complex reflection coefficients R,
and then 4, andB,,. So the in-duct fields are determined and predictable for this

situation.

3.5 Generalized impedances Z  and reflection coefficients R, ,

From equation (3.51), one can get the generalized impedance Z,,, as shown below. In
Fig 3.5, Zy,s Zoyn» Zoiss £y, are generalized impedances which denote respectively (0,
1) to (0, 4) mode particle velocity driven by (0, 1) mode acoustic pressure. In Fig 3.6,
Zoss Loys Zows Zyy, are generalized impedances which denote (0, 2) mode particle
velocity driven by (0, 1) to (0, 4) mode acoustic pressure respectively. In Fig 3.7, Z,,,
25y Zy3s Zyy, are generalized impedances which denote respectively (1, 1) to (1, 4)

mode particle velocity driven by (1, 1) mode acoustic pressure, k* R is the normalised

wave number.
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Real part of generalized impedance Z01L
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Fig 3.5 The generalized impedances Z,, Vs k* R () shows real parts of

generalized impedance; b) shows imaginary parts of generalized impedance; c)

shows amplitudes of generalized impedance)
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Real part of generalized impedanse 20n?
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Fig 3.6 The generalized impedances Zo V8 kE* R (a) shows real parts of

generalized impedance; b) shows imaginary parts of generalized impedance; ¢)

shows amplitudes of generalized impedance)
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Real part of generalized impedarice Z11L
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Fig 3.7 The gencralized impedances Z;, Vs k* R (a) shows real parts of

generalized impedance; b) shows imaginary parts of generalized impedance; c)

shows amplitudes of generalized impedance)

From Fig 3.5-3.7, it can be seen that _
1. There are cross coupling effects between different higher-order modes. Take the

Z,, for example, which means the axially-unsymmetric 1* mode pressure
distribution (F,) caused by the axially-unsymmetric L" mode velocity

distribution (v,;) at the end of the duct. The cross coupling impedances Z,,,,
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Z,1s5 Z,1q are largest when the L” mode cuts on and then approach to zero with

the increasing of the & * R number. One can also see that the amplitudes of those
cross coupling impedances are getting smaller with the increasing of the number
(L —n), which means the higher the number of the mode, the less cross coupling

 impedance Z,,. According to these figures, neglécting the coupling effects in

‘ the calculation of the acoustic properties of the in - duct field will introduce some
} errors to the results. So these effects will be considered in the calculation in this
analysis.

2. For the direct impedances Z

am» SUch as Zy., Z,, and Z,,,, are not largest at
the cut on frequencies of those modes but they are approach unity with the
increasing of the k£*R number. For example, the maximum of the

impedance Z,,, appears at k*R=~2.5, the maximum of the impedanceZ,

appears at k*R~5.5 and the maximum of the impedanceZ,,, appears at
k* R~ 4. However, it can be seen that the imaginary part of those impedances
is largest around cut on frequencies of those modes, which means that around the
cut on frequency, the acoustic pressure and particle velocity are out of phase and
then they are in phase at the higher frequency range. From equation (3.51), it is

easy to see that the matrix of the impedances Z,, is symmetric, which means

Z oy =Ly -
3. The threc figures show three different situations, Fig 3.5 shows the coupling
impedances between other higher-order modes with the plane wave; Fig 3.6
shows the coupling impedances between those higher-order modes, which are
axially-symmetric (m=0); Fig 3.7 shows the coupling impedances between
those higher-order modes, which are axially-unsymmetric (» # 0). No matter

what situation, the modes follow the same trend. This means that the coupling

impedances of all those higher-order modes are similar and can be explained by

the equation (3.51).
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Substituting the generalized impedance Z,,, into equation (3.58), one can get the
generalized reflection coefficients R,,, . The following complex reflection coefficients

Ry s Ross Ry and R,,, are shown from Fig 3.8 to Fig 3.11.

1nn

Real part of reflection coefficients RHL

=Y
Real{RO1L),

45 i j j j j i ] i
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0 3 4 6 $ 10 12 14 16 18

¥R {Normalised wave number)
Fig 3.8 The reflection coefficients R ;, Vs k*R (a) shows real parts of reflection

coefficients; b) shows imaginary parts of reflection coefficients; ¢) shows amplitudes

of reflection coefficients)
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Real part of reflection coefficients Rin2
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Fig 3.9 The reflection coefficients R,,, Vs k* R (a) shows real parts of reflection

coefficients; b) shows imaginary parts of reflection coefficients; ¢) shows amplitudes

of reflection coefficients)
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| Real part of reflection coefficients R11L
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Reaf part of reflgction coefficients Rmn
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Fig 3.11 The reflection coefﬁcients R, V8 £*R (a) shows real parts of reflection

1nn
coefficients; b) shows imaginary parts of reflection coefficients; ¢) shows amplitudes

of reflection coefficients)

From Fig.3.8 and Fig 3.10, one can see that for coefficients R, the maximum values
appear when the (m, L) mode cuts on. From Fig 3.9 one can see that for coefficients
R,,, the maximum values appear when (0,7 ) mode cuts on. Also one can see that R,

are not smooth curve lines. The discontinuity points occur when different higher-order

modes cut on. For example, the coefficient R, is biggest at zero frequency and then

- 56-
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discontinues at k* R=3.83 ((0, 2) mode cuts on), £* R=7.02 ((0, 3) mode cuts on) and
k* R=10.17 ((0, 4) mode cuts on). This phenomenon shows the contribution of other

higher-order modes to the reflection coefficient of this model.

From Fig 3.8-3.11, it can be seen that:
1. As shown in Fig 3.8, at the plane wave cut on frequency (0Hz), the

coefficients R,,, =1, R,,=-0.4, R;,=0.25 and R;,=-0.21, which means the

amplitudes (absolute value) of these reflection coefficients are diminishing with
the increasing of the number n. The same trend is also shown in Fig 3.10, which

is Ry, > Ry, > Ry;3 > R, when (1, 1) mode cuts on. This shows the higher

| number of the mode, the less contribution to those small number modes and vice
verse.

2. At the low wave number range (k* R <1.84), R, is larger than any other
coefficients Ry, and at this frequency range, other higher-order modes do not

cut on, so the amplitudes of other higher-order modes should be nearly zero. The

reflection coefficients of the even number modes, such as R, and R,, are
negative, but those of the odd number modes, such as R,, and R, are plus.

This means that the contributions of the odd number mode to odd number mode

mode are destructive.

3. From Fig 3.9, one can see that for R,,,, the contributions of the (0, 2) mode to
other {0,#n) modes are significant only around the region when (0,7 ) mode cuts

on. At all other wave number region, they are very small. Still the higher the

|
\
\
\
\
\ are constructive and the contributions of the even number mode to odd number
\
\
number of (0,» ), the less contribution of (0, 2) mode to it.

4. From Fig 3.11, one can see the direct reflection coefficients R, are nearly the

1nn
same. The coefficients are nearly equal to 1 at their cut on frequencies and are
decreasing very quickly to a very small number - the real parts of those

coefficients R, are approaching zero, which means at the higher frequency

Inn

range, the reflection coefficients are nearly purely imaginary. This means at the
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higher frequency range, the backward waves are out of phase with those incident

waves.

5. From all these four figures, one can also see the reflection coefficients of

different types, which are coefficients of other higher-order modes with the plane

wave R, coefficients of axially-symmetric higher-order modes R,,, (m=0)
and coefficients of axially-unsymmetric higher-order modes R,,, (m# (), are

nearly the same and follow the same trend.
3.6 Discussion

In this chapter, the higher-order mode propagation in circular duct are introduced and the
applicability of the lumped-parameter model is also presented. Then in order to break the
limitation of the lumped-parameter model, the so-called approximate lumped-parameter
mode] is proposed. In order to justify the approximate lumped-parameter model, the in-
duct field should be decomposed into the combination of different higher-order mode.
So one model to obtain the complex reflection coefficients at the open duct end is

studied.

After knowing those reflection coefficients, combining with other boundary conditions,
such as the sound source boundary condition, the aperture device boundary conditions,
one can find an approach to construct enough equations for the decomposition. In the

following chapters, two different types of sound source will be introduced and then the

results will be compared.
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Chapter 4 The plane wave source and the point source

4.1 Introduction

The acoustic field in a circular duct is determined not only by the type of aperture device
and the condition of the open end, but also by the type of sound source. Different types
of sound source can produce different acoustic waves, which can propagate along the
duct. Two types of sound source, which are the point source and the plane wave source,
are mainly considered for circular ducts. Indeed many other complicated sources can be

treated as the combination of different point sources.

In order to predict or decompose the in-duct field, one should first decide which type of
sound source is to be used and then describe it mathematically. Different types of sound
source can produce different patterns of the higher-order modes in the duct, or even the
same sound source located at different radial locations can produce different patterns of
higher-order modes, In this chapter, the configurations of these two types of sound
sources are introduced first. Then the descriptions of the sound source boundary
conditions are also given. Combining the descriptions with other boundary conditions,
one can easily construct the equations that are needed for the solution of the acoustic

properties in circular duct.

4.2  The plane wave source

4.2.1 Configuration of the plane wave source

The first type of sound source to be introduced is the plane wave source. The
configuration of this type of sound source is shown in Fig 4.1, in which a duct with a
small diameter is used as the sound source. This type of sound source is quite common
and widely adopted in the mufflers or the ventilation ducts which are composed of ducts

with different radii, This is why the plane wave source is studied in this investigation.

The reason why it is called a plane wave source is given as follows. The frequency range

which is of interest in this investigation is from 0Hz to 2600 Hz. Because when the
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radius of the duct is 0.15m, the first higher-order mode is cut on around 640 Hz , so this
frequency rangé is four times the first higher-order mode cut on frequency. And in this
frequency range, there are altogether 17 modes propagating in the main duct (including
the plane wave). The radius of the small duct (source duct) is only 0.024m . So for this
small duct at this frequency range,

0<k*R<1.15. (4.1)

This value of Helmholtz number is less than the first higher-order mode (£1,1} cut on

value of 1.84, which means that only the plane wave can propagate in this small duct
(source duct). So this type of source is considered as a plane wave source. Actually on
the boundary between these two ducts or even a very small distance from this boundary,

there should be many other higher-order modes, which are attenuating in an exponential

manner. So in order to get an accurate description of this boundary condition, those '

attenuating higher-order modes should also be considered.

( oA A
: AN e~
Q TN ATy
S i NP _
Source region S i
(region |} B
Duct region
(region 2)

Fig 4.1 Configuration of the plane wave source in circular duct
4.2.2 Description of the plane wave source boundary condition

As discussed in Chapter 3, the acoustic pressure and particle velocity along the z-axis in

one circular duct can be written as,

P(r,z,o)=>. 2. J, (k, . r)e™ 4, &t (4.2)

m=— n=1
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v(rzqa)— p;‘ ZZJ’ (k, nar)e’™ A, & " em (4.3)

M=o n={

So as shown in Fig 4.1, for region 1 (source duct), one can write the acoustic pressure as

follows, for positive direction propagating wave,

Poy = Sdoe™ +3 Sy, Jo (kL 1o

n=2

+ZZJ (KL, F)SAL e + SAT om0 Ye Homst (4.4)

m=l p=1

For negative direction propagating wave,
ol
P, = SBye’® +ZSBOnJ (krs, RO i

£ ST kL Y SBLe ™ + SB;, e Yo e (4.5)

m=1 n=1
For the positive and negative direction propagating waves in region 2 (main duct), the

acoustic pressure can be written as

P, = Ame-ﬂz + Z Ay, (krﬂo aF )e—jkgn’”z
"= (4.6)

D ID I A0 O M e Tl
m=1 r=1

4}
_ ke n Jhzio 2
Py = By e™ + Z‘B{)n'] (ko r)e ™
n=2

(4.7)

o) a0
I —j - 13
# 2D R W B + B e
m=l n=

in which, the parameters with superscript I, such as k!, are the values for region 1

r,mn

(source region) and the parameters with superseript II, such as &”

Fmn?

are values for

region 2 (main duct region).

Then at this boundary, the continuity conditions can be written as, for acoustic pressure,

Py + Pyl =P, +P, (over ). (4.8)
For parﬁcle velocity,

Voo Vs, =V +vB|Z=_L (over S,), (4.9)
vy+vgl, =0 {over (§-5,)). | (4.10)
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Here S is the cross sectional area of the main duct, S, is the cross sectional area of the
source duct.

For pressure continuity condition, multiplying both sides of equation (4.8) by
J (&, sr‘l)e_j * and integrating over the small duct region (S,), for £ = 0,s =1, there is

SA, e™ + 8B, e )R, /2
= (Age™ + Bye™™ )R, /2

(kT ), (K

#3804 By Fouk) @.11)

n=2 ron

o0 o0 - o _ iy _ ol )
DI N (e ik Bt g Memalygminds 4 (A " + B g emayointe)

mn
m=1 n=1

—

1

T (k2 s30T (K R)

L rm.n
r,mn

For t =0,5=2,3,...,00, there is

(SAoseﬂ(zos +SB e‘szo: )J (k?'(JsR )Rl /2
3 i v ko, 4.12)
=Y (4o, """ + By, o0 ) —L ] (15,80 (k1 R,)
"= r0,s _kr,o,n
F 33 ((An e + B et Y i 1 (A, oMo 4 B g My
m=1 n=1
kﬂ
_..............ﬂ_.___ k:'lmna)‘] (ermnR)) .
kfo s erm N

Fort=12,...,0,8=12,...,%, there is

2
(SAze™ i 4 SBre Mo B ) (1 - — )T, (k] R R, 12
rr.s 1
i

2 . _al k
- Z (Aonelkz,o,aLs +Bgﬂe jk,o,.h)J (kr0n§ )(_&__)J (krOn )
n=2

r,.s rOn
£ 30 (g™t 4 Bl Mty 1y, (K, 8)e (4.13)
m=1 n=1
+(4, ejk:mnl'i +B- ans)JMH rmné‘ )ejmﬂo]
k.H
(kl_—Té_)J (krmnR ))'

r1LE r,m.n
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Multiplying both sides of equation (4.8) with J, (k; 1s71)e” and integrating it over the

small duct region (S,), for t =1,2,...,00,8§ =1,2,...,00, there is,

2

(SATe st 4 Bre sk y( - ——W (K R)R /2
r,t,s 1
© i gk k ;U n :
=D (o, e 0" + By eV (ko N0 (ko R (4.14)
h=2 —

a8 r.0.n

3 (AL, ™ 4 B M) (KL ,8)e

DM

+ F N
m=t n=l
R e (O VI A AT
kH
('_"'—Iﬂ'—)‘] (kfrm n'R )) .
k:r o8 - kr,m,n2

The derivation procedure of equation (4.11) to equation (4.14) is given in Appendix C.

For two particle velocity continuity conditions, multiplying both equation (4.9) and

equation (4.10) by J,(k” r)e ", integrating equation (4.9) over the small duct region

rl,8
(S,) and integrating equation (4.10) over other region (S-S, ), adding them together,
one can obtain the following equations.

For f=0,5=1, there is

(S4,,¢”™ — SBy e )R} = (A4ye” — B e )R] . (4.15)

For t =0,5=2,3,...,0, there is

(84, - SB,e*) R g ok, ST (R, R
01 01 I 0,8 ro.s
T8
I
£ (e “’"(SAO,, Fart — 5B, e et
n=2
kH
e 7oK B) oo RSy R) (4.16)
r,On ro.s
o o0 kf
+ZZ( z’::n((SA+ szme SB+ -szm”L)‘f'(SA- 1S L SB— -kl an))
m=1 n=1
RkH
—2—,-2— (kr{losé‘)'] ( rmnR )J (kr:u;asR ))
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kH o
SOk WA 5)

For r=1,2,...,0,s=1,2,...,00, there is,

($Ae™ = SBoe™ e (Kl )=, (k1 R

re,s

k!
+ Z( z[: - (SAOn SBOne Fron )e—ﬂgo
n=1
R kH (4.17)

(k:i § )‘——HST-ZHJ (k:!r s‘R )J ( r,0, n‘R ))

£ 3 ([(SALM o - 5B e Hmt 1y T (K 5)

m=] n=1
+ (SA; et — SBT Memty T (K, 8]

k! RE"
zm"( 2”3 2)'] (k:!rsR)'](rmn
k k:mn - r{‘rr.v

R)e™ %)

k”r o R2
Z.1.8 A" J zla B— x.!s 0 1_
et 2

k}, AR,

rd.s 0

Multiplying both equation (4.9) and equation (4.10) by J (k” re’?

st , integrating
equation (4.9) over the small duct region (S,) and equation (4.10) over other region

(S~ S§,), adding them together. One can get, for t=1,2,...,00,5 =12,...,

s

(SA4,,e™ —SB e e J (k) 6 ) L J (k) Ry)
?‘fS

% kzlon i &,
+Z( k (SA(M xon SBon zon )eJ 0

n=2

. RkII

T (k] 6 e T (R R, RD)
kran - :I”

#3384 SB,:ne”"‘f*"'"L)Jm,(k,.”

m=1 n=1
(S, et 8B e Mty T (KT 5] (4.18)
k; mn R k;’fr 5 I it 6,
k (kl 2 k” 2)'] (krisR )J (krmnR )ej )

r.m.n rl.s
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T

k. elly oL TN
— zl,s A"‘e} 2t B+e FLEwR: 0 1_
— )¢

t?.

¥ 2p2
rit,s i)

W2 (kL Ry

rt.s
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The derivation procedure of equation (4.15) to (4.18) is given in Appendix D.

By now one has sufficient equations for the plane wave source boundary condition from

‘ equation (4.11) to equation (4.18). For example, if m =14 and n =4, there should be
totally 144 (2* (2*n+ 4*|m|* n)) unknown amplitudes (S4,,.SB,,,4,, and B,,). At

the same time, let # =4 and 5 =4, then from equation (4.11) to equation (4.18), one can
get 72 (2*s+4%t*s) independent equations. So combining with other boundary
conditions, one can easily construct enough equations for those unknown amplitudes.

These procedures will be adopted in the following chapters.

4.3  The point source

4.3.1 Configuration of the point source

The second type of sound source to be introduced is the point source. The configuration
of the point source is shown in Fig 4.2. In which one small hole is opened on a hard
baffle to act as a point source. In experimental set-up, one tube with very small inner

radius R, is used to act as this point source. In this situation, the radius of this tube is
R,=0.0075m. The smaller the radius of the duct, the more it behaves like a point

source. However it can never be a true point source and can only be treated as a good

approximate one. In the frequency range which is of interest from 0Hzto 26004z, the

value of Helmholtz Number £ * R, < 0.36, which is far less than the first higher-order

mode (x1,1) cut on value of 1.84. Also the ratio of these two radii is

0.0075m/0.15m =1/20=5%.
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R e i e ST

Duct region

Fig 4.2 Configuration of the point source in circular duct
4.3.2 Description of the point source boundary condition

As discussed in Chapter 1V of Re_f [8] by S. N. Rschevkin, for a point source backed by
a hard baffle, the particle velocity is related to acoustic pressure by

y =PH=D (4.19)
pckl

in which, / is the distance from the point source. If the radius of the source is very small,

then the value of Helmholtz Number % */ is nearly equal to zero, compared with unity,

it can be ignored, so equatton (4.19) can be expressed as

~ ~ Jjp = 0 (@t

—

> 4.20
peki - 2al (420

§

in which Q is the source strength. If the radius / is very small, then the particle velocity
should approach infinity. So the particle velocity continuity at the hard baffle can be
written as,

v,y + V] (over source region S,) (4.21)

Z=-1" VS|Z=—L :

If the particle velocity is expressed as equation (4.20), the continuity equation (4.21) is

impossible, because the particle velocity v, + v, should be finite at that point,
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Actually as discussed before, the ideal point source is reﬁlaced by a small duct of radius

R, . In the frequency range of interest,. only the plane wave can propagate in this small
tube. So it can be assumed that the particle velocity at this end of the duct is

v =V, , ) : (4.22)

in which v, is constant that is decided only by the strength of the source. So the volume
velocity for this situation is

Uglyey =% R, v, 4.23)

The velocity boundary conditions of the plane wave source are shown by equation (4.9)
and equation (4.10). For the point source, they can be written as

v, +vB| v, (over S},

=L =

vty , =0 (over (S-S5,)), (4.24)

where S, is the area of the source duct and S is the area of the main duct. To implement
these boundary conditions, multiply both sides with /| (k,{i’sr)e'ﬂg and integrate over

their respective domains, finally add them together, one can get
EHRp

I IvoJ (KD Pe " rdrde
o0

[XR

2z Ry

= IJ‘((AmejkL —Bme_j-ﬂ)
00

2"0: k;fon (A jIc” L B -jk” L)J (kH )

+ it g’ Fen g a0 aor
s k On On 0 0, (4'25)
i k” ) a1 )

+ZZ_Z']:.’_H.[(A;neJ zmat Br':ne FLEN R )e-J-?Tﬂ +
w=1 n=]

(45, = B e ety VT (kL N (KL,

rorn F e rdrdd .
This means for the main duct region, the integration is over the whole duct region, but
for the point source region the integration is over the source duct region, which is the

volume velocity.

For t =0,5 =1, equation (4.25) can be written as,
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27Rp
[ [vordndo
00

iRj (Amejﬂ - Bme—ﬂi)
00 .

) k:‘{ ; ol -
e e @26

[~
I J'kzn,,m.nL = .k:{m.nL - jm6
+ZZ z"’"J' (krmn )[(A;ne _B;nej )e ”

m=1 n=1

+ (A et = B g TMamal ey
The left hand side of this equation is equal to the volume velocity U,. For the right hand

side of this equation, as discussed before, the volume velocities of those m = 0 higher-
order modes are 0. Applying the Bessel function relationships to the right hand side of

this equation,

R

_[rJo (kr)dr = %Jl (kR) . (4.27)
0
One can get,

Uy =7*R} *(4,e” ~Bpe ™). (4.28)

For t=0,s=2,3,...,0

ZJTRP

I j"o Jo(kr 1 Indrde
00

gl

(AolejkL - Bole_m )

Oq_.é?-l

w LI

k 0 i L Y
+ 0M (4 el _ B o Fronly 7 kH
HZ_Z: k (o, oo o (krpar) (4.29)

o0

N Al A
+ZZ 2’"" J (krmnr)[(A;ne _B;me )e "

m=1 n=1

+(A; et _ B g~ Hamst oM T (KT pY)rdrdd .

r0,s
The Graf’s addition theorem of Bessel function is given below and the relationship

between the coordinates is shown in Fig C.1.

(e = 3 T, (uS), (i) e (4.30)

p—ao
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Applying equation (4.30) and equation (4.27) to the left hand side of equation (4.29), it
can be written as,

278,

[ [rodotkls rimdrde
00

2xRy
= [ [rdo el 85 (kL 1 )rdridep (4.31)
00
J (kK" R
=27 * v ¥ o (k) S)* R, (k",fs 2)
70,8

In equation (4.31), if the radius of the point source R, is very small (compared with the

radius of the main duct), according tb the properties of the Bessel function, one can get
Jilk o R,) = ko R, . (4.32)

So equation (4.31) can be written as,

Jy(kly R,)

r0.5

kﬂ'

r.0,5

2% * v, * T,k

r, 0.5

5)*R,*

U AR RP AN LD Mg AR )Y 433)
= 2R v * To(K ,6)

=20, * Jy(krp ,8,) -

RS T AR uR)~ 20, RV (ARY] (4% g0

—

[ r7, 0y, (uryr = o ] (4.34)
—{(J,‘,,(;ue))2 + (1—%;)(%(%))2} (A=pn).

Applying the integral relations of Bessel function (4.34) to the right hand side of the
equation (4.29), one can get

27 Ry

[] «ane™ = Bue™)

o0

o0 k” .r IT :
+ Z z,O,n (Aonejk"o'"L — BD "jkw" )J (kr 0, "?")

+ ZIZ. Koma Wk (AL, ™t~ BY ¢ emak ygmimo (4.35)
+ (g, et = By Mt Yo Vyrdrd O
k:qoa e
— il (Ao_cejkz.v,al' —_ BOJ‘ )R J (kr 05?‘).} (kr 0 s ) R
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Let equation (4.33) equal equation (4.35), one can get

I

ko, o 1T ol
22U * Jo(kln 8) == (o™ ~ B IR () 1) (4.36)

Fort=12,...,0,5s=1,2,...,0,

HvoJ (k! 7)e " rdrdyp
2#Rb

= j j (Aye™ — Bpye ™)

Z jk foml _Bone".fkfo_,.l-)‘] (k:fon ) (4.37)
h=2

m=1 n=1

(A" eﬂcz.m,nl -5 e-jkfm...b IO Ty 18 J Kl
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mrdrd@ .

Applying equation (4.27) and equation (4.30) to the left hand side of this equation, there

is,

208,
[ [ro (KL, ye " rdnde
00

ZJRp
= [ [ve g, kY, 8)Jo(KY, ryrdrde (4.38)
o0
. ' J(k" R
=2*g*y xe N * g (kD 6 D*R,* (k",;’ )
[ 8.

Still equation (4.32) is applicable here, so equation {4.38) can be written as

) kH R
2oy, e g 5 R+ )
.5
m2¥mrv *e M * J (k) 6)* R : (4.39)

o0 : g 07 - —im
+ZZ zmn Zzmn g (krﬂm nr)[(A:meﬂfz,m,nL —B;ne sz,m.nL)e Jjm@

=2%Uy ke *J (k] 6) .

Applying equation (4.34) to the right hand side of equation (4.37), one can get
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2xRy _ ‘
J-I (Ape”™ = Bye™™)
¢ o
w LU . oy
) k S NSV
n=2 .
+ZIZ; Koma (krmnr)[(A Wemd _ Bt ¢ Minak ygmin (4.40)
(4"t — By et e ”""])J (k7 ;r)e " rdrde
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So let equation (4.39) equal equation (4.40), one can get

i k;r{.x - . 2 \
2*Uo*e‘i‘““*J(kff,ﬁ)rj,:(xi; Horl e M R R 1 -—) . (4.41)

rt,5

Multiplying both sides of equation (4.24) with J, (k,”r)eﬂg and integrating the first

one of equation (4.24) over point source region and integrating the second one of
equation (4.24) over other region, adding them together, for t=1,2,...,00,5s =12,,..,0

there is,

). (4.42)

24U, * e * (KL, 6)= “S(A* Kk — B Mt VR k1~

ri.8

2

So equation (4.28), (4.36), (4.41) and (4.42) provide one group of equations for the

description of the point source boundary condition. Let m=+4and n=4, there are.

altogether 72 (2*n+ 4 *|m|*n) unknown amplitudes of 4,,, and B,,. At the same time, .

let t=4and s=4, there are 36 (s+2*¢*s) independent equations. Combining them
with other boundary conditions, for example, for the boundary condition of the open

duct end, as discussed in Chapter 3, there is
B, =Y R A, - ' (4.43)
It .
Let m=24 and n=L=4, it can give 36 (n+|m|* n) independent equations. So one can

get 72 independent equations for those 72 unknown amplitudes 4 and B, . So




4, The plane wave source and the point source

through these 72 independent equations one can get the solution for those unknown

amplitudes 4,, and B, , then the in-duct field can be decomposed.

4.4 Discussion

Two different types of sound source are introduced in this chapter, Also the descriptions
of the relevant boundary conditions are discussed. Combining with the open end
boundary condition of the circular duct introduced in Chapter 3, one can get the

unknown amplitudes 4,, and B,,, and then the acoustic properties in circular duct

without an aperture device presented can be obtained. As stated before, the effects of the

source radius location on the acoustic properties in the duct will also be investigated in

Chapter 5 and Chapter 6.
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Chapter 5 Sound field produced by a point source propagating in a

circular duct without simple aperture devices

51 Intreduction

In order to study the acoustic properties in circular ducts in the higher normalized wave
number range, it is necessary to decompose the in-duct field into the different single

higher-order modes, in other words, to get the amplitudes of 4,, and B, in the circular

duét. Once these amplitudes are determined, it is possible to analyse the acoustic
properties of the in-duct field or the acoustic properties of the components (such as
baffles, aperture devices). There are two approaches to decompose the in-duct field,
which are the experimental decomposition approach and the theoretical decomposition
approach. Significant research works, such as Ref [27] to Ref [33], have been done on
the decomposition of the in-duct field into higher normalized wave number range and

mainly considered the experimental decomposition approaches.

Both experimental and theoretical decomposition approaches will be discussed in this
chapter. However experimental decomposition approaches are always complicated and it
is difficult to achieve the accurate decomposition of higher-order modes. So one
experimental decomposition approach is demonstrated for the purpose of comparison
with the theoretical approach and attention is mainly focused on the theoretical
decomposition approach in this chapter. Based on the descriptions of the sound source
boundary condition and the open end boundary condition, one theoretical approach is
proposed. For this theoretical approach, only two reference measurements in the main

duct region are required for the decomposition of the in-duct field.
5.2  Experimental set-up

As discussed in Chapter 4, a 0.9m long copper duct with radius 0.0075m is used as the

point source. At one end it is connected to a speaker and at other end, it is connected to a

rigid plate and then this plate is placed at the end of the main duct. A 3m long duct of
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internal radius 0.15m is used as the main duct and is terminated with a large rigid baffle
whose dimensions are 1.2x1.2meter. The experimental set-up is shown in Fig 5.1.

Taking the baffled end of the duct as the origin of the coordinate system, along the z-axis
of the duct, two different locations z=-0.54mand z=-0.18m are taken. At each
location, along the circumference of the duct, there are six equally positioned points,
which are shown in Fig 5.2. Ideally more points mean greater measurement accuracy of
the circumferential distribution. However too many drilled holes on the duct wall will
affect the in-duct acoustic field. At each point, two closely placed holes are drilled to
accommodate the microphone pair to measure particle velocity along the z-axis at that
point (in this investigation, only this velocity is of interest). Using these positions, one
can get the circumferential distribution of the acoustic pressure, as well as the
circumferential distribution of the particle velocity. Another two pairs of holes, located
at (0.15m,0,— 2.33m) and (0.15m,3*r/4,~1.5m) respectively, are drilled and used

for reference measurements. The detailed information of the experimental set-up is

shown in Fig 5.2. The whole system is then placed in the middle of an anechoic room.

The experiment equipments and connections are given in Appendix A.

s

Fig 5.1 Picture of the experimental set-up for the measurement
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180 mam

Fig 5.2 Detailed sketch of the point source measurement set-up

53  Experimental decomposition of the in duct acoustic field

5.3.1 Theoretical derivation for experimental decomposition approach

Some previous research introduced in Chapter 1 studied experimental approaches to
decompose the in-duct field into single higher-order modes. As discussed by M. Abom
in Ref [35], the decomposition approaches discussed before can be divided into two
main types: direct approaches and correlation approaches. The basis for the direct
approaches is simultancous measurements of an acoustic field quantity, such as,
acoustic pressure, at a number of measurerment positions, If the in-duct field is a steady
one, one can measure at these different positions one by one (by doing so, it doesn’t
need so many microphones to do the measurement simultaneously). The basis for the
correlation approaches is the space-time correlation of an acoustic field quantity
between several pairs of measurement points. These two approaches basically perform
the modal decomposition either by a two-dimensional spatial Fourier transforms over the
duct cross-section or by the solution of a linear equation system that is formed by using
measured data from a number of independent positions, Now one direct approach is

reviewed in this section to test the applicability of the experimental approach.
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For acoustic wave propagation in a circular duct with constant cross section, at those
positions that are not close to any sources or obstructions, there should be only a finite
number of modes that can give significant contributions to the acoustic field. So one can
have
M N
p(r.z,@)= ZMZI J oyt )E’™ (Amepj Fema? 4 Bm’neﬁ"”""z) , (5.1
" g

in which M and N are finite integer numbers.

Because the length of the main duct is finite and the in-duct field includes both incident
waves and reflected waves, at léast two z-axis measurement positions are needed to
separate the incident waves from the reflected ones. According to the experimental set-
up shown in Fig 5.2, at each location, there are only six measurement points along the
circumference, which limits the number of higher-order modes decomposable to a

maximum of six experimentally. In the frequency range from 600 -1400 Hz, only five
higher-order modes: (£1,1) modes, (+2,1) modes and (0, 2) mode are cut on in the duct

(including the plane wave, there are six modes propagating in the duct). So equation
(5.1) can be written as below:

Error! Objects cannot be created from editing field codes. . (5.2)

From the equation above, it can be seen that there are altogether 4,;, B,,, 4.1,> By
Ayy15 Biyys Ay, and By ,, ie. twelve unknown amplitudes. So if one can construct a set

of twelve independent equations through the measurement at no fewer than twelve
different positions, then one can get these twelve amplitudes, After these twelve
amplitudes are obtained, the whole in-duct field can be expressed as the sum of these
single modes. This is the theoretical basis for the experimental decomposition approach.

So one can get the equation matrix as following:

, . S . B 1 i
& & Tk, RPN L Tk R A | | pet
e—ir'q elﬁ_j ‘]1 (kr’l’lR [ e‘sz,l, 1= I '-Io(kr’(),zR ik 0271 BO, i pzeim

* ’ '. : . , - i Bl i , (5.3)
& &%l RV e Uk (R A4, | | g

g R Jl([g_’]’lR)efﬂze—ﬂ&,!.lzz A (kr,o,zR)eﬂg'o'fz_

1212 _BO:ZJ _plzefqz -
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in which p, to p,, are acoustic pressure amplitudes measured at the twelve positions,
@, to @, are angle coordinates of the twelve measurement positions, €, to 6, are

phrase angles between the measurement microphone and the reference microphone.

Then substituting the coordinates, such as z, ¢ and r, of these twelve measurement

positions into equation (5.3), one can get these unknown amplitudes through the

equation below:
-AO,I 1 —ple”?' ]
By, P zeie2 .
: = [X [ *| : | (5.4)
4, Pnem”
_BO’Z di2 | P 12858]2 diam

in which X is the index matrix in equation (5.3). By solving equation (5.4), one can get

these amplitudes respectively and so the in-duct field can be decomposed.
5.3.2 Experimental decomposition results

Based on the analysis above, one can use the experimental set-up shown in Fig 5.1 and
Fig 5.2. One reference microphone is placed at poSition {0.15m,0,—2.33m). Take the
sound source located at & =0.06m(40%R) for example, one can first take twelve
different measurements, six each at two different z-axis locations z=-0.54m and
z=-0.18m (shown in Fig 5.2). The frequency range is set from 600Hz to 1400Hz, in
which there are (0, 1), (£1,1), (+2,1) and (0, 2) six modes propagating in the duct. The
measurement microphones are all nearly flush mounted at the duct wall. Because it is a
circular duct, it is difficult to flush mount 1/2’ microphone on the duct wall énd this

causes some errors in the measurement result.

Substituting these twelve positions’ coordinates and measurement results into equation
(5.4), the results are shown in Fig 5.3. Note the figure is plotted agéinst normalised wave
number £ * R rather than frequency, the (+1,1) mode cuts on at £ * R value of 1.84. Fig
5.3 a) shows the decomposed amplitudes of A4,;,, and B,;; Fig 5.3 b) shows
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decomposed amplitudes of A4,;; and B, ; Fig 5.3 ¢) shows acoustic pressure measured

at two of the twelve different positions (position 1 and position 2 located at
z=-0.54m).

Amplitude of AV and B01 (decomposed)

1000 N — - : - _ . .
T 1 ‘; 1 ] ! ! ; - [—ao}
- oo == B [
o, T
& :
[
4 2
3
E
<
] : L ARy, oy 7 L
B 18 2 22 24 26 - 28 - 3
Amplitude of A+{1 ard B+11 [decomposed)
1000 . . ‘ At : . _
o o ! ! I |
T : :
-; 117§ DTNV APRCE PRI SN I SRR
LI
& 400
P00
2000
4 22 24 25 28
‘ " Acoustic pressure {measured)
01 T | 7 T 1 T —
i ! : i ff-fposmnni ]
008 fel == posilion 2|~
‘;_0.96—- -
o 5
b B T R
2]
" i) -
R A T % A D~ Yot o 0 il ™ ikl B
1.8 3 22 24 24 28 3 1.2 34 36 38

KR {Normalised wave number)
Fig 5.3 Experimentally decomposed amplitudes of (0, 1) mode and (+1,1) mode
From the results shown in this figure, it can be seen that the results obtained by equation
(5.4) are absolutely wrong, because the amplitudes of directly measured acoustic

pressure are around 0.02 pa , however the amplitudes decomposed by equation (5.4) are
around 100 pa . So this means the results obtained from equation (5.4) is unacceptable

and so this experimental decomposition method is also unacceptable. The reason for the
large errors may come from two aspects: first, these twelve measurement positions are

not fully independent, which makes the matrix X badly constructed; secondly, this
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matrix is sensitive to those small measurement errors, which can cause a large error in

the final results.

According to the analysis above, this experimental decomposition approach of the in-
duct field is not an effective one. Because it needs a significant number of measurement
positions especially when there are many higher-order modes propagating in duct. To
make the result sensible, at least 2* N (N is the number of the higher-order modes
propagating in duct) independent measurement positions are required.. Sometimes it is
quite difficult to get so many independent measurement positions practically (as shown
in Fig 5.2, those 12 positions are not fully indépendent). Also as discussed by M. Abom
in Ref [35], there is another limitation, which is the approaches can only effectively
decompose those axially-unsymmetric niodes, for these experimental decomposition
approaches. For those axially-symmetric higher-order modes, most experimental

methods cannot work properly.

So in order to decompose the in-duct field effectively and conveniently, other
approaches, such as theoretical decomposition approaches, should be introduced. In the
following section, one theoretical decomposition approach, based on both coupled and
uncoupled assumptions .will be discussed and comparisons will be also made between

theoretical predicted results and directly measured results.
5.4  Theoretical decomposition approach of the in duct acoustic field

For the open ended bbundary of a circular duct, if the length of the duct is infinite and
there are no other obstacles, such as aperture devices or baffles in it, the in-duct field
only contains forward propagating waves. At this situation, every mode is independent
of each other and there is no energy transferring between different higher-order modes.

So there is no cross coupling effects appear in the equation below:

Py= o0 Y. Tl WA "0 + A, )e e et (5.5)

m=0 n=1
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But if the length of duct is finite or there are some discontinuities in the duct, then at
these points, there should be reflection of the incident wave, and the in-duct field at this
situation is composed of both incident and reflected waves. So for the reflected field, the
reflected waves can be written in the form:

ps=Jp0 Y. > Tk, . rNB; €™ + B, &)l et (56)

m=0 n=l

In the reflected field, for example, the particle velocity of (-i- 2,1) mode v, is not only
caused by (+2,1) mode acoustic pressure p,;, but also caused by other higher-order
modes such as, p;,, Pi;...p;,(the acoustic pressures of (+2,#) mode). Then the

intensity of this mode can be written as
Iy = (P, %) . .7

There should be some energy transfer from other higher-order modes to this one
resulting from the discontinuities of the duct and also some energy transfer from this
mode to other higher-order modes. Writing these in the form of the complex reflection
coefficients, then as in equation (3.57), one has

an = ZRanAmL * (5'8)

L=1
This equation is called the fully coupled equation. For an uncoupled equation, one
makes the assumption that the cross coupling effects between higher-order modes are so

weak that the energy transferring between different modes is too small to be considered.

So the amplitude of cach reflected mode B,,, consists only of the reflection of its own

incident mode A, which can be written as

mn?

an = RmmzAmn * (59)

However for the fully coupled calculation, according to equation (5.8), the amplitude of
B,, should include contributions of all other higher-order modes with the same value m.
Actually, only a finite number of higher-order modes are considered in the subsequént
prediction, For example, if m =35 in this equation, then only coupling effects between

these five modes are considered, all other higher-order modes contributions are
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neglected. So at this situation, the coupled equation can be called the partially coupled

equatioh.
5.4.1 Theoretical derivation

. The description of the point source boundary condition is given in equation (4.28),
(4.36), (4.41) and (4.42). Combining these equations with the open end boundary
condition given in equation (5.8) and equation (5.9), one can get both the coupled and

uncoupled calculation. In either case, one can get a matrix equation of the general form:

Ay, U]
A U
[X ]| =15 (5.10)
B;("-l) 0
| B, | . -O dpm

in which X is the coefficient matrix for these amplitudes. Its dimension D is decided by
how rhany higher-order modes are considered. For éxample, in this work, 17 modes cut
on in the frequency range that is of interest. The mode with highest m value is (£5,1)
mode; the mode with highest # value is (0, 3) mode. So m =5 and n =5 should be
enough for the calculation (it includes 17 cut on modes and other 38 cut off higher-order

modes).

If m=+5 and n=5, the dimension of the matrix X is 110*110 (2* n+4*[#|* r). That

means the matrix X is a very large matrix. In order to get the solution of these

amplitudes, one should first try to invert the matrix X:

4, ] e

4 U

E =[xlas*i | - (5.11)
By 0

B3, . 10 1oy

But during the inversion, it is noted that the matrix is ill conditioned and is nearly
singular. That means it is impossible to get the correct solution for this mairix. The

reason, which causes the singularity of the matrix X, is there are many indexes contain
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exponential items e %l For this item, if L=-3m and f=1000Hz, one can get

ol Y _
Host = 12 ang @754 = ¢ for (+4, 4) mode and (+5, 5) mode respectively. If

e
the frequency is even lower, this value will be even smaller. Another reason is these
items happen to appear on the leading diagonal of matrix X. So when one tries to invert

the matrix, these items approach infinite and the matrix approaches singularity.

Several possible approaches to overcome the singularity problem are considered as
follow.

1. The first one is re-arrangement of the matrix X. If one can move those items

containing el from the leading diagonal of the matrix or make the elements
on the leading diagonal similar scaled, the matrix X will be well conditioned.
However, this approach is hardly achieved because from (4.28), (4.36), (4.41)
and (4.42), one can see for most of those items that are non-zero contain this

N,

exponential item e™”*~". This means on the leading diagonal of this matrix,

there should be either these exponential style items or zero, but both of these two -

options will cause the singularity of the matrix. So this approach is not an ideal
one.

2. The second approach tries to move the original point of the coordinate system to
the plane where the source is located. As known for those exponential items
¢ Hamal , if L equals zero, those exponential items should all equal 1. However,
as discussed in Chapter 3, the original point of the coordinate system is taken at

the open end of the duct. By doing so, the complex reflection coefficients R,

are independent to the length of the duct. If one moves the original point into

somewhere in the duct, it will cause the reflection coefficients changing as the
length of the duct. This is also not possible.

3. The third approach is the one that is adopted by this work. From those

.7 - i )
exponential items e ™

, it can be seen that the reason why it causes the
singularity of the matrix is before that mode cuts on, the wave number along z-

axis k” is imaginary and multiplied by j, it becomes a real number,

2,0

- - ji Il - - -
subsequently this real number causes e™”**** to be exponential decaying. But if
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one can keep the value of kfm’,, always real, the values of these exponential items

e~ Meme il be complex numbers, then these terms only change phases of those

indexes rather than amplitudes of those indexes. The only way to keep k.

always real is at the boundary condition, only those modes that can be
propagating along the duct are considered and all other cut off higher-order

modes are neglected. Thus contributions from all cut-off modes are ignored.

For the main duct region, at different frequency ranges, there are different higher-order
modes propagating in it, so one should just consider those modes that have been cut on.
For example, ét frequency 500Hz, only (0, 1} mode is considered and included in
matrix X, at frequency 1000Hz, three modes (0, 1), (+1, 1) and (-1, 1) are considered
and at frequency 2600Hz, totally 17 cut on modes (from (0, 1) to ... (+2, 2), (-2, 2) and
(0, 3)) are included in matrix X. So for matrix X, its dimension D is not a constant one, it

is dependent on the number of the cut on modes and increasing with the frequency.

At this situation, the neglecting of those cut off higher-order modes will bring some
errors to the prediction results. In the following sections, comparison would be made
between the actual results (direct measurements) and results obtained from calculation

by using equation (5.11) (predictions).
5.4.2 Experiment measurements and results

The experimental set-up is shown in Fig 5.1 and Fig 5.2. The frequency range is set from
0-2600Hz (frequency step for the measurement is 4Hz). For convenience four
microphones are used to measure the acoustic pressures and particle velocities. One pair
is used to measure the acoustic pressure and particle velocity at the appointed positions
(direct measurements); the other two microphones are used to measure at the two
reference  positions in the main duct, which are located at

(0.15m(100%R),0,— 2.33m(-74.3%L)) and (0.15m(100%R),3* x/4,—1.5m(-50%L))

respectively (reference measurements). The reasons to use two-reference positions

measurement are:
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1. utilising different circumferential angles, it is possible to catch information for
the spiralling higher-order modes; |

2. utilising different z-axis values, it is possible to separate incident waves and
reflected waves more accurately;

3. through two positions measurement, one can reduce those random measurement

errors introduced by using only one position measurement.

According to equation (5.12), if one wants to get the actual values of the amplitudes, the
amplitude of the volume velocity U must be determined first. So the two reference
measurement results are used to obtain the volume velocity of the point source. The
procedure to calculate the amplitudes of the pressures by using the reference
measurement results is given in Appendix E. Following this procedure, the amplitude of

the volume velocity U, as well as the actual amplitudes of 4, and B,, are determined.

After determining the actual amplitudes of different modes, the in-duct field is

successfully decomposed.

First, before considering the comparison between the predicted results with direct
measurement, éomparison is made between coupled and uncoupled predictions for the

“amplitudes of a single higher-order mode. Take (+1,1) modes for example, in Fig 5.4,
three comparisons are plotted, Fig 5.4 a) shows the comparison between the amplitude

of incident mode 4] and reflected mode Bj;; Fig 5.4 b) shows the comparison between

the amplitude of 4;; and A ; Fig 5.4 ¢) shows the comparison between the amplitude of

A} obtained from the coupled prediction and the uncoupled prediction.
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Fig 5.4 Comparison of the amplitudes of (+1,1) modes obtained by theoretical

prediction

Based on the amplitudes obtained, it is possible to predict the acoustic pressure at any
point in the main duct. So before discussing the results shown in Fig 5.4, position 1
located at z=-0.54m is taken as an example. The coupled predicted pressure,
uncoupled predicted pressure and directly measured pressure at this point are shown in

Fig 5.5 (sound source located at J=0.06m(40%R)). In order to show the results

clearly, in Fig 5.5 &) and Fig 5.5 ¢), the linear frequency data is transferred to 1/6 octave
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band

(compared with 1/3 octave band, 1/6 octave band can give more detailed

information at higher normalised wave number range). Fig 5.5 ¢) shows the comparisons

of coupled predictions, uncoupled predictions with direct measurements.

b)
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Fig 5.5 Comparison between coupled, uncoupled predictions with the direct

measurements (sound source located at & = 0.06m(40%R))

From Fig 5.4 - 5.5, it can be seen that,

1.

The amplitude of 4, equals to amplitude of A;;. Which means the amplitudes

of mode (+m,n) and mode (—m,n) are equal, From this figure, it can also be
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seen that the amplitudes of those higher-order modes cut on at the respective cut
on frequencies and then decay very quickly.
2. The coupling effects at the open end of the duct can be neglected, because the
amplitudes obtained from partially coupled prediction are equal to those got from
uncoupled prédiction. From Fig 5.4, it can also be seen that the amplitudes of
A, obtained from partially coupled prediction and uncoupled prediction are
equal. Also from Fig 5.5, it can be scen that the partially éoupled predicted
acoustic pfessure equals to uncoupled predicted acoustic pressure.
3. The errors between those partially coupled prediction and direct measurement
mainly fall into the range +10% of direct measurement (or even smaller), which

are considered to be acceptable.
5.4.3 Effects of the radial location of the sound source on prediction

After discussing the difference between coupled and uncoupled predictions, in this
section, the effects of the radial location of the sound source on the predictions are
discussed. Two sound sources located at & =0m and & =0.06m(40%R) are selected.
The comparison of the errors between partially coupled predictions and direct

measurement of these two sound sources are made.

Fig 5.6 shows the coupled predictions, uncoupled predictions and the direct

measurements when the sound source is located at §=0m and 6 =0.06m(40%RK)

respectively. For clarity, the linear frequency data is transferred to 1/6 octave band and

then the relative error is plotted in Fig 5.7.
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Fig 5.6 Comparison between the coupled predictions and the direct measurements

(a) shows the point source is concentric to the main duct situation (J = Om ); b)

shows the point source is eccentric to the main duct situation (5 = 0.06m(40%R)))
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Fig 5.7 Comparison of the prediction made for § =0m and & =0.06m(40%R) (a)

shows the acoustic pressure when the point source is concentric to the main duct

situation; b) shows the acoustic pressure when the point source is eccentric to the
main duct situation; c) shows the errors between the predictions and the direct

measurements for both situations)

From Fig 5.6 -3.7, it can be seen that
1. For both § =0m and & =0.06m(40%R), the biggest error appears at the very

low normalized wave number range %* R <0.8 , which means this model is

inapplicable to the very low normalized wave number range. This error could be

caused by a resonance in the source duct, because the length of the source duct is
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not considered in the theoretical calculation. However the length of the source
duct affects the acoustic field in the main duct, especially in the low normalized
wave number range.

2. Other than k*R~<0.8, the errors for §=0m fall into +5%of the direct
measurement and the etrors for & = 0.06m(40%R) mainly fall into +10% of the
direct measurement. It is apparently the errors for & =0m are less than those
errors ford = 0.06m(40%R). Because when the sound source is located at
6 = 0m , those axially-symmetric modes, such as (0, 1) mode and (0, 2) mode,

are dominant in. duct; but when the sound source is located at

& = 0.06m(40%R), other higher-order modes appear and dominate in the

respective cut on frequency ranges. So these higher-order modes bring extra
errors to prediction. For example, one can see from Fig 5.7, for

6 =0.06m(40%R), at frequency range 2.5<k*R<3.5, the errors are very
large, because at this frequency, (£1,1) mode and (£2,1) mode cut on and these .

four spiralling higher-order modes dominate in this frequency range.
5.4.4 Prediction for the different circumferential positions

From Fig 5.7, one can sce the effects of those spiralling higher-order modes on the
prediction. In order to test whether or not this model can catch those spiralling higher-
order modes, in this section, predictions for the different points along the circumference
of the main duct will be made. To some extent this highlights the possible errors due to
the spiralling wave front of those axially-unsymmetric higher-order modes. As shown in
Fig 5.2, in the main duct, there are two rings of measurement points. Take the first ring
for example, there are six equally distributed measurement positions. Along this ring,
point 1, point 3 and point 5 are taken and named as position 1, position 2 and position 3

respectively in the following two figures.

Fig 5.8 shows the pressures when the source duct is concentric to the main duct

(6 =0m ) and Fig 5.9 shows the pressures when the source duct is eccentric to the main

duct (& = 0.06m (40%R) ).
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Fig 5.8 Comparison of the errors of different positions along the circumference of
the main duct (the point source concentric situation & = 0m ). (a) shows the direct
measurements at these three positions; b) shows the predicted results for these

three positions; c) shows the errors between the predictions and the direct

measurements at these three positions.)
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Fig 5.9 Comparison of the exrrors of different positions along the circumference of
the main duct (the point source eccentric situation & = 0.06m(40%R) ). (a) shows
the direct measurements at these three positions; 5) shows the predicted results for

these three positions; ¢) shows the errors between the predictions and the direct

measurements at these three positions.)

From Fig 5.8 -3.9, it can be seen that
1. For the concentric situation, Fig 5.8 shows that there is nearly no difference
between the predictions of these three positions, but for direct measurements,
there is a small difference between these three positions, which may be caused by

the measurement errors or the source duct location errors (the source duct is not
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perfectly concentric to the main duct). Even though the measurements of these
three positions are quite similar, and the errors between predicﬁon and direct
measurement are similar and considered acceptable. This means that for the
concentric situation, the in-duct field is really dominant by those axially-

symmetric modes (m=0).

. For the eccentric situation, other higher-order modes cut on and propagate along

the duct. Both predictions and direct measurements for these three positions are
very different due to the spiralling higher-order modes. But by comparing errors
of these three positions, one can see that the errors for all these three positions
are large af normalized wave number range ofl k*R=~3, which is just around
(£1,1), (£2,1) modes cut on. These errors are all different for these three
positions, which means prediction along the circumferential position for
eccentric situation is dependent on the circumferential angle and frequency
range.

No matter whether the concentric or the eccentric situation is considered,
compared with other parts of the frequency range, the low normalized wave
number range (k * R < 0.8) prediction has largest errors, which means this model

is not applicable to the low normalized wave number range.

. Through these two figures, one can see that for both the concentric and the

eccenfric source location, the errors between predictions and direct
meastrements mainly fall into +10% of the direct measurements, which is

considered acceptable for prediction.

Discussion

According to the analysis above, it can be seen that this theoretical decomposition

approach can be successfully applied in the duct terminated with an infinite flange. The

total errors (including the errors caused by the model description, the neglecting of those

cut off higher-order modes and measurement errors at reference points and measurement

points) inherent in this model are considered acceptable.
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Most important of all, it provides an effective and accurate approach for the
decomposition of the in-duct field with the point source. It combines the theoretical and
experimental approach together. Unlike other time-consuming experimental
decomposition approaches, it makes the decomposition of the in-duct field for the
circular ducts without simple aperture devices much easier (only two points

measurement needed).

In next chapter, another type of sound source (the plane wave source) in circular duct

without simple aperture devices will be studied and analysed.
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Chapter 6 Sound field produced by a plane wave source propagating

in a circular duct without simple aperture devices

6.1 Introduction

Two different types of sound source have been introduced and the acoustic properties of
the sound field produced by the point source in circular duct have been discussed. The
acoustic field produced by another type of source, the plane wave source, in circular duct -
will be introduced in this chapter, In Chapter 4, the plane wave source is introduced and
its properties and description are presented. Also in Chapter 3, sound radiation from the

open end of the circular duct is discussed and the complex reflection coefficients R,

are obtained. Based on the reflection coefficients R_,, one can get the relationships

mnlL *
between the incident and the reflected waves in duct. In this chapter, consideration is
given to combine these two boundary conditions together and hence the acoustic

properties in circular duct without simple aperture devices.

As discussed by C. L. Morfey in Ref [33], it is difficult to decompose the in-duct field
experimentally, especially when there are many higher-order modes propagating in
circular duct. In order to achieve the effective decomposition, at least 2* N independent
different measurements for N higher-order modes propagating in the duct are needed
and any inaccurate measurement will introduce errors to the final results. So in this
chapter, based on the theoretical descriptions of these two boundary conditions, only two
reference measurements (either in source region or main duct region) are required for the
decomposition of the in-duct field. Also in this chapter, the effects of the length of the

duct and the eccentric locations of the sound source are investigated.
6.2  Theoretical derivation

For the open end of the duct, equation (3.57) is obtained to describe this open-end

boundary condition:

an =ZRanAmL " (6'1)
L=1 '
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Also for the plane wave source boundary condition, equation (4.11) to equation (4.18)

are obtained. So from these two groups of the equations, one can get the matrix below,

-SBOE -SAm |

[X ]D‘D SBW = SA;" (6.2)
An 0
-B;” D —O DY,

in which X is the coefficient matrix for these amplitudes. Its dimension D is also decided

by how many higher-order modes are considered.

However compared equation (6.2} with equation (5.10), it is noticed that one extra item

SB

mn ?

which are the amplitudes of the reflected waves in the source duct region, appear
in this equation. So if m=%5 and n=35, the dimension of the matrix X should be
165*165 ((n+ 2*|m|* nYH(2* n+4*|m* n)) rather than 110*110 (2* n+ 4*|m| *n) for

the point source situation. Still one should first try to invert the matrix X to get the

solution.
[ SBy, | [S4y, |
SB™ SA~
ma - [X];)l*D £ mi _‘ (6.3)
Ay 0
B_ . 0 dD¥ .

L%mn 1pw L
During the matrix inversion, it is also noted that the matrix is ill conditioned and

approaches singular. Similar to the analysis presented in Chapter 5, the third approach is

. selected to keep k”  always real at the source boundary. So for the main duct region,

zmn
only those modes that can propagate along the main duct are considered in this matrix.
Again at different frequencies, there are different higher-order modes propagating in the
duct. For the source duct region, because the radius of the duct is » =0.024m, there
should be only the plane wave propagating along the source duct in the frequency range

from 0—2600Hz. So only (0, 1) mode is considered for the source duct region.




6. Sound field produced by a plane wave source propagating in circular duct without aperture devices

By considering only those modes that have cut on in both the main duct region and the

source duct region, one can rewrite equation (6.3) as follow,

5B, | [SA4,™R /2]

Ay SAye”™ R}

s kP, 4 (64)
By 0

B, o -0 dpu,

From this equation, it can be seen that for the source duct region, only (0, 1) mode is
considered. Of course, if the radius of the source duct is larger, other higher-order modes
should be cut on at this frequency range, so one should just include those cut on modes
in this equation. However in this chapter, it is assumed that the source duct can

propagate only the plane wave and this is why it is called the plane wave source.

In this situation, the neglecting of those cut off higher-order modes will bring some
errors to the results obtained from equation (6.4). In the following sections, comparison
will be made between the actual results (direct measurements) and results obtained from

this equation (predictions).
6.3  Experiment measurements and results

In order to get the modal amplitudes, the experimental set-up used is shown in Fig 6.1
and Fig 6.2. A 0.94m long duct with radius 0.024m acts as the source duct. On one end
it is connected to a speaker from which a sound wave is produced, on the other end, it is
connected to a rigid circular plate. This plate is placed at one end of the main duct, the
other end of the main duct is left open and one large wooden plate is used as the rigid
baffle.

The detailed experimental set-up is given in Fig 6.2 and the equipment set-up and
connections are given in Appendix A. From this figure, it can be seen that there are three
measurement points in the source duct region, in which the single one is used as

reference measurement and two closely located (20mm) points are used for the

microphone pair measurement. For the main duct region, there are two rings of
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measurement positions which are located at z=-0.18m and z =-0.54m from the open
end of the main duct. Each ring contains six equally circumferential positioned

measurement points. At each point, two closely located { 20mm ) holes are drilled on the

duct wall, which are used for microphone pair measurement {(acoustic pressure and
particle velocity). The origin point of the coordinate system is taken at the centre of the
open duct end plane. There are also two reference measurement points in the main duct,

which are located at (0.15m,0,—2.33m ) and (0.15m,3* 7 /4,—1.5m ) respectively.

Fig 6.1 The picture of the plane wave source set-up for the measurement
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Fig 6.2 Detailed sketch of the plane wave source measurement sei-up

Because the sound source is a constant one, the acoustic fields it produces in the source
duct and the main duct are also constant. Consequently it does not need many
microphones to measure simultaneously to catch those acoustic properties both in the
source duct and the main duct. For convenience four microphones are used to measure
acoustic pressures and particle velocities at appointed positions. For the measurement in
the main duct region, one pair is used to measure acoustic pressure and particle velocity
at the appointed positions (direct measurements); the other two microphones are used to
measure at those two reference positions in the main duct, which are located at the
positions with different z-axis and circumferential angle (reference measurements for
prediction). The reasons for using two-reference positions measurement are given in

Chapter 5.

For the measurement in the source duct region, only three microphones are used. One
pair is used to measure acoustic pressure and particle velocity at appointed positions
(direct measurements); the other one microphone is used to measure at the reference

position, Because only the plane wave propagate in the source region, so it is assumed

one point measurement is sufficient for the prediction.
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In order to obtain the amplitudes of those acoustic properties, it is necessary to know the

amplitude of the incident wave S4,, first. However it is quite difficult to get this value.

So two methods are proposed.

The first method (Method 1) is proposed as below:
First let the amplitude of the incident wave SA4,, be 1, then substitute it in equation (6.4),

one can get other amplitudes (not the actual values but the relative ones) such as, SB,,,
Ay» By .... . Then substituting SB,, and the coordinate of the reference point
Z = -l into equation below,

p=5S4,e™ +8B,e M . | (6.5)
Let this value equal acoustic pressure measured directly at this point, one can get the real
values of the amplitudes S4, and SB, . Then substituting these values into equation

(6.4) again, one can get those amplitudes A,,, By, ... in the main duct.

Substituting these amplitudes and the coordinate of the this point (#,6, L) into equation

below,
P= 3 kA + Ay
m=0 =1 (6.6)
+(BLe7™ + B, e )e )

one can predict the acoustic pressure at the measurement point. By comparing this value
with the direct measurement, one can see whether or not this method works. If it works,
one can also see how large are the errors brought in by neglecting those cut off higher-
order modes. This method is named the source duct region measurement prediction and
is known as Method 1.

Sometimes it is difficult to measure at the source region because of the small radius, so a
second method (Method 2) is proposed. The procedure of the calculation in this method
is given in Appendix F. Comparing with the former method (Method 1), this method is

named the main duct region measurement prediction and is known as Method 2. Of

course, one can also predict the source region with this method.
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As discussed in Chapter 5, if the sound source is located at the centre of the duct, it can
only produce and propagate axially-symmetric higher-order modes (m = 0). However if
the sound source is located at other points rather than the centre of the duct, all other
higher-order modes begin to propagate along the duct. So three situations, shown in Fig
6.3, are considered in the following sections, one situation is the source duct is
concentric to the main duct; the other two situations are the eccentric distance of source

duct is & = 0.06m(40% R,) and & = 0.09m(60% R, ) respectively from the centre of the

main duct. Comparison will be made on the effects of eccentric distance on the errors of

the prediction.

| (40%R) /

Concentric Eccentric Eccentric

situation situation 1 sifuation 2.

Fig 6.3 The relationship of the source duct with the main duct

In order to show the differences between these two methods, the three source duct —

main duct relationships discussed above (concentric,d =0.06m(40%R,) and
= O.O9m(6O%R0))'are considered. The results for these three situations are similar
and the worst one, which is the source duct is located at § = 0.09m(60% R,), is selected

to show the results (results of other two situations are better).

Two figures are plotted to show the results obtained from these two methods for this
situation (& = 0.09m(60% R, ) ). Fig 6.4 shows the comparison of the predictions and the

direct measurements using Method I, which is using the reference measurements in the

source duct region to do the prediction. Fig 6.5 shows the comparison of the predictions
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and the direct measurements using Method 2, which is using the reference measurements
in the main duct to do the prediction. In each figure, a) shows the coﬁlparison of the
predicted pressure with the directly measured pressure in the main duct region; b) shows
the comparison of the predicted pressure with the directly measured pressure in the

source duct region;
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Fig 6.4 Comparison of predictions and direct measurements for Method 1
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Fig 6.5 Comparison of predictions and direct measurements for Method 2

From Fig 6.4 -6.5, it can be seen that:
1. There are some errors between prediction and direct measurement for the main
duct region, especially at the very low normalised wave number range

(0< k*R~<0.8). Apart from that frequency range, both of methods work well in

the prediction of acoustic pressure for the main duct region.

2. The errors between the predictions and direct measurements for Method 2 are |
smaller than those for Method 1 both in the main duct region and in the source
duct region. The reason for this is mainly because the measurement in the main
duct region can catch the higher-order modes information more accurately.
However for the measurement in the source duct region, only the plane wave is
considered in this region, although one can see the effects of the higher-order
modes from the measurement, but the detailed information of those higher-order

modes is difficult to be measured directly in the source duct region.
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Using these two methods, through the measurement at only one reference point in the
source duct region or two reference points in the main duct region, one can predict the
acoustic properties of the whole in-duct field, such as acoustic pressure, particle
velocity, etc, at any point both in the source duct region and the main duct region. This
makes decomposition of the in-duct field much easier. Then the in-duct field can be

decomposed into the different higher-order modes.

In the following sections, comparison will be made between coupled predictions and
uncoupled predictions, including the effects of the length of the main duct on the
predictions and the effects of the radial location of the sound source on the predictions.
The method used in the following sections is Method 2, which is to predict in-duct field
through the measurement at the reference points in main duct region rather than in
source duct region. The reasons to do so are:

1. Method 2 is more accurate than Method I,

2. it is easier to do the measurement in the main duct. Because the radius of the
source region is very small, sometimes it is difficult to measure in that region,
especially in Chapter 5, for the point source, the measurement in the point source
duct region is impossible;

3. the measurement in the source duct region can bring more errors to the results,
because it is more difficult to make %% microphone flush mounted to the wall of
the duct with such small radius, so the intruding part of the microphone will

cause disturbance to the measurements in this region.
6.4  Difference between the coupled and uncoupled prediction

For the main duct open end boundary condition, one can get the relationship described in
equation (6.1). For this equation, if other modes contributions are considered, it is called
the coupled equation. If other modes contributions are neglected, it can be written as,

B, =R,d,, - 6.7
which is called the uncoupled equation.
Applying equation (6.1) and equation (6.7) separately into equation (6.2), one can get

two groups of results, one is called the coupled prediction and the other is called the
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uncoupled prediction. Through the comparison of these two different predictions, one
can see the coupling effects between different higher-order modes at the open end of the
duct. If the difference is negligible, the coupled equation can be substituted by the
uncoupled one, which makes the calculation simpler and easier. Because only the
acoustic propertieé in the main duct are of interest in this investigation, only

comparisons in the main duct region are shown below.

All three situations shown in Fig 6.3 are considered and two situations (concentric and
é =0.06m(40%R,) ) are chosen and plotted in Fig 6.6. Fig 6.6 a) shows the coupled,
uncoupled predicted pressures and directly measured pressures for source duct
concentric situation; Fig 6.6 ») shows the coupled, uncoupled predicted pressures and
directly measured pressures for source duct located at & = 0.06m(40% R,) situation;

Acoustic pressureé In the main duct {Concentric situation)
90

——¢Coupled Prediction
_| == -Uncoupled Prediction) |

]| TR WO 4 IO O | = - Direct measurement

a)-

Pressure (dB}
2

-
~Goupled Prediction
S =-=+Uncoupled Prediction B
~=Direct measurement

b

Pressure {dB)

i j _ -
k2 4 & 6 7
k'R {Normalised wave number},

Fig 6.6 Comparison of the coupled and uncoupled predictions with direct
measurements in the main duct region for concentric and

8 =0.06m(40% R,) situations
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In order to show the results more clearly, the source duct concentfic situation is chosen
and the results are transferred to 1/6 octave band and shown in Fig 6.7 (errors between
predicted and direcﬂy measured pressures for other eccentric situations will be shown in
Fig 6.10 and 6.11). Fig 6.7 a) shows the coupled, uncoupled predicted pressures and
diréctly measured pressures; Fig 6.7 ) shows the errors between coupled and uncoupled
predicted pressures; the errors between coupled predicted and directly measured
pressures; the errors between uncoupled predicted and directly measured pressures.

Acotstie pressure in the maln duct
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30 I 1 — -l | i
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g :
] : : ; i
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== imeasurement-incoupled)measureient
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| | |
1 z 3 4 L] B 7
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Fig 6.7 Comparison of the difference between uncoupled, uncoupled predictions

with direct measurements (source duct is concentric to the main duct)

From Fig 6.6 - 6.7, it can be seen that:
1. There is nearly no difference between coupled and uncoupled predictions, which

means the cross coupling effects at the open-end of the main duct between
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6.5

different higher-order modes are negligible. In this situation, the coupled
prediction is not a perfect one because it only considered the cross coupling
effects between those cut on modes; actually it should be referred to as the

partially coupled prediction.

. Both coupled and uncoupled predictions agree well with direct measurements for

both concentric and eccentric situations. Especially for the concentric situation,
from Fig 6.7, it can be seen that apart from the low normalized wave number
range, the errors between predictions and direct measurements mainly fall into
the range of +5% of the direct measurements, which is considered acceptable.

Similar size errors are found for the two eccentric situations.

. The errors introduced by the neglecting of those cut off higher-order modes are

very small for all three different situations (concentric and eccentric situations).

Which means that the approach adopted to eliminate the imaginary exponential

M -'Jk:}m nL :
items e """ is acceptable.

Effects of the length of the duct on prediction

After discussing the difference between coupled and uncoupled predictions, attention is

paid to the effects of the length of the duct on the accuracy of the prediction. Because as

discussed before, the origin of the coordinates is set at the open end of the duct, the

source boundary condition is related to the length of the duct ( g~ emal ). So in this

section, another 0.53m long duct with the same radius (R, = 0.15m ) is used as the main

duct, the plot of the experimental set-up is given in Fig 6.8. The purpose of testing ducts

- with different lengths is to check that the errors in the prediction are independent of the
length of the duct.

-107 -




6. Sound field produced by a plane wave source propagating in circular duct without aperture devices

Reference Bajfle
measirement
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Fifdies
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N _
Source duct 180 mm
| 200m

Direct measurement
points

Fig 6.8 The plot of the experimental set-up of the short duct

Two situations, which are source duct concentric to the main duct and source duct

eccentric to the main duct (5 = 0.06m(40%R,)), are considered. The predictions of

acoustic pressures in the main duct region are made for both the long duct and the short
duct. The results are shown in Fig 6.9 and Fig 6.10. For clarity, the results are shown in
1/6 octave band rather than linear frequency. Fig 6.9 shows the comparison when the
source duct is concentric to the main duct; Fig 6.10 shows the comparison when the
source duct is eccentric to the main duct (8 = 0.06m(40% R, )). In each figure, a) shows
the predicted pressures and directly measured pressures in the long duct; 4) shows the

predicted pressures and directly measured pressures in the short duct; ¢) shows the errors

between predicted pressures and directly measured pressures for both situations,
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Fig 6.9 Comparison of the predictions with direct measurements for long duct and

short duct (source duct is concentric to the main duct)
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Fig 6.10 Comparison of the predictions with direct measurements for long duct and

short duct (source duct is eccentric to the main duct § = 0.06m(40%R,))

From the comparison shown in Fig 6.9, it can be seen that for the concentric situation the
errors for short duct are similar to those for long duct, most of them fall into the range of
+ 5% of the direct measurements (apart from low frequency range). However for the
eccentric situation shown in Fig 6.10, the errors for the short duct are a little bit larger
than those for the long duct {most of them fall into the range of +10% of the direct
measurements). The reason for this is if the main duct is too short, the plane wave and
some higher-order modes cannot fully develop in the duct, so there should be some

errors for the prediction made using the measurement in the main duct. So if the length
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of the main duct is not too short, the errors of the prediction are considered acceptable

and the effects of the length of the duct on the prediction can be ignored.
6.6  Effects of the radial Iocation of the sound source on the prediction

In this section, the effects of the radial location of the sound source on the predictions
are discussed. The three different source duct— main duct relationships shown in Fig 6.3

are tested. Comparison is shown in Fig 6.11.
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Fig 6.11 Comparison of the errors for the concentric and eccentric source situations

(@) shows concentric situation; b) shows & = 0.06m(40% R,) situation; c) shows
J =0.09m(60% R, ) situation; d) shows comparison of the errors of these three

situations
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From this figure, it can be seen that even for the eccentric situations, the predictions
agree well with the direct measurements. But the errors for the eccentric situations are
larger than those for the concentric situation. This is because, for the concentric
situation, only those axially-symmetric higher-order modes, such as (0, 1) mode and (0,
2) mode are dominant in the main duct; on the other hand, for eccentric situations,
axially-unsymmetric higher-order modes, such as (£1,1) modes and (+2,1) modes, are
dominant in the main duct and there are more of these modes. These spiralling higher-

order modes bring some extra errors into the prediction.

Also through the comparison of those two eccentric situations, as expected, one can see

that the errors for the & = 0.09m(60% R, ) situation are a little bit larger that those for the
& =0.06m(40% R,) situation, which means the further the distance of the sound source

from the centre of the main duct, the larger errors are produced in predictions,
6.7  Predictions for different circumferential positions

In Chapter 5, comparisons between predictions for different circumferential positions are
made and from the analysis one can see that for the point source situation, the model
proposed can catch those spiralling higher-order modes accurately. So in this section, for
the plane wave source situation, the procedure in Section 5.4.4 is repeated to test the

accuracy of the predictions for different circumferential positions.

So predictions for different points along the circumference of the main duct are made.
To some extent this highlights the possible errors due to the spiralling wave front of
those axially-unsymmetric higher-order modes. As shown in Fig 6.2, at the main duct,
there are two rings of measurement points. Take the first ring for example, there are six
equally distributed measurement positions. Along that ring, point 1, point 3 and point 5
are taken and named as position 1, position 2 and position 3 respectively in the following

two figures.

Fig 6.12 shows the situation when the source duct is concentric to the main duct and Fig

6.13 shows the situation when the source duct is eccentric to the main duct
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8 = 0.06m(40% R,) ). In these two figures, a) shows the direct measurements at these
( 0 &y g

three positions; b) shows the prediction results for these three positions; ¢) shows the

errors between predictions and direct measurements for these three positions.
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Fig 6.12 Comparison of the errors for three different positions along the

circumference of the main duct (concentric situation & =0m )
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Fig 6.13 Comparison of the errors for three different positions along the

circumference of the main duct (eccentric situation § = 0.06m(40% R,))

From Fig 6.12- 6.13, the similar conclusions as in Chapter 5 are drawn as follow,

1. For the concentric situation, Fig 6.12 shows that there is no difference for the
predictions of these three positions, but for direct measurements, there is a small
difference between these three positions, which may be caused by the
measurement errors or the source duct location errors (the source duct is not
perfectly concentric to the main duct). Even though the measurements of these
three positions are quite similar, and the errors between predictions and direct

measurements are similar and considered acceptable. This means that for the
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concentric situation, the in-duct field is really dominant by those axially-
symmetric modes (m=0).

2. For the eccentric situation, other higher-order modes cut on and propagate along
the duct. Both predictions and direct measurements for these three positions are
different, which is caused by the spiralling higher-order modes. But by
comparing errors of these three positions, it can be seen that these errors are

different at different normalized wave number range. For example, before (+1,1)

modes cut on, the errors for these three positions are nearly the same and after
(£1,1) mode cuts on (£ * R = 2), the errors for these three positions are different,
This means prediction along the circumferential position for the eccentric
situation is dependent on the circumferential angle and frequency range. But the
errors for these three positions mainly fall into 10% of the direct measurements.
3. For either the concentric or eccentric situation, the low normalized wave number
range (k* R < 0.8) prediction has the largest errors, which means this model is
not applicable for the very low normalized wave number range. The possible

reason for this error is given in Chapter 5.
6.8 Discussion

From the analysis presented in this chapter, it can be seen that the model proposed to
describe the plane wave source boundary is acceptable. The total errors inherent by this
model are acceptable. This model still provides an effective and accurate approach for
the decomposition of the in-duct field with the plane wave source. It combines the
theoretical and experimental approaches together and makes the decomposition of the

in-duct field much easier.

Also by comparing the prediction results for the point source and the plane wave source,
it can be seen that the errors for the plane wave source are smaller than those for the
point source. This is because the source duct, used to act as a point source in the
experiment, is not a perfect one (actually, the smaller the radius of the source duct, the

more like it acts as a point source). However the errors are considered small enough to

justify the applicability of this model for both source types.




6. Sound field produced by a plane wave source propagating in circular duct without aperture devices

In Chapter 5 and this chapter, two types of sound sources (the point source and the plane
wave source) in circular ducts without simple aperture devices .are studied and the results
obtained from these models are considered acceptable. In the following chapters, simple
aperture devices (with one or more circular orifices} will be placed in the circular duct

and the effects of these orifices on the in-duct field will be studied.
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Chapter 7 Sound field produced by a point source propagating in a

- circular duct with simple aperture devices

71 Introduction

Circular ducts are Widely used in many engineering aspects, such as ventilation ducts
and mufflers. Usually there are some devices installed in the ducts either for noise
" control or flow control. So in order to achieve these controls, the effects of these devices
on the acoustic fields need to be fully understood. Significant previous works, such as
Ref [51] to Ref [53], have been done on different types of devices in circular ducts, but

none can provide a generic solution for the effects of the devices on the in-duct field.

The following is based on the study of the acoustic properties of a point source in a
circular duct without an aperture device as described in Chapter 5. In this chapter, a
simple rigid device with different numbers of circular orifices (single orifice, two
orifices and several orifices) is placed in the circular duct and its effects on the acoustic
field will be studied. One model is proposed to describe the boundary conditions
between the main-duct field and the orifice field. Combining these boundary
descriptions with those of the source boundary and open end boundary descriptions, it is
possible to get a solution for the amplitudes of the various modes. From the knowledge
of these amplitudes, one can study the effects of an aperture device on the acoustic field
in detail, especially those effects of the numbers of the orifices; the effects of the
comparative cross section positions of different orifices and the effects of comparative
cross section position of the point source with those orifices. After getting the theoretical
predicted results, measurements of the acoustic field in the duct with same aperture

devices are made to compare with those theoretical calculations.

7.2 Aperture device with a single orifice

7.2.1 Theoretical derivation

As shown in Fig '7.1, when there is a simple aperture device (shown in Fig 7.2) placed in

the duct, the whole system can be divided into five regions, which are region 1 (radiation
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According to previous analysis, the acoustic pressure and particle velocity in a circular

duct can be written as (for incident wave):

P(r,z,0) = ZZJ (k, o) A, e (7.1)
U(rzw)" 2 X 2T ) Ay e (7.2)
m=—0 n=l

So in Fig 7.1, for region 4, one can write the acoustic pressure as follow, for positive'

direction travelling wave,

Py=4,e jkz"'ZAo J( on")e_ﬂ(zo”

) (7.3)
DD Tkl PN A" Ye o
m=1 n=1
For negative direction travelling wave,
P, =B,e™ + ZB%J !, n,.)eﬂfzunz
2~ (7.4)
+ ZZ Jm( r.m, nr)(B;ne—jm¢ + B;nejmqo )e_'}kz’m’"z .
m=1n=1
For region 3,
P.=Cye ™ + Z C,, o (K r)e™ /ot
o~ (7.5)
+ ZZ Jm k:]m "r)(cr';ne-jmg) + C_ e_,'mg:r )e kz "”'z ,
m=1n=1
P, =Dy’ +3 D, Jo (k" r)e’een
2 ” (7.6)
+ szm (k:[m nr)(D;ne_f’”W + D;nejmw)eﬁ:z‘m_,,z .
m=1n=1
For region 2,
Py = Eye " + Z E,J, (kff},nr)e"jk’-"-"z
o0 o0 " (7.7)
+ 3 Tk W EEe ™ + E e Ve ot

m=1ln
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) i o I
PF — Ene,rkz +ZFOnJ0 (kw r)e.lkz,o,nz

r0.n
n=2

S i i s i
: +ZZJm(kHI r)(F,:,,e‘m +F e}!ﬂ?)eﬂ’z_m,,,z .

F, R 1

(7.8)

m=1n=1
In which the items with superscript [ are the values for region 4, the items with
superscript /7 are the values for region 3, the items with superscript JI7 are the values for

region 2.

At boundary 1 (duct end boundary), according to the analysis presented in Chapter 4,

from the continuity of the acoustic properties between region 1 and region 2, one can

get,

an = ZRanEmL L (7'9)
L=l

At boundary 2 and boundary 3, the boundary condition continuity can be given as below,

At boundary 2, for the continuity of the acoustic pressure, there is:

P+ Psz=_L3 =P + PF| (over S,). (7.10)

Z=—1L3

For the continuity of the particle velocity, there are:

Ue+Up|, s =Us+Us|,._,, (over §,), (7.11)

Z=—L3

Up +Ugl,._,, =0 (over (S-5))) . (7.12)

At boundary 3, for the continuity of the acoustic pressure, there is:

PotPy|, =P+ P, (over S,). (7.13)

=~L3-L2

For the continuity of the particle velocity, there are:

Ue +Up| =U, +U| (over S,), (7.14)

Z==L3=-L2 Z=—L3-L2

U, +Uy| 0 (over (S-8,)) . (7.15)

Z=-13-12

In which S, is the cross section area of the orifice, S is the cross section area of the main

duct, (S - S)) is the area difference between the main duct and the orifice.

At boundary 2, for the acoustic pressure boundary condition, following the derivation

procedure presented in Appendix C, the following equations can be obtained:
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For the particle velocity boundary condition, following the derivation procedure
presented in Appendix D, the following equations can be obtained:
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At boundary 3, for the acoustic pressure boundary condition, following the derivation

procedure presented in Appendix C, the following equations can be obtained.
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For the particle velocity boundary condition, following the derivation procedure

presented in Appendix D, the following equations can be obtained:
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Boundary 4 is the boundary between the point source and the main duct, as discussed in

Chapter 4, equations (4.28), (4.36), (4.41) and (4.42) have been obtained for this
boundary.
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So now, a complete description for all these four boundary conditions has been obtained.
Combining equation (7.9), equation (7.16) to equation (7.31) with equations (4.28),
(4.36), (4.41) and (4.42), an equation group for the solution of the acoustic properties in

circular duct with a simple aperture device is given as follow,

bl 77| =[] RCES

txy

R P
in which X is the coefficient matrix for these amplitudes. Its dimension D is decided by
how many higher-order modes are considered in both the main duct region and the
orifice region. For example, in this research project, as discussed before, 17 modes are
cut on in the main duct region at the frequency range that of interest. The mode with

highest m value is (£ 5,1) mode; the mode with highest n value is (0, 3) mode. For the

orifice region, the number of the modes cut on is dependent on the radius of the orifice.
But the radius of the orifice can only be smaller or equal to the radius of the main duct.

So at frequency range (—2600 Mz, there are at most 17 modes cut on in the orifice

region. Thus m =+5 and n=5 should be sufficient for the calculation.

If m=15 and n=5, the dimension of the matrix X should be 330*330

3*(2*¥n+4%|m|*n)). That means compared with the matrix appeared in Chapters 5
PP

and 6 for duct without an aperture device, matrix X is a significantly larger one. So in
order to keep this matrix well conditioned, the method used in the former two chapters to
solve the singularity problem of the matrix will be also adopted here. By only
considering those higher-order modes which have been cut on in both the main duct
region and the orifice region, one can make sure that the powers of the exponential items
"= appeared in matrix X will be always complex numbers rather than real numbers.
So for the matrix X, at this situation its dimension D is not a constant one, it is dependent

on the numbers of cut on modes and increases with the increasing frequency.

After treating the matrix X in the manner described above, one can just multiply both

sides of the equation (7.32) with the inversion of the matrix X, then the solution for this
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equation group is obtained which give the amplitudes, such as 4,,, B,,, Cons Dys

E,  and F,_ (the detailed procedure is given in Appendix E).

7.2.2 Experimental set-up and measurement results

According to the theoretical derivation described above, it can be seen that there is no
limitation or requirement for the thickness of the aperture devices and the radius of the
orifice. However if the thickness of the device is too small, then the descriptions for
boundaries 2 and 3 are so similar that the matrix X approaches singularity. Also in
engineering situations, the thickness of the aperture device is normally not very large
compared to wavelength. So in this investigation, the thickness of the aperture device is
taken as L = 0.025m which gives a range of & * L values from 0 to 1.2. As shown in Fig
7.2, two different orifice radii are selected, which are » =0.03m (open area is 4% of
total area) and r=0.02m (open area is 1.7% of total aiea) respectively. Through the

selection of different numbers of orifices, one can get different open areas.

The experimental set-up is shown in Fig 7.3. It is quite similar to the experimental set-up
adopted in Chapter 5. The aperture device is placed in z =-0.4m (-13.3%L). Two rings
of measurement points, located at z=-0.54m (-18%L) and z=-0.18m (-6%L)
respectively, are taken for appointed position measurements (direct measurements) in
the before orifice field and the after orifice field. Two reference measurement positions,
located at (0.15m(100%R),0,— 2.33m(-74.3%L)) - and
(0.15m(100%R),3* 7 /4,~1.5m(-50%L)), are taken for the reference measurement in

- the before orifice field.
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Circumference measurement
positions arrangement

Spedaker

y
N |

Source duct

Apert
devicd

Reference
measurement points

divect méasurement
points

Fig 7.3 Experimental set-up for acoustic properties measurement before and after

aperture device

In order to show the effects of the aperture device on the acoustic properties in the
circular duct, two situations, which are the sound source is concentric and eccentric to
- the main duct respectively, are selected and the acoustic pressures measured at positions

before and after orifice are shown in Fig 7.4.

Fig7.4 a) and b) show the acoustic pressures when the sound source is concentric to the
main duct. In which, ‘without aperture device’ means there is no aperture device in the
duct; ‘with aperture device’ means there is a device with a single orifice which is also
concentric to the main duct (Situation 1 in Fig 7.6) in duct. Fig7.4 ¢) and d) show the
acoustic pressures when the sound source is eccentric to the main duct

(6 =0.06m(40% R,)). Again in which, ‘without aperture device’ means there is no

aperture device in the duct; ‘with aperture device’ means there is a device with a single

orifice which is also eccentric to the main duct (Situation 4 in Fig 7.6) in the duct.
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Acoustic pressure in the before orifice field[region 4] (concentric situation om)
I —

)

Pressure (dB)

b}

Pressure (d8)

Acoustic pressure in the before orifice Reld]reglon 4] (eccentric situation 0.05m{40%R}}
[ ! : P i,

t)

pressure (dE)

Acousfic pressure inthe after orifice fieldregion 2 {eccentric situation 0.06m{40%R))

T r I

v j"-mmput aperture _device ..
== With aperture device

Pressure {dB)

KR {Normalised wave number)

Fig 7.4 Comparison of the acoustic pressures measured at different positions for

without aperture device and with aperture device situations

From this figure, it can be seen that at the very low normalized wave number range
(k* R <0.8), there is nearly no difference between these two situations. Which means
the presence of the aperture device does not affect the acoustic pressures both before and
after the aperture device in this normalized wave number range. In this situation, the
device thickness is small compared to wavelength, However if the normalised wave
number is larger than 0.8, there are some differences between these two situations,
which means the presence of the aperture device has an effect on the acoustic properties

in the circular duct. Compared with its effects on acoustic field in the region before
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aperture device, its effects on acoustic field in the region after the aperture device are

larger, especially for higher normalised wave number range (k¥ * R > 5).

In following sections, the effects of the aperture device on acoustic field are studied in

detail.
7.2.3 Comparison of coupled and uncoupled predictions

In Chapter 5, for a duct without an aperture device, it is concluded that at the open end
of the duct, the cross coupling effects between higher-order modes can be neglected. So
in this section, these cross coupling effects are reconsidered when there is an aperture

device in the duct.

Several combinations of the comparative source-orifice relationships, such as,
concentric-concentric, concentric-eccentric, eccentric-concentric and eccentric-eccentric,
are considered. The results are similar and only one comparative source-orifice
relationship, which is eccentric-eccentric (Situation 5 in Fig 7.6), is chosen and the
results are shown in Fig 7.5. Fig 7.5 a) shows coupled prediction, uncoupled prediction
and direct measurements for the before orifice field; Fig 7.5 5) shows coupled

prediction, uncoupled prediction and direct measurements for the after orifice field; Fig

7.5 ¢) shows the difference between coupled and uncoupled predictions both for the
before orifice field and the after orifice field.




7. Sound field produced by a point source propagating in a circular duct with simple aperture devices
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Fig 7.5 Comparison of coupled, uncoupled prediction with direct measurements for

the before orifice field and the after orifice field

From this aperture it can be seen that for the after orifice field, there is a little difference
between coupled and uncoupled predictions when the normalised wave number is larger
than 4. However this difference is so small (less than 0.5%) that it can be neglected. For
the before orifice field, there is no difference for coupled and uncoupled predictions,
which means that the cross coupling effects shown in equation (3.57) between those
higher-order modes at the open end of the duct is negligible. So in following analysis,

these cross coupling effects are not considered and it is assumed at the end of the duct,

no cross coupling effects occur.
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7.2.4 Comparison of predictions with direct measurements for a device with

single orifice

For an aperture device with a single orifice, six comparative source-orifice relationships
{shown in Fig 7.6), which are concentric-concentric, concentric-eccentric, eccentric-

concentric, eccentric-eccentric (three different situations), are considered.

For all situations shown below, the acoustic pressure plotted for the before aperture field

is taken at the point with coordinate (0.15m,7/3,-0.54m), which is
(100%R, 7 /3,~-18%L) in non-dimensional form; acoustic pressure plotted for the after
aperture field is taken at the point with coordinate (0.15m,7/3,—0.18m), which is

(100%R, 7 /3,— 6%L) in non-dimensional form.

Situation 1 Situation 2 Situation 3

KX 7 {
VANIPANG

Situation 4 Sitnation 5 - RSituation 6

T T ST
PANPAVY:

o Sound source O Orifice

Faf

AN

90

4

Fig 7.6 Comparative source—orifice relationships for device with single orifice
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Not all situations shown in Fig 7.6 are displayed, because the results for some situations
are quite similar. So four situations are selected and shown below. In each figure, a)
shows the acoustic pressure for the before orifice field; ») shows the acoustic pressure
for the after orifice 'ﬁeld; c) shows the errors between predictions and direct
measurements for both the before orifice field and the after orifice field. In order to show
these errors clearly, the results are transferred into 1/6 octave band. Fig 7.7 shows the

concentric—concentric situation (Situation 1 in Fig 7.6).

| Acoustic pressure for the before orifice field

B0 T T T T :
|: : Cod L —— Prediction -
‘ , 0 | == Direct measurement [
| ; :
560
D.
£ 50
]
-
Ea-
0
20
B0 T :
; ++=Prediction
= =~Direct measurement |~
bl H

EREES =pysreeren RIUE F TSR SRS S SRRL O

Pressuro [dB)

i I i i
3 ¥ ) 6 ?

~—— Before orifice field —|
wovief i Aoy oifice field [

2
Errors (%)

KR Normalised wave number)

Fig 7.7 Comparison of the acoustic pressure for both the before orifice field and the

after orifice field for device with single orifice (Situation 1 in Fig 7.6)
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Fig 7.8 shows the concentric—eccentric situation (Situation 2 in Fig 7.6).

Acoustic pressure for the before orifice field

i — T ! r | :
o : ! = : ~—Prediction
17 Direct measurement]”
3 @ :
.
-]
L]
]
g
.
1 2 3 4 5 6 7
Acousstic pressure for the after orifice field
80— T T — T .
: = Prediction
_ == Direct measurement|
by @
¢
=
7]
a
2 [ i j i [ i
1 2 3 4 § ] 7
Errors between prediciton with measurement{measurement-prediction)mieasurement
{ = Before orifice fieid
T —=After orifice fleld [™
EI- H 1
g &

KR (Normalised wave number)

Fig 7.8 Comparison of the acoustic pressure for both the before orifice field and the

after orifice field for device with single orifice (Situation 2 in Fig 7.6)
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Fig 7.9 shows the eccentric—eccentric situation (Situation 6 in Fig 7.6), for this one it can

represent other similar situations, such as Situation 4 and situation 5 in Fig 7.6.

3

=

¢

Fig 7.9 Comparison of the acoustic pressure for both the before orifice field and the

Pressure (dB)

Prassure (dB)
o
=]

Acoustic pressure for the before orifice fleld

——

1= =Direct measurement|

—Prediction

L1
= -

!

—— Prediction

~| ="="Direct measurement|

~| == Afer orifice field [
P

~—Before orifice field (™

KR (Normalised wave number)

after orifice field for device with single orifice (Situation 6 in Fig 7.6)
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Fig 7.10 shows the eccentric—concentric situation (Situation 3 in Fig 7.6).
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Fig 7.10 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with single orifice (Situation 3 in Fig 7.6)

From Fig7.7 - 7.10, it can be seen that;

1.

For the concentric-concentric situation (shown in Fig 7.7), most errors for both
the before orifice field and the after orifice field are less than 10% of the direct
measurements. At the higher normalized wave number range (k* R > 3.5), these
errors are less than 5% of the direct measurements. Also the errors for the after

orifice field are a little larger than the before orifice field.
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2. For the eccentric-eccentric situation, there are three different configurations for
source-orifice relationship. The results are very similar and only one situation is
chosen and shown in Fig 7.9. From this one, it can be seen that other than very
low normalized wave number range (£ * R < 0.8), predictions for both the before
orifice field and the after orifice ficld agree well with direct measurements.

3. For the concentric-eccentric situation (shown in Fig 7.8), the predictions for the
after orifice field do not agree with the direct measurements. From this figure, it
is easy to see that the errors between prediction and direct measurement are
largest after the (0, 2) mode cuts on (k*R=3.05). Also the (0, 2) mode
dominates in the direct measurement but does not dominate in the prediction. For
the after orifice field, it can be treated as one short duct with the plane wave
source situation. According to the discussion in Chapter 6, when the plane wave
source is eccentric to the main duct, those axially-symmetric higher-order modes,
such as (0, 2) mode, should not be dominant in duct. However, for this situation,
the (0, 2) mode dominates in the duct, which is in contradiction to the conclusion
drawn from Chapter 6. So there is only one explanation for the (0, 2) mode
domination in this field, which is that this (0, 2) mode is from the before orifice
field. Because the wooden aperture device used is not a perfectly rigid one, so the
plate can radiate this (0, 2) mode to the after orifice field; also there are always
some gaps between the plate and the wall of the duct, so this (0, 2) mode can also
propagate through these gaps to the after orifice field. So this axially-symmetric
higher-order mode appears and dominates in the after orifice device. For this
situation, this method cannot be used directly to predict the after orifice field.

4. For the eccentric-concentric situation (shown in Fig 7.10), the predictions for the
after orifice field do not agree with thé direct measurements, éspecially in
frequency range 1.8<k*R<3.5. In this frequency range, four axially-

unsymmetric higher-order modes, which are (+1,1) modes and (£2,1) modes,

cut on in the main duct. For the before orifice field, because the sound source is
eccentric to the main duct, so these axially-unsymmetric higher-order modes are
dominant and prediction agrees with direct measurement. However for the after
orifice field, as discussed in former paragraph, it can be treated as one short duct

with the plane wave source (discussed in Chapter 6). If the source is concentric
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7.3

to the main duct, then the in-duct field should be dominant with those axially-
symmetric higher-order modes. However from Fig 7.10, one can see that for the

after orifice field, those axially-unsymmetric higher-order modes, (£1,1) modes
and (% 2,1) modes, dominate in that frequency range, which is contradicted with
conclusion drawn in Chapter 6. Again the only explanation for (+1,1) modes and

(£2,1) modes domination in this field is (% 1,1) modes and (% 2,1) modes are

from before aperture field. Again it is caused by the non-perfect rigid aperture

device and the gaps between the device and the duct wall. So these axially-
unsymmetric higher-order modes penetrate the aperture device and appear in
after aperture device. For this situation, this method cannot be used directly to

predict the after orifice field either.

Aperture device with two orifices

If there are more than one orifice in the device, as shown in Fig 7.11, it can be divided

into two situations: two orifices situation and several orifices situation. The first one to

be studied is the two orifices situation.

7.3.1 Theoretical derivation

two apertures several apertures
situation gituation

Fig 7. 11 Geometric configurations for orifices in the device
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If the aperture device consists of two orifices (as shown in the left one of the Fig 7.11),
with radius R, and R, respectively, the boundary conditions at 2 and 3 are given as

below,

At boundary 2, for the acoustic pressure,

Po+Ppl, =P +Pl (over S, and S,). (7.33)
For the velocity,

Ug + UD|Z=_L3 =Ugp +Ug|, . (over S, and S,), (7.34)

Up+Ug|,_,, = (over (§-8,-5,)). (7.35)

At boundary 3, the acoustic pressure,

PotPl, oy, =P+ PB[ R (over S; and S,). (7.36)
For the velocity,

UeUplyyyy =UstUsl,yyy,  (over Syand S,),  (7.37)

Uy +Ug|, 0, =0 (over (S-8,-5,)), (7.38)

in which S, is the area of orifice 1, S, is the area of orifice 2, § is the area of the main

duct.

Following the derivation procedure of the single orifice situation, at boundary condition

2, for acoustic pressure, one can get, for t =0,5 =1,

(Cly, €™ + D1y e )R, /2
= (Ey e’ + Fe )R, /2

+ Z (Eone.sz .0, nI’j + }Ton "sz 0. n""})

i
n=2 k

To (k2 8T, (k™

r,0n

R) (7.39)

® = 1 ; ‘
+ ZZ (((E;nejkz.m,nLJ + F;ne_ka,m.nlﬁ )e_fmgl + (E e zm nLJ + F e sz ., an )e.]mﬂl )

m=t n=1

1

g7 In(ns 00 G R)

rman (R
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(C2,e™ + D2y, e )R, /2
= (Ege™= + F e )R, /2

N o ks -ty 1 i b
+ 2 By 4 By ) To (ki 8), (r Ry) (7.40)
n=2 r,0n

2 - . i . g g .
+ Z Z (((E;nesz.m.n[’i + F”‘:;?e J'kz,m,nLS )e jm32 + (Em”esz.m.nLj + Fmﬂe .sz.m\an )e_,rmaz )

m=1 n=1

1
P

rmp

VR AN Gl ) I8

r.mn rum,n

in which Cl,,, D1, are amplitudes in orifice 1 and C2,, D2, are amplitudes in

orifice 2.

For t=0,5s=2,3,...,,

I _ ol
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For the velocity boundary condition, multiplying equation (7.34) by J,(k

e "ds

r,i,8

and integrating over orifice .S, and orifice S, respectively; also multiplying equation

(7.35) by J, (k,:ﬂr;r )edS and integrating over the region S§-8,-S,, then adding

these three integration together, one can get,
Fort=0,5s=1,
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= (J'-;;oleﬂdr3 - lf-zn“?"ﬂd‘3 )Ro2

Fort=0,5=2,3,...,0
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At boundary 3, following the derivation procedure of the boundary 2, one can get these

equations for the acoustic pressure as follow.

Fort=0,5s=1,
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7.3.2 Experimental set-up

The experimental set-up for the two orifices situation is the same as that for the single
orifice situation. The devices used in measurements.are shown in Fig 7.2, with unused

orifices being blocked with wooden blocks of the same thickness.

For device with two orifices situation, nine different comparative source-orifice
relationship situations (shown in Fig 7.12) are considered. These situations can represent

most possible source-orifice relationships for a device with two orifices.

7.3.3 Comparison of predictions with direct measurements for a device with two

orifices

The predicted and direct measured acoustic pressures of different situations are shown in
the figures below. In each figure, a) shows the predicted and direct measured acoustic
pressures fof the before orifice field; ) shows the predicted and direct measured
acoustic pressures for the after orifice field; ¢) shows the errors between pfediction and
direct measurement for both the before orifice field and the after orifice field. In order to

show these errors clearly, the results are transferred into 1/6 octave band.

For all situations shown below, the acoustic pressure plotted for the before orifice field

is taken at the point with coordinate (0.15m,7/3,~0.54m), which is

(100%R,x/ 3,—18%L) in non-dimensional form; acoustic pressure plotted for the after
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aperture field is taken at the point with coordinate (0.15m,7/3,—0.18m), which is

(100%R,7/3,-6%L)in non-dirﬁensional form.

aray
yiew,

O Orifices

Fig 7.12 Comparative source — orifice relationships for device with two orifices
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Because for some situations, the results are similar, so there is no need to shown all.
Then only three situations are chosen and shown in the figures below. Two of the
situations are source concentric situations and one s source eccentric situation. Fig 7.13
shows the concentric - axially-unsymmetric with concentric orifice situation (Situation 2
in Fig 7.12).

Acoustic pressiure for the befors orifice field

s Prediction
| ==Direct measurement|
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Acoustic pressure for the after orifice field

' ! ] T T —
; : i : ; —Prediction
*+1 7= Rirect measurement [ —
- -
Q o
)
3 5
=
]
L}
2 .
'y
5 6 7
Errors between prediciton with measurement{measurement-prediction)/msasurement
L] T - r -
; : . ==~ Before orifice field
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a0 i I ! i | l
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Fig 7.13 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with two orifices (Situation 2 in Fig 7.12)
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Fig 7.14 shows the concentric - axially-unsymmetric without concentric orifice situation
(Situation 3 in Fig 7.12).
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Fig 7.14 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with two orifices (Situation 3 in Fig 7.12)
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For the source eccentric situation, all six different orifice configurations give similar

results. So only one situation (Situation 9 in Fig 7.12) is chosen and the results are

shown below.
_ Reoustic pressure for the before orifice fiefd
it . . , r , .
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Fig 7.15 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with two orifices (Situation 9 in Fig 7.12)
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From Fig 7.13 -7.15, it can be seen that

1. For the source concentric situation, if an orifice in the device is concentric to the
main duct, predictions for both the before orifice field and the after orifice field
agree with the direct measurements (less than +10% of direct measurements).

2. However if there 1s no orifice in the device which is concentric to the main duct,
such as Sifuation 1 and Situation 3, predictions do not agree with the direct
measurements, especially for the after orifice field. As shown in Fig 7.14, the
largest errors appear when (0, 2) mode cuts on (£* R > 4). The reason is given
in the single orifice situation. '

3. For source eccentric situation, six different configurations of | the orifices have
been considered and from the results shown in Fig 7.15, it can be seen that other
than at very low normalized wave number range, the prediétions for both the
before orifice field and the afier orifice ficld agree with the direct measurements
(less than +10% of direct measurements). Which means for these situations, this
model works well in the decomposition of the in-duct field. Because for all these
situations, there are always at least one eccentric orifice in the aperture device, so
for both the before orifice field and the after orifice field, those axially-

unsymmetric higher-order modes are dominant in the in-duct field.

7.4 Device with several orifices

7.4.1 Theoretical derivation

The effects of the device with two orifices situation have been studied in previous
section. In this section, the effects of several orifices on the in-duct field will be
discussed. If the device consists of more than two orifices (as shown in the right picture

of Fig 7.2), with radius R, R, ... R, respectively, the boundary conditions at 2 and 3

are given as below,

At boundary 2, for the acoustic pressure,

Po+P), =P +P|,_,, (over §,,5,...5,). (7.63)
For the velocity,
Ue+Up|, ,,=Us+Ug|, .,  (over §,5,...5,), (7.64)
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U, +U 0 (over (S-S, -S,..—8,)). (7.65)

F | Z==I13

At boundary 3, the acoustic pressure,

PotPy, o =Py+Py, . . (over §,.,5,..5,). (7.66)
For the velbcity, L

Ue+Up|, ays =Ua+Us|,_,s,, (Over S,,8,...8,), (7.67)

Uy +Usl, oy, =0 (over (S—8,-5,..—S,)). (7.68)

Just following the derivation procedure of the two orifices situation, one can easily get
the equations for the device with several orifices situation. These equations are similar to

those obtained for the two orifices situation.
7.4.2 Experimental set-up

The experimental set-up for several orifices situation is the same as that for the single
orifice situation and the two orifices situation. The devices used in measurements are
shown in Fig 7.2, with unused orifices being blocked with wooden blocks of same
thickness. |

For several orifices situation, ten different comparative source - orifice relationship
situations are considered. These situations can represent many possible source - orifice
relationships for several orifices situation. From these ten different situations, one can
not only test the effects of up to 28% open area in the device on the in-duct field, but

also test the effects of different orifice combinations on the in-duct field.

7.4.3 Comparison of predictions with direct measurements for a device with

several orifices

In order to keep the results comparable, the predicted and direct measured acoustic
pressures of different situations are shown in figures below. In each figure, a) shows the
predicted and direct measured acoustic pressures for the before orifice field; ») shows

the predicted and direct measured acoustic pressures for the after orifice field; ¢) shows
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the errors between prediction and direct measurement for both the before orifice and the
after orifice field. In order to show these errors clearly, the results are transferred into

1/6 octave band.

For all situations shown below, the acoustic pressure plotted for the before aperture field

is taken at the point with coordinate (0.15m,7/3,—0.54m), which is
(100%R,7/3,—18%L) in non-dimensional form; acoustic pressure plotted for the after
aperture field is taken at the point with coordinate (0.15m,7/3,—0.18m), which is

- (100%R, 7 /3,—6%L ) in non-dimensional form.

Simation 1 Situation 2 Situation 3 Situation 4

7 TR
N/
R
>
70\

BN

Situation S Situation 6 Situation 7

an
%

Situation @ Situation 10
% § / o
& Sound source O Orifice

Fig 7.16 Comparative source — orifice relationships for device with several orifices
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For all these ten situations, three situations are chosen and shown in Fig 7.17 to Fig 7.19.

In which two of them are the source concentric situations and one is the source eccentric

situation. Fig 7.17 shows the sound source concentric to the main duct, while the orifices

are axially-unsymmetric to the main duct without concentric orifice situation (Situation
1in Fig 7.16).
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Fig 7.17 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with several orifices (Situation 1 in Fig 7.16)

-159 -




7. Sound field produced by a point source propagating in a circular duct with simple aperture devices

Fig 7.18 shows the sound source is concentric to the main duct, while the orifices are
axially-symmetric to the main duct with concentric orifice situation (Situation 4 in Fig
7.16).
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Fig 7.18 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with several orifices (Situation 4 in Fig 7.16)
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Fig 7.19 shows the sound source eccentric to the main duct, while the orifices are
axially-unsymmetric to the main duct with concentric orifice situation (Situation 8 in Fig
7.16).
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Fig 7.19 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with several orifices (Situation 8 in Fig 7.16)

From Fig 7.17-7.19, it can be seen that
1. For source concentric situation, still if an orifice in the device is concentric to the
main duct (Situation 2 and Situation 4), predictions for both the before orifice
field and the after orifice field agree with the direct measurements (less than
+£10% of direct measurements). However if there is no orifice in the device

which is concentric to the main duct, such as Situation 1 and Situation 3, no
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matter those orifices are axially-symmetric (Situation 3) or axjally-unsymmetric
(Situation 1), predictions do not agree with the direct measurements, especially
for the after orifice field. As shown in Fig 7.17, the largest errors appear when
(0, 2) mode cuts on (k*R:>4). The reason is given in the single orifice
situation,

2. For source eccentric situation, six different configurations of the orifices have
been considered and from the results shown in Fig 7.19, one can see that other
than at very low normalized wave number range, the predictions for both the
before orifice field and the after orifice field agree with the direct measurements
(less than +10% of direct measurements). Which means for these situations, this

model works well in the decomposition of the in-duct field.
7.5  Error analysis

From all these figures shown above, it can be seen that for all these situations,
predictions for the before orifice field agree with direct measurements. Other than the
very low normalized wave number range (& * R < 0.8), the errors between predictions
and direct measurements are less than 10% of direct measurements, or even smaller.
Which means this model is effective in prediction of acoustic properties in the before
orifice field, aé well as in decomposition of the before orifice field into single higher-

order mode.

For most situations, such as concentric-concentric situation and eccentric-eccentric
situations, predictions for the after orifice field agree with direct measurements. Still
other than the normalized wave number range (k*R <0.8), the errors between
predictions and direct measurements in these situations are less than 10% of the direct
measurements. Which means for these situations, through measurements in the before

orifice field, one can accurately predict those acoustic properties in the after orifice field.

However for some other situations, predictions for the after orifice field do not agree

with direct measurements in some normalized wave number range. These situations can

be divided into two groups: source concentric group and source eccentric group.
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For the source concentric group, if there is no orifice located concentric to the main duct,
no matter how many orifices are in the device (Situation 2 in Fig 7.6, Situation 1 and 3
in Fig 7.12, Situation 1 and 3 in Fig 7.16), the predictions for the after orifice field do
not agree with the direct measurements. However, through the comparison between Fig
7.8 and Fig 7.13, one can see if there is an extra concentric orifice presented in the
device, the predictions agree with the direct measurements. This concentric orifice can
produce those axially-symmetric higher-order modes in the after orifice field. So these

situations can be described as source concentric and no concentric orifice situation.

For the source eccentric group, if there is only a single concentric orifice in the device
(Situation 3 in Fig 7.6), the predictions for the after orifice field do not agree with the
direct measurements. For all other situations, predictions agree well with the direct
measurement. So this situation can be described as source eccentric and only one

concentric orifice situation.

So other than these two different situations discussed above, one can predict both the
before orifice field and the after orifice field with just two reference measurements in the
before orifice field. But for these two special situations, in order to get accurate
prediction for the after orifice field, another two reference points in the after orifice field,
which are located at (0.15m(100%R),0,— 0.12m(—4%L)) and

(0.15m(100%R),2* 7 /3,— 0.20m(—6.67%L) ), respectively, are used.

Using these two reference measurements for the predictions in the after orifice field (the
procedure is given in Appendix E), for source concentric and no concentric orifice
situation, take the source-orifice relationship shown as Situation 3 in Fig 7.12 for
example, the results are shown in Fig 7.20. For source eccentric and only one concentric
orifice situation, the results are shown in Fig 7.21 (predictions for the before orifice field
are still using those two before orifice field reference measurements and are not shown
here).
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From Fig 7.20 - 7.21, it can be seen that for these two specific situations, predictions for
the after orifice field by using reference measurements in the after orifice field agree
with direct measurements. Which means through the reference measurements in the after
orifice field, one can still decompose the after orifice field effectively for these two

specific situations. -
7.6 Discussion

In this chapter, a simple aperture device is placed in the duct and twenty five different
source-orifice relatiohships (including one orifice, two orifices and several orifices) are
discussed and from the results shown, one can see that the predictions for both the before
and the after orifice fields are considered acceptable. This means the model proposed to
describe the boundary conditions of the simple aperture device is effective and the
combination of the simple aperture device boundary conditions with the point source
boundary and open end boundary can give accurate solution for the whole in-duct field.
So using this model, one can achieve the decomposition of the in-duct field both before

and after aperture device.
By successfully decomposing the in-duct field into different higher-order modes, one

can study the effects of different aperture devices on the different higher-order modes.

This will be discussed in detail in Chapter 9.
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Chapter 8 Sound field produced by a plane wave source propagating
in a circular duct with simple aperture devices

8.1 Introduction

Compared with the point source, the plane wave source is more widely adopted in the
analysis of engincering utilities, such as ventilation ducts and mufflers. In most
situations there are devices installed in duct either for noise reduction or flow control. So
in order to analyse the acoustic properties of these systems, the effects of the devices on

the acoustic fields need to be fully understood.

In Chapter 7, the sound field produced by a pofnt source in a circular duct with a simple
aperture device has been studied and the model which combines those boundary
condition descriptions together to decompose the in-duct field is considered to be
acceptable for further use. So based on the study made in Chapter 6, the same simple
aperture device used in the last chapter is placed in the circular duct and its effects on the
acoustic field produced by the plane wave source will be studied. The same model
proposed to describe the boundary conditions between the main duct field and the orifice
field in Chapter 7 is still applied here. Combining these boundary descriptions with those
of the plane wave source boundary and open end boundary descriptions, it is possible to
get the solution for the amplitudes of the acoustic field in the duct. By knowing these
amplitudes, one can study the effects of the aperture device on the acoustic field in

detail,

8.2  Aperture device with a single orifice

8.2.1 Theoretical derivation

Fig 8.1 shows the various regions with an aperture device presented in the duct. It is
quite similar to that is shown in Fig 7.1. Compared with Fig 7.1, the only difference lies

in the region 5 (source region). In this chapter, the sound field produced by a plane wave

source is investigated.
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Fig 8.1 Plot of Circular duct with simple aperture device

At boundary 1 (open end boundary), according to the analysis presented in Chapter 4,

the following equation can be obtained,

an = iRanEmL *
£=1

8.1)

At boundary 2 and boundary 3, the boundary conditions continuities can be expressed in

the same form as equatton (7.10) to equation (7.15). So following the same procedure,

one can get the same equations as those from equation (7.16) to equation (7.31).

Boundary 4 is the boundary between the plane wave source and the main duct, As

discussed in Chapter 4, one can get eight equations from equation (4.11) to (4.18) for

this boundary. So combining equation (8.1), equation (7.16) to equation (7.31) with

equation (4.11) to equation (4.18), one can have an equation group for the solution of the

acoustic properties in circular duct with a simple aperture device, which is given as

[X)-
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in which X is the coefficient matrix for these amplitudes., Again like the matrix X in

Chapter 7, its dimension D is decided by how many higher-order modes are considered

in the main duct region, the orifice region and the source duct region.

If m=+£5 and n=35, the. dimension of the matrix X should be 385*385
(3*(2*n+4*‘m!*n)+(n+2*|m|*n)). This means compared with the matrix X

obtained in Chapter 6 for duct without aperture device, matrix X in this chapter is a
significantly larger one. So in order to keep this matrix well conditioned, the method
used in the former three chapters to solve the singularity of the matrix is also adopted
here. By only considering those higher-order modes which have been cut on in the main

duct region, the orifice region and the source duct region, one can make sure that the

a1 s kL . .
powers of the exponential items e’*™ appeared in matrix X are always complex

numbers rather than real numbers.

After treating the matrix X in the manner as described in Chapter 5, one can multiple
both sides of equation (8.2) by the inversion of the matrix X, then the solution for this

equation is obtained as well as those amplitudes, such as SB,,, 4., B, C,,, D

mn 2 mn* mn ? mnr ?

E_.and F, (The detailed procedure is given in Appendix F).

8.2.2 Experimental set-up and measurement results

According to the theoretical derivation described above, one can see there is no
limitation on or requirement for the thickness of the aperture devices and the radius of
the orifice. However if the thickness of the device is very small, then the descriptions for
boundaries 2 and 3 are so similar that the matrix X approaches singularity. Also in
engineering situations, the thickness of the aperture device is normally not very large
compared to wavelength. So in this investigation, the thickness of the aperture device is
taken as L = 0.025m which gives a range of £ * L values from 0 to 1.2. As shown in Fig
7.2, two different orifice radii are selected, which are » =0.03m (open area is 4% of

total area) and » = 0.02m (open area is 1.7% of total area) respectively.
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The experimental set-up is shown in Fig 8.2. It is similar to experimental set-up adopted
in Chapter 6. The aperture device is still placed in z=-0.4m (~13.3%L). Two rings of
measurement points, located at z=-0.54m (-18%L) and z=-0.18m(-6%L)
respectively, are taken for appointed position measurements (direct measurements) in
the before orifice field and the after orifice field. Two reference measurement positions,
located at {0.15m(100%R),0,—2.33m(-74.3%L)) and
(0.15m(100%R),3* 7/ 4,-1.5m(—=50%L)), are taken for the reference measurement in

the before orifice field.

Circumference measurement

positions arrangement
° -
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Fig 8.2 Experimental set-up for acoustic properties measurement for both the

before orifice field and the after orifice field

In order to show the effects of aperture device on the acoustic properties in the circular
duct, two situations, which are the sound source concentric and eccentric to the main
duct respectively, are selected. The acoustic pressures measured at positions before the
orifice and after the orifice are shown in Fig 8.3. Fig 8.3 a) and Fig 8.3 b) show the
acoustic pressure when the sound source is concentric to the main duct. In which,

‘without aperture device’ means there is no aperture device in duct; ‘with aperture

. device’ means there is a device with a single orifice which is also concentric to the main
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duct (Situation 1 in Fig 8.5). Fig 8.3 c) and Fig 8.3 d) show the acoustic pressure when
the sound source is eccentric to the main duct. Again in which, ‘without aperture device’
means there is no aperture device in duct; ‘with aperture device’ means there is a device

with a single orifice which is also eccentric to the main duct (Situation 5 in Fig 8.5).
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Fig 8.3 Comparison of the acoustic pressures measured at different positions for

without aperture device and with aperture device situations

This figure is similar to Fig 7.4, so it can also be seen from this figure that
1. For very low normalized wave number range (& * R < 0.8), the presence of the
aperture device has very little effect on the acoustic pressures in both the before

orifice field and the after orifice field at very low frequency range.
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2. However other than that normalized wave number range (k* R > 0.8), the
effects of the aperture device on the acoustic properties in circular duct are
apparent. However the effects on the before orifice field are not very significant.

3. For the before orifice field, in the normalized wave number region k* R > 3.5,
there is an increased pressure when the device is installed. However for the after
orifice field, there is a decreased préssure when the device is installed. So the
installation of the device reduces the pressure in the after orifice field at higher
wave numbers. .

4. Compared with the effects on the before orifice field, the effects on the after
orifice field are larger, especially for higher normalized wave number range
(k*R>35).

8.2.3 Comparison of coupled and uncoupled predictions

In Chapter 6 for duct without an aperture device, it was concluded that at the open end of
the duct, the cross coupling effects between higher-order modes could be neglected. So
in this section, these cross coupling effects are reconsidered when there is an aperture

device placed in the duct.

Consider the plane wave source located at » = 0.06m(40%R) and the aperture device
located at z=-0.4m(-13.3%L) for example. The results from this configuration are
shown in Fig 8.4. Fig 8.4 a) shows the coupled, uncoupled predictions and direct
measurements for the before orifice field; Fig 8.4 5) shows coupled, uncoupled
predictions and direct measurements for the after orifice field; Fig 8.4 ¢) shows the
diffe;ence between coupled and uncoupled predictions for both the before orifice field

and the after orifice field.
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Acoustic pressure for the before orifica fleld (linear)

04 - I
~——Coupled prediction

) =-==Uncoupled prediction

0.3 *1 == -Direct measuremant |

a}

Pressure (Pa)
=
™~

=
b

=~ Goupled prediction
~=Uncoupled prediction
1=~ Direct measurement |

03 o

by

Pressure {Pa)
=
)

=
bEY

i) v . A B . )

'} Yoy e g o
Errors between coupied and uncoupled prediction[coupled-uncoupledjicoupled [1/8 Octave band)

1 T | T I T

—Eefore orifice field
"'-"Aft_ar orifice field |

PrrIL pam—

t)

it 3 PP-PP

Errors {%)
- .

3
]

a | 1 { I

k'R (Normalised wave number)

Fig 8.4 Comparison of coupled, uncoupled predictions with direct measurements in

- the before orifice and the after orifice field

From this ﬁ.gure it can be seen that for the after orifice field, there is a small difference
between the coupled and uncoupled predictions when the normalised wave number is
larger than 5. However this difference is so small (less than 0.5%) that it can be
neglected. For the before orifice ficld, there is nearly no difference between the coupled
and uncoupled predictions, which.means that the cross coupling effects shown in
equation (3.57) between the higher-order modes at the open end of the duct are
negligible. So in following analysis, the cross coupling effects are not considered and it

is assumed that no cross coupling effects happen at the end of the duct.

This conclusion is the same as those obtained in Chapter 5 and Chapter 7. Which means

for both types of the sound source, no matter there is an simple aperture device in the
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duct or not, the self coupling effects (coupling between (m,7) mode and (m,7) mode)
are the dominate one and the cross coupling effects (coupling between (m,n} mode and
(m,N) modes) are very small. From these conclusions, it can also be seen that the
coupling effects at the open end of the duct are independent on the type of the sound

source, as well as the aperture device. So the cross coupling effects can be considered

negligible for both types of source in the situations under consideration.

8.2.4 Comparison of predictions with direct measurements for a device with

single orifice

For a device with a single orifice, six source-orifice relationships (shown in Fig 8.5),
which are concentric-concentric, concentric-eccentric, eccentric-concentric, eccentric-’
eccentric (three situations), are considered. Again for all situations shown below, the
acoustic pressure plotted for the before aperture field is taken at the point with
coordinate (0.15m,7/3,—0.54m), which is (100%R,7/3,~18%L) in non-dimensional

form; pressure plotted for the after aperture field is taken at the point with coordinate
(0.15m,7 /3,—0.18m), which is (100%R, 7 /3,- 6%L) in non-dimensional form.

Sttuation 1 Situation 2 Sitnation 3

O Sound seurce O Orifices

Fig 8.5 Comparative source — orifice relationships for device with single orifice
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Because the results for some situations are similar, so not all situations shown in Fig 8.5
are displayed, only four situations are selected and shown below. In each figure, )
shows the acoustic pressure for the before orifice field; b) shows the acoustic pressure
for the after orifice field; ¢) shows the errors between predictions and direct
measurements for both the before orifice field and the after orifice field. In order to show

these errors clearly, the results are transferred into 1/6 octave band.

Fig 8.6 shows the concentric—concentric situation (Situation 1 in Fig 8.5).
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Fig 8.6 Comparison of the acoustic pressure for both the before orifice field and the

after orifice field for device with single orifice (Situation 1 in Fig 8.5)

174 -




8. Sound field produced by a plane wave source propagating in a circular duct with aperture devices

Fig 8.7 is for the concentric-eccentric situation (situation 2 in Fig 8.5).
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Fig 8.7 Comparison of the acoustic pressure for both the before orifice field and the

after orifice field for device with single orifice (Situation 2 in Fig 8.5)
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Fig 8.8 is for the eccentric-eccentric situation (situation 5 in Fig 8.5). Altogether three
different comparative relationships (Situation 4, 5 and 6 in Fig 8.5) are considered and
the results for these three different situations are similar, so situation 5 is chosen to show

below.
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Finally, Fig 8.9 is for the eccentric-concentric situation (Situation 3 in Fig 8.5).
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Fig 8.9 Comparison of the acoustic pressure for both the before orifice field and the

after orifice field for device with single orifice (Situation 3 in Fig 8.5)

From Fig 8.6 - 8.9, it can be seen that
1. For the concentric-concentric situation (shown in Fig 8.6), all errors for both the

before orifice field and the after orifice field are less than 10% of the direct
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measurements, at higher normalized wave number range (k*R >3.5), the
errors are less than 5% of the direct measurements.

2. For the eccentric-eccentric situation, there are three different configurations for
the source-orifice relationship. From Fig 8.8, it can seen that other than very low
normalized wave number range (k* R < 0.8), predictions for both the before
orifice field and the after orifice field agree well with the direct measurements.

3. For the concentric-eccentric situation (shown in Fig 8.7), the predictions for the

 after orifice field do not agree with the direct measurements. From this figure, it
is easy to See that the errors between predictions and direct measurements for the
after orifice field are largest just after the (0, 2) mode cuts on. This is the same
as the point source situation, so the explanation given in the previous chapter is
also applicable here. For this situation, this method cannot be used directly to
predict the after orifice field.

4. For the eccentric-concentric situation (shown in Fig 8.9), the predictions for the
after orifice field do not agree with the direct measurements, especially in the
normalized wave number range 1.8 <k*R<3.5. Also the same explanation
given in the previous chapter is suitable for this situation. For this situation, this

method cannot be used directly to predict the after orifice field.
8.3  Aperture device with two orifices
If there are more than one orifice in the device, as shown in Fig 7.12, it can be divided
into two situations: two orifices situation and several orifices situation. The first one to
be studied is the two orifices situation.

8.3.1 Theoretical derivation

If the device consists of two orifices (as shown in the left one of the Fig 7.12), with the

radius R, and R, respectively, following the same procedure, one still can get the same

equations as those from equation (7.39) to equation (7.62). So combining these

equations with those for the plane wave source and the open end of the duct, one can
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have an equation group for the solution of the acoustic properties in circular duct with

simple aperture device (two orifices), which is similar to equation (8.2).
8.3.2 [Experimental set-up

The experimental set-up for two orifices situation is the same as that for the single
orifice situation. The aperture devices used are shown in Fig 7.2, with unused orifices

being blocked with wooden blocks of same thickness.

For a device with two orifices sitvation, ten different comparative source-orifice
relationships (shown in Fig 8.11) are considered. These situations can represent most

possible source-orifice relationships for a device with two orifices.

8.3.3 Comparison of predictions with direct measurements for a device with two

orifices

The predicted and direct measured acoustic pressures of different situations are shown in
figures below. Still in each figure, a) shows the predicted and direct measured acoustic
pressures for the before orifice field; 4) shows the predicted and direct measured
acoustic pressures for the after orifice field; ¢) shows the errors between predictions and
direct measurements for both the before orifice and the after orifice field. In order to

show these errors clearly, the results are transferred into 1/6 octave band.

For all situations shown below, the acoustic pressures plotted for the before orifice field

and the after orifice field are taken at the same points used for the device with a single

orifice situation.




8. Sound field produced by a plane wave source propagating in a circular duct with aperture devices

() Sound source (:) Orifie

Fig 8.11 Comparative source — orifice relationships for a device with two orifices

For some situations, the results are similar, so there is no need to shown them all. Only
three situations are chosen and shown in the figures below. Two of them are for the
source concentric situation and one is for the source eccentric situation, Fig 8.12 is for
the axially-unsymmetric to the main duct with a concentric orifice situation (Situation 2
in Fig 8.11),
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the after orifice field for device with two orifices (Situation 2 in Fig 8.11)
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Fig 8.13 is for the concentric - axially-unsymmetric to the main duct without concentric

orifice situation (Situation 1 in Fig 8.11).
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Fig 8.13 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with twe orifices (Situation 1 in Fig 8.11)
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Because for the source eccentric situation, all seven different orifice configurations give
similar results, so only one situation (Situation 10 in Fig 8.11) is chosen and the results

are shown in Fig 8.14,
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From Fig 8.12 — Fig 8.14, it can be seen that

1.

8.4
8.4.1

For the source concentric situation, if an orifice in the device is concentric to the
main duct, predictions for both the before orifice field and the after orifice field
agree well with the direct measurements (less than +5%of direct
measurements).

However if there is no orifice in the device which is concentric to the main duct,
such as Situation 1 and Situation 3, predictions do not agree with the direct
measurements; especially for the after orifice field. As shown in Fig 8.13, the
largest errors appear when (0, 2) mode cuts on (k4 * R ~ 4). The reason is given in
the previous chapter. |

For the source eccentric situation, seven different configurations of the orifices
have been considered and from the representative results shown in Fig 8.14, it
can be seen that other than at very low normalized wave number range, the
predictions for both the before orifice field and the after orifice field agree with
the direct measurements (less than % 5% of direct measurements). Thus for these

situations, this model works quite well for the in-duct field.

Aperture device with several orifices

Theoretical derivation

If the device consists of # orifices (n > 2), with the radius R,, R, ... R, respectively,

the boundary conditions at 2 and 3 are the same as those from equation (7.63) to

equation (7.68). Just following the derivation procedure of the two orifices situation, one

can get the equations for the several orifices situation, which are similar with those

obtained for the two orifices situation.

8.4.2 Experimental set-up

The experimental set-up for the several orifices situation is same as the single orifice

situation, as well as the two orifices situation. The devices used in the measurements are

shown in Fig 7.2, with unused orifices being blocked with wooden blocks of same
thickness.
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For several orifices situation, ten different comparative source - orifice relationships are
considered. These situations can represent many possible source - orifice relationships
for several orifices situation. From these ten different situations, one can not only test the
effects of up to 28% open area in the device on the in-duct field, but also test the effects

of different orifice combinations on the in-duct field.

8.4.3 Comparison of predictions with direct measurements for a device with

several orifices

In order to keep the results to be shown in the same style, still the predicted and direct
measured acoustic pressures of different situations are shown in figures below. And for
all situations shown below, the acoustic pressures plotted for the before orifice field and
the after orifice field are taken at the same points used in device with single orifice

situation.

Situation 1 Situaton 2 Situation 3 Situation 4

{)) Sound source O Orifice

Fig 8.15 Comparative source — orifice relationships for a device with several

orifices
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For the ten situations, three situations are chosen as representative and the results are
shown in Fig 8.16 to Fig 8.18. Two of them are for the source concentric situation; one
is for the source eccentric situation. Fig 8.16 is for the sound source concentric to the
main duct, while the orifices are axially-symmetric to the main duct with a concentric |

orifice (Situation 1 in Fig 8.15).
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Fig 8.16 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with several orifices (Situation 1 in Fig 8.15)
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Fig 8.17 is for the sound source concentric to the main duct, while the orifices are

axially-unsymmetric to the main duct without a concentric orifice (Situation 4 in Fig

8.15).
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Fig 8.17 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with several orifices (Situation 4 in Fig 8.15)
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Fig 8.18 is for the sound source eccentric to the main duct, while the orifices are axially-

unsymmetric to the main duct without a concentric orifice (Situation 6 in Fig 8.15).
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Fig 8.18 Comparison of the acoustic pressure for both the before orifice field and

the after orifice field for device with several orifices (Situation 6 in Fig 8.15)

From Fig 8.16- 8.18, one can get the same conclusions as those obtained for two orifices
situation. Which means the effects of the number of the orifices on the predictions of the
in-duct field is not significant. On the contrary, it is the configuration of the orifices and

the comparative source — orifice relationships that affect the predicted results.
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8.5  Error analysis

From all twenty-six different source — orifice situations shown above, it can be seen that
for all these situations, predictions for the before orifice field agree with the direct
measurements, Other than very low normalized wave number range (k* R < 0.5), most
errors between predictions and direct measurements are less than 5% of the direct
measurements, or even smaller. Which means this modet is effective in prediction of
acoustic properties in the before orifice field, as well as in decomposition of the before

orifice field into single higher-order mode.

For most situations (twenty out of twenty-six situations), predictions for the after orifice
field agree with the direct measurements. Still other than very low normalized wave
number range (£ * R < 0.5), the errors between predictions and direct measurements are
less than 5% of the direct measurements. Which means for these situations, through
measurements in the before orifice field, one can accurately predict those acoustic

properties in the after orifice field.

For other six situations, predictions for the after orifice field do not agree with direct
measurements in some specific frequency range. Still these six situations can be divided

into two groups: source concentric group and source eccentric group.

For source concentric group, it can be seen that if there is no orifice located concentric to
the main duct, no matter how many orifices are in the device (Situation 2 in Fig 8.5,
Situation 1 and 3 in Fig 8.11, Situation 1 and 3 in Fig 8.15), the predictions for the after
orifice field do not agree with the direct measurements. However, through the
comparison between Fig 8.7 and Fig 8.12, one can sece if there is an extra concentric
orifice in the device, the predictions agree with the direct measurements. Because this
concentric orifice can produce those axially-symmetric higher-order modes in the after
orifice field, so these situations can also be named as source concentric and no
concentric orifice situation. For this situation, this method cannot be used directly to

predict the after orifice field.
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For source eccentric group, only when there is a single concentric orifice in the device
(Situation 3 in Fig 8.5), the predictions for the after orifice field do not agree with the
direct measurement. For all other situations, the predictions agree well with the direct
measurements. So this situation can also be named as source eccentric and only one

concentric orifice situation.

For all other situations, one can just predict both the before orifice field and the after
orifice field with two reference measurements in the before orifice field. But for those
two specific situations mentioned above, in order to get accurate prediction for the after
oriﬁbe field, another two reference points in the after orifice field, which are located at
(0.15m(100%R),0,— 0.12m(-4%L)) and (0.15m(100%R),2* 7 /3,—0.20m(—6.67%L))

respectively, are taken. Using these two reference measurements for prediction in the
after orifice field (the procedure is given in Appendix F), for source concentric and no
concentric aperture situation, take Situation 1 in Fig 8.11 for example, the results are
shown in Fig 8.19. For source eccentric and only one concentric orifice situation

(Situation 3 in Fig 8.5), the results are shown in Fig 8.20.

Acoustlc pregsura for the alter orifice field

- Prediction
_} == Direct measurement

Pressure {dB)

20 i i i i i i

E] 4
K*R [Norrhallsed wave number};

Fig 8.19 Comparison of direct measurements with predictions for the after orifice

field (Situation 1 in Fig 8.1)
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Acoustic prexsure for the after orifice fleld
90 .
T B! ! { T

———Prediction
~—:~-Direct measureament|

Pressure (dB)

Ertors between prediciton with measurement {measurement-predictionymeasurement
20— T T ! t T

Evrors (%}

L —
k*R {Normalised wave number),
Fig 8.20 Comparison of direct measurements with predictions for the after orifice

field (Situation 3 in Fig 8.5)

From Fig 8.19 -8.20, it can be seen that for these two specific situations, predictions for
the after orifice field by using reference measurements in the after orifice field agree
with the direct measurements. Which means through measurements in the after orifice
field, one can still decompose the after orifice field effectively for these two specific
situations. So for these two specific situations, the after orifice field is decomposed by

this method rather than former one.

8.6  Predictions for different circumferential positions both before and after

aperture device

“In order to test whether or not this model can detect the spiralling higher-order modes
both for the before orifice field and the after orifice field, predictions for different points
along the circumference of the main duct are made in this section. To some extent this
highlights the possible errors due to the spiralling wave front of the axially-unsymmetric

higher-order modes. As shown in Fig 8.2, for the main duct region, there are two rings of
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measurement  points, which are located at Z=-054m(-18%L) and
Z =—0.18m(—6%L) respectively. The first ring is for the measurement in the before

orifice field and the second ring is for the measurement in the after orifice field. For both
rings, there are six equally distributed measurement points along the circumference of
the duct, Along each ring, point 1, point 3 and point 5 are taken and named as position 1,

position 2 and position 3 respectively in the following figures.

Take two different source-orifice situations for example, the first situation is source
concentric and single orifice concentric situation (Situation 1 in Fig 8.5), which
represents the concentric situation; the second situation is source eccentric and five
orifices eccentric situation (Situation 6 in Fig 8.15), which represents the eccentric
situation. The results are shown below. Fig 8.21 shows the comparison for the before
orifice field of the first situation and Fig 8.22 shows the comparison for the after orifice
field of the first situation. Fig 8.23 shows the comparison for the before orifice field of
the second situation and Fig 8.24 shows the comparison for the after orifice field of the
second situation. In each figure, a) shows the direct measurement at these three positions
and b) shows the predicted results for these three positions and ¢) shows the errors

between predictions and direct measurements for these three positions.

A e | e for the bef orifice field [Measurad}
o0
90 T - - —
: e P@sitiorT 1
80— = =-Poziton 2 |}
— == Pogttion ¥
@ 70
- 2
A e
£ 60
E; 50
40| o =
i i i
0 1 2 3 4 [
Acoustic pressure for the before orifice field {Predicted)
o0
T T
- Pozitlon 1 :
o | =imipasition Z|-
b)
Posltion 1
o 10 ; : | ="=Position 2 | —
= i} - -~ position 3 ||
L) PERR -5 IO e S S, PRI AIELTILLEY 11 1o wenss s snr e oy e 2o T T ——
] : ;
w49 e —
. j i i
20 1] 2 4 . [] 7
KR [N o wave 7]

Fig 8.21 Comparison of the errors of different positions along the circumference for

the before orifice field (Situation 1 in Fig 8.5)
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Fig 8.22 Comparison of the errors of different positions along the circumference for

the after orifice field (Situation 1 in Fig 8.5)

Acoustic prexzure for the before orifice fleld (Meazured)
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Fig 8.23 Comparison of the errors of different positions along the circumference for

the before orifice field (Situation 6 in Fig 8.15)
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Acoustic pressure for the after orifice field (Measured}
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Fig 8.24 Comparison of the errors of different positions along the circumference for |

- the after orifice field (Situation 6 in Fig 8.15)

From Fig 8.21 — 8.24, it can be seen that
1. For the source concentric situation, Fig 8.21 and Fig 8.22 show that there is no
difference along the circumference for the predictions of both the before orifice
field and the after orifice field. But for the direct measurements, there is a small
difference between these three positions both in the before orifice field and in the
after orifice field, which may be caused by the measurement errors or the source
duct location or the orifice location errors (the source duct and the orifice are not
perfectly concentric to the main duct). Even though the measurements of these
three positions are quite similar, and the errors between predictions and direct
measurements are similar and considered acceptable. These two figures show
that when the sound source and orifice are concentric to the main duct, the
acoustic properties for both the before and the after orifice field are axially-

symmetric (At this situation, the acoustic field is dominated by axially-

symmetric higher-order modes).
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2. For the source eccentric situation, before the first higher-order mode ((£1,1)

mode) cuts on, only the plane wave propagates in the duct. The acoustic
pressures for three positions in the before orifice field are nearly equal and the
acoustic pressures for three positions in the after orifice field are also equal,
which agrees with the plane wave theory.

3. For the source eccentric situation, after the first higher-order mode ((£1,1)

"' mode) cuts on, other higher-order modes cut on and propagate along the duct.
Both the predictions and the direct measurements for these three positions are
different, which is caused by those spiralling higher-order modes. By comparing

 errors for these three positions in both the before and the after orifice field, it can
be seen that these errors for the before orifice field are nearly the same but these
errors for the after orifice field are different at normalized wave number range

2<k*R =<5, which should be caused by the spiralling (+1,1) modes and
(£2,1) modes. This means the predictions along the circumferential positions

for source eccentric situation depend on the circumferential angle and frequency
range. Even though, the errors for all six positions in both fields mainly fall into
the range £5% of the direct measurements, which is considered acceptable.

4, So through these four figures, it can be seen that no matter what the comparative
relationships between source and the aperture device are (in the plane transverse
to z-axis), this model can accurately predict the acoustic properties along the

B

mn?

circumference of the duct. Which means those amplitudes, such as 4

nin?

c..,D,, E_and F

mn?

obtained from this model are considered to be

mn ® mn

acceptable.
8.7 Discussion

In this chapter, a simple aperture device is placed in the duct and twenty six different
source-orifice relationships (including one orifice, two orifices and several orifices) are
discussed and from the results plotted, it can be seen that the prediction for both the
before orifice field and the after orifice field are considered acceptable. This means the
model proposed to describe the boundary conditions of the orifices are effective and the

combination of the orifice boundary conditions with the plane wave source boundary
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and open duct end boundary can give accurate solution for the whole in-duct field. So
using this model, one can achieve the decomposition of the in-duct field in both the

before and after orifice regions.

Comparing the analysis in this chapter with that for the point source in Chapter 7, it can
be seen that all conditions are the same except the type of the sound source. From the
results shown in these two chapters, it can also be seen that the predictions for these two
sound source types are quite similar: The predictions for both the before orifice field and
the after orifice field agree with the direct measurements. The errors for both types of
sound source are considered acceptable. Normally the errors between the predictions and
direct measurements for the plane wave source situation are less than those for the point
source situation. Because of the similarity shared by these two types of the sound

sources, in next chapter, only the plane wave source is selected to be studied.

From the analysis made in Chapter 7 and this chapter, it can also seen that it is not the
type of the sound source which determines the after orifice field. Actually it is the |
configuration of the aperture device and the comparative cross sectional source-orifice

relationships which determines the after orifice field.

By successfully decomposing the in-duct field into different higher-order modes, one
can study the effects of different configurations of the aperture device and cross
sectional source-orifice relationships on different higher-order modes. So in next
chapter, the power radiated out of the duct for each single higher-order mode will be
studied, as well as the insertion loss (/L) for each configuration. By analysing the power

and the insertion loss (/L) for each situation, one can have a full understanding of the

overall effects of different orifice configurations on the whole in-duct field.
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Chapter 9 Radiated power and the insertion loss for different

aperture devices

9.1 Introduction

There aré many parameters that can be used to describe the effects of the aperture device
on the in-duct field, such as the acoustic impedance, acoustic pressure, volume velocity,
transmission loss (7L), insertion loss (IL) and level difference (LD), etc. If there is only
the plane wave propagating in ducts, these parameters can all be used for the analyses of
the effects of different aperture devices. As discussed in Chapter 2, acoustic pressure and
volume velocity are treated as two lumped parameters and the acoustic impedance is
chosen to show the effects of different aperture devices. However, if higher-order modes
begin to propagate along the duct, many of these parameters cannot give the overall
effects of the device because the parameters, such as the acoustic pressure, volume
velocity and the acoustic impedance, are values which are dependent on not only the z-

axis coordinate but also the (r,¢) coordinates in the plane transverse to z-axis. In this

situation these parameters are not suitable for the analysis of the higher-order modes in

the duct.

Transmission loss (7L) is defined as the difference between the power incident and that
transmitted downstream. Level difference (LD) is defined as the difference in sound
pressure level at two selected points along the duct. When there are higher—ordér modes
propagating along the duct, the pressure is different in the plane transverse to z-axis, so
this parameter can also only be applied to the plane wave propagation situation. So many
common parameters are excluded for the analysis in the higher normalized wave number

range.

The power radiated out of the duct is an aggregate value, because it is independent of the

coordinates (z,r,¢). Also if the sound produced by the sound source is time invariant,

then the power radiated out of the main duct should be also time invariant. So the power

radiated out of the duct is taken as a lumped parameter in this chapter and together with
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the acoustic pressure, the approximate lumped-parameter model is constructed. The

applicability of this approximate model will be discussed.

Also after determining the powers radiated out of the duct for different situations, the
insertion loss (/L) is chosen to show the effects of the aperture devices in circular duct at

higher normalized wave number range.

As presented in Ref [3] (Chapter II), the insertion loss (/L) is defined as the difference
between the acoustic powers radiated without any filter and those with the filter. For the
study of the effects of the aperture devices in this investigation, one can treat the

‘aperture device as a filter, so the insertion loss can be written as,

IL=1L, L, =10%logW, /W,), . e
in which W, is the power radiated out of the duct without any aperture device, I, is the

power radiated out of the duct with aperture device.

In order to obtain the insertion loss of the aperture device, first one has to get the powers
radiated for a duct without an aperture device and a duct with an aperture device

respectively.
9.2 Power radiated into and out of the main duct

Equation (9.1) is widely adopted for the study of the effects of filters in an exhaust
system, because for most situations in an exhaust system, only the plane wave is
considered and it is easier to get the power radiated from the end of the exhaust system
through measurement. But if there are higher-order modes cut on in the system, the
acoustic pressure and particle velocity are different at any two points, so it is difficult to

get the radiated powers only through measurement.
One possible eXperimental approach to measure the radiated power is to subdivide the

area into a mesh outside of the duct, then measure the acoustic pressure and particle

velocity at each point in the mesh to get the power transmitted through each point,
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finally add them together to get the total power radiated out of the duct. In order to get
more accurate results, one should keep the area of each mesh as small as possible. |
However the smaller the area of each mesh is, the more measurement points are needed.
So it requires quite a lot of measurement work to make the result sensible and any
measurement errors will be brought into the final results. Thus this time and labour
consuming experimental approach is not an ideal way for the study of radiated power, as

well as the insertion loss (IL), for the higher-order modes situation.

As discussed in previous chapters, the in-duct field has been decomposed into a
combination of single higher-order modes and the amplitude of each higher-order mode
has been obtained. If one can calculate the radiated power through these amplitudes, it
will provide a theoretical approach for the analysis of radiated power, as well as the
insertion loss (JL). The derivation of the power radiated from the end of the duct is given

below.
9.2.1 Derivation of the power radiated from the open end of the duct

The acoustic pressure at any point in-duct can be written as,

P(r,2,0) = (A€ J’“+Bmef**”)+Z(Ao e o 4 B ™) I (ko 7)

n=2
33 Uy WAL 4 B Yg ©9.2)
me=] n=l

+ (e 4 B el ye ™))

and the particle vélocity along z-axis can be written as,

1, (1, 2,0) = (g™ — Byie™)
o

oo

k., .
+Z z}: (AOne =0n BOHE o )J ( rﬂnr)
n2 (9.3)

) k . ; ; ]
+ZZ( z,m,n J- ( rmn")[(A;ne Fhzmmn B+ Kz mm )e-ngv

m=1n=1

+( zmrr B— szmﬂ“) f"’"p])

So one can write the sound intensity at any point as,
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I=P*y |, (9.4)
Then integrate this sound intensity over the whole circular duct region; one can get the

power as, |
2nR ‘
W= ”I*rdrdgo j jP*v *rdrdp. ©5) §

As discussed in Chapter 3, the origin point of the coordinate system is taken at the plane
of the open end of the duct, so at this point '
z=0. - (9.6)

Substitute z =0 into equation (9.2) and equation (9.3), one can get the acoustic pressure

P(r: Zs(") = (AOI + B{Jl) +Z(A0n + BOn)JU (kr,(),nr)

r=2

@ © 9.7)
+ 2.3 Tk, 1A, + Bl e 4 (4, + B,)e ™ ],
m=1 n=]
|
vz(r9zﬁ¢) = —((Am - Bm)
fo
= kz 0.n
+ Z == (Agy = Bos )oK,y o,47) 9.8)
n=2

+ kmn

>
n=l

Substitute these two equations into equation (9.5), one can get the power at the open end

Ik (A, — Br)e ™ + (A, ~ B)e™™ D) .

r,m.n

_Ms

of the duct.

2zR

W= I IP v *rdrde
2z R

- If G+ Ba)+ 3o + Bl

+ ZZJ,,, (K N (Apy + B )e ™™ + (A, + B, )e™]) 9.9)

nm=1 n=1

and particle velocity at the open end of the duct as,
|

o k |
*((Am"Bm)"';z_}(M'(Ao BOn)J( ronl ) ‘

) W

rnn? W = Br)e™ " + (4, — B, e 1) rdrdp . |

m=1 n=
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For convenience, this equation can be written as the aggregation of following equations.
W=W +W,+ Wy +W,. (9.10)

In which W, W, ... W, are given as follow,

2R

1 .
Wi= [ §—(do, + By X4y — Byy) rdrdp
40 P

2 (9.11)
7 .
= 7(‘401 + By X4y — Byy)™ -

2zR 1 k
Wy= [ == oy + By 2 (2 Ty (k0,7 )( Ao, — By, )] rrdp

0o fad n=2 k

) X (9.12)

b4 .
=2 (Ayy + Boy Y2 lhcon (Ao, = By )T [1 (g, 7)elr -

ka n=2 0
Applying equation below into equation (9.12)
[ (hrydr = %Jl (kR) . CE)
One can get

27R *
w,= 'E(Acu + Bﬁl)Z[kZOn (4, = Byl J(k,6,R)=0. 9.14)

h=2

- 2mR

= %c o+ B2 D P oW = By, + (= B €™ e rdirdp

00 m=1 p=1

(9.15)
1 R 2z W o . —m . im
=i B [Tl e[Sk, [(4 = B Y € +(4,,~ B ) €™ dp
0 nm=1n=1

Applying equation below into this equation
2z 0 (m=0)

e™dp = { (9.16)
! 27 (m=0) .
One can get

W,=0 . (9.17)
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27 R

_ 1 ‘
W= [ [= 3 oo X Ao, + By, X(dgy = By)' rédrdep
00 pC n=2 .
) X (9.18)
7 .
=== (dy = By)' Y (Ao, + By, [rs (kg r)er .
pPe n=2 0
Applying equation (9.13) into this eqﬁation, one can get
27 " '
W4 =E(Am _Bm) Z(A()n +Bﬂu)‘]l(kr0nR) =0. (9-19)
n=2
2xR° 1
Ws= Ij _'Z-]o (Rront X Aoy + Boy )
00 PN (9.20)

k .
* 2[“?']0(&9"")(149» — By, ) rdrde .

n=2

Applying integral relations of Bessel function (9.21) into this equation

T WL R )= T, R, GRY (1)
[ra0nT, e =17

5 {(Jm(ﬂﬂ)) Hl-or )W AR) } (A=4).

(9.21)

If k,, #k,,, (N #n), one can get

R

[To o) (k0,7 )elr = 0.

0

(9.22)

So equation (9.20) can be written as

0 r=2

1 2z R . s
W= [ 278 (oo, + By, )on (Ao, = By, )T rdrdep
0 .

oz § .
=2 (3" (A, + By Mkeay (Aoy = Boy )T J2 Uty (9.23)
ka o n=2
ﬂRz | * 2
= k Z(AOH + BOn )[kzﬂn (AOn - BOn)] ']0 (krOn'R) .

n=2

2z R
1
WG = J-j R JO(krORF)(A()n + Bﬂn)
00 pC n=2

k (9.24)
* D2 T (K, (A, = Bry)e ™ + (4, — B )e " ) rdrdy

S
u
=
X
bl

-202 -




9. Radiated power and the insertion loss for different aperture devices

Applying equation (9.16) into this equation, because in this equation, there is m = 0, so

one can get
W, =0. (9.25)
2R o ' _
E IJZZJ ( .M, nr) [(‘47:71 + B;m_)e-Jw + (A;m + B;n)ejm] * (AOI _BOI)* rdr(’b' (9'26)
0 o m=1 n=l

Applying equation (9.16) into this equation, one can get

W,=0. (9.27)
1 nh &g + + - jmp - - jm@
Wy =—= ([ 3D (Tl V(s + B} )e " +(4;, + B}, )e"™ )
Pc oo m=ln=l
. (9.28)
*Z ‘Zkon (4, - B, )'rdrdp .
n=2

Still one can apply equation (9.16) into this equation, then there is

W,=0. (9.29)

Wy = [ 33 o+ Big )™ + iy + B )
0o

o k“"':l”:l (9.30)
* S T ks PN (A = B de ™ + (A4, — B e 1Y rdrd
mzl;( p Ky ma? ) ") ( )" 1Y rdrdg.
According to the relationship between the complex conjugates
(A*B)' = A" *B", (9.31)
1 2R @ w . » _ _ .
Wy =— [[ 2D e hpw? (A + Bl )™ + (A + By e )
PC § 5 M=1N=l
, (9.32)
o kzmn + + m - =jm
*3OA p J (K, (A — B ) €™ + (A4, — B ) e Iyrdrdep .
m=1 n=1 ‘

Applying equation (9.16) into equation (9.32), one can see if M # m, the integration

should be equal zero, so equation (9.32) can be written as,
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27 Tt o + + . k;mn + + e
W= j(ZZ((J by Py + Bl )* D =227 (K, 7N A, — B,
o m=lN=1 n=1

k

x
z,m

(9.33)
2 J (k

T A + B ST, (b 7 = B W

n=1
Then according to integral relations of Bessel function (9.21), only those items that
agreec N = n are not equal to zero. So the equation can be written as,
2 o
D S (W PO, (A + B )AL, = BLLY
m=1 n=1 r , n (9'34)
+ (A;ln + B;!n )(AJ;H - B;’lﬂ)* ]) -

2

So From equation (9.11) to eqliation (9.34), one can get the values of W, to W,. Also
from these equations, one can see that only W,, W, and W,are not zero. So equation

(9.10) can be written as,

W=W+W,+ W+ W,

=W, +W, +Wy
7R?
= {k(Am + By M4y, — ) +
pck
> k5003 Uk R)( Ay, + Boy Mgy = Bo)" + 9.35)
n=2
w . m2 ) . . . .
22, A=y R Ay + B Ay = By
m=1 n=1 Ju_—

+(4,, + B, X4, - B,) D} .

From equation (9.35), it can be seen that the power at the open end of the duct is a

function of the amplitudes of different higher-order modes, such as 4., B,; ... 4, and
B> . Which means if these amplitudes are obtained, one can get this power easily from

equation (9.35). In previous chapters, the amplitudes of those higher-order modes have
been obtained. So just substitute these amplitudes into the equation above to get the

power theoretically.

The power W obtained from equation (9.35) is a ‘complex power’, the real part of ¥ is
the mean (active) power which is radiated from the end of the duct along z-axis. The

imaginary part of W is the reactive power which only exists in the plane transverse to z-
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axis and cannot be radiated out of the duct. So the power radiated from the end of duct

should be written as

W, =real(W)
7R* .
= real] “—{k(4y + By Aoy = By)" + 9.36)
pek
Z k;,o,n Jg (kr()n R)(A()n + BOn )(AOM - BOn ). +
=2

2

DD (1~ W ROCAL + B (AL = B

m=1 n=1 r,m, n

(A5, + By Az~ B) D}

From equation (9.36), it can be seen that the power radiated from the duct end is the sum
of the powers radiated in different modes. There is no cross coupling effects appearing
in this equation. Which means for the radiated power, the acoustic pressure of one single

mode p,. can only drive the particle velocity v, of same mode (M =m and N =n).

The cross coupling items, such as p, *v,, ' (m = Morn= N), are all equal to zero.

In equation (9.36), the amplitudes of the higher-order modes, such as 4,,, B, ... 4,,

and B’

mn ?

are complex numbers. Take 4, and B} for example, one can write them as,

An, =X Dy, 9.37)
B, =%, +iy,.

In which, x,, ¥, x, and y, are all real numbers.
So the item real {(4: +B; YA, - B, )} inequation (9.36) can be given as,
real((A>, + B> YA, —B:)")

= real{((x, +x,) +i(y, + Y, ) * (x, — %) +i(y, = y))} (9.38)
=(x] +yD) (x5 +¥2).

From this equation, it can be seen that the first item is the square of the amplitude of the

incident wave A4, and the second item is the square of the amplitude of the reflected
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wave B’ . Also from the complex reflections coefficients R, shown in Chapter 3,

which defines the relationships between A, and B , there is

Amplitude(R,,, ) <1. (9.39)
So one can have the following relationship

(f +y0) >=(x +33). - (9.40)

Which means the item real{(4. + B, , XA, —B.,)'} is always larger than zero, the
same is for items such as, real{(4,, +B,, )4, -B,)} and
real{(A,, + By, X(4y, — B,n) } - So every item in equation (9.36) is not a negative value

and the total value of the power radiated W, from the end of the duct is always positive,

which agrees with the real situation - the net power is always radiated out of the duct

rather than in the duct along the z-axis at the open end.
9.2.2 Approximate lumped-parameter model

For the source duct end, only the plane wave is considered and the amplitudes of the

incident and reflected wave, S4, and SB,, are also obtained, substitute these

amplitudes and the coordinate of the source plane into equation (9.5), one can also get
the power radiated from the source duct end (i.e. the power transmitted into the main
duct) as follow,

Ws, = real(Ws)

(9.41)

2
7R,

= real (SAy e~ + SBye” ) (84, e — SBye’™)'}.

From equation (9.41), the power radiated into the main duct can be obtained. From
equation (9.36), not only the total powers radiated out of the duct, but also the powers of
different modes radiated out of the main duct can be obtained. Then one can take
acoustic pressure and power as two parameters and construct the approximate acoustical
two-port system as shown in Fig 9.1. Assume that the duct and aperture device consist of
a black box, when one apply specific acoustic pressure and power from the input end,

accordingly one can get the corresponding acoustic pressure and power pattern from the

output end.
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Input (0, 1} mode
power Fressure
(1, 1) mode
Pressure (2, 1) mode Output
power
¥ Other higher-order _|
* modes
Black box (duct + aperture device)

Fig 9.1 The plot of the approximate two-port system model

Compared with the two-ports system model shown in Chapter 2, for the sound source
end, there is only the plane wave propagating along the duct, so the acoustic pressure in
the plane transverse to z-axis is equal everywhere and the power radiated out is all in the

plane wave form.

However, at the open end, the power radiated out in the form of the combination of
different higher-order modes, so the powers radiated in different modes rather than the
total power can be taken as the lumped parameters. Also at the open end of the duct, the
acoustic pressure is dependent on the coordinate (r,)in the plane transverse to z-axis.
So this model can only be called an approximate lumped-parameter model. This
investigation is focused on the distribution of the powers radiated out of the duct rather

then the acoustic pressure at the open end.

So one can analyze the performances of different aperture devices in two aspects.
1. Analysis of the radiated power, espe(;,ially the power of every single mode.
Through the comparison of these powers at different normalized wave number
ranges, one can get the relationships between the powers of different higher-

order modes, as well as the relationship between the power of a single mode with

total power radiated out of the duct. Through these relationships one can tell the
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effects of the aperture devices on the whole in-duct field, as well as the
applicability of this approximate model.

2. Analysis of the insertion loss (IL) of different aperture devices. Through the
comparison of the /L. for different aperture devices, one can also study the effects
of different aperture devices on the in-duct acoustic field. From equation (9.1), it
can be seen that the insertion loss is a relative value between the radiated powers
for the duct with an aperture device situation and the duct without an aperture
device situation. So through the study of the insertion loss, one can separate the

performance of the aperture device from the performance of the main duct.
9.2.3 Energy loss along Z-axis in the main duct

From equation (9.36) and equation (9.41), one can get the power radiated from the end

of the duct and the source end respectively. Taking several different situations for

example, comparison is made between the power radiated from the end of duct W, and

the power radiated from the source duct end Ws,. The results are shown in Fig 9.2 (J)

and the comparative relationships between source duct and orifices are shown in Fig 9.2
(II). These different situations include (a) source duct located eccentric and no aperture
device in the main duct; (b) source duct located eccentric and a simple aperture device is
placed in duct; (¢) source duct located concentric and no aperture device in the main
duct; (d) source duct located concentric and a simple aperture device is placed in the

duct.
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Fig 9.2 (II) Configurations of four source-orifices relationship situations
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It can be seen that theoretically for all situations shown in Fig 9.2 (II), the power
radiated from the duct end equals to the power radiated from the source duct end. Which
means all energies transmitted into the main duct are radiated out from the end of the
duct and there is no energy loss along z-axis in duct. This is considered to be reasonable,
because first there is no energy absorbing materials applied in the main duct; secondly,
the wall of the main duct is considered perfect rigid. So theoretically there is no energy

loss mechanism in this situation.

So from this figure it can be seen that the simple aperture device used in the
investigation cannot cause any energy loss. Instead it changes the impedance of the
acoustic system and then change the amplitudes of different higher-order modes, finally
it can change the power radiated from the sound source duct at different parts of the

frequency range.
9.2.4 Effects of the source location on the radiated power

First of all, take the duct without an aperture device for example, when the source duct is
located at O =40%R (0.06m) (eccentric situation, Situation a in Fig 9.2(JI)) and
0 =0%R (0.00m) (concentric situation, Situation ¢ in Fig 9.2(I])) respectively, the
powers radiated from end of the duct are plotted in Fig 9.3. Fig 9.3 4) is plotted in linear
frequency range; Fig 9.3 b) is plotted in 1/6 octave band; Fig 9.3 c) shows the difference

between these two situations: Powers radiated at eccentric situation - Powers radiated at

concentric situation.
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Fig 9.3 Difference of powers radiated from duct end between source eccentric

situation and source concentric situation

From this figure, it can be seen that when there is no aperture device in duct, the powers
radiated from the duct end for these two situations are different. The biggest difference
appears at the normalized wave number range of 1.84<k*R~<3.5. In which four
axially- unsymmetric higher-order modes (1,1} and (£2,1) begin to propagate along
the duct. So the powers radiated out of the duct at this normalized wave number range
for the source eccentric situation are larger than those for the source concentric situation,
because for the source concentric situation, these four axially- unsymmetric higher-order
modes do not propagate along the duct at this normalized wave number range. After the
symmetric higher-order mode, (0, 2) mode cuts on; the power radiated from the duct end
for concentric situation is larger than that for the eccentric situation. Because at this

frequency range, the axially-symmetric higher-order modes are the dominate ones.
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From this figure, one can see the effects of the sound source location in the plane
transverse to the z-axis. For the plane wave range and even highér normalized wave
number range (k* R > 6), this effect is very small, because the radiated powers for these
two situations are nearly equal. In the normalized wave number range (1.8 <£* R <6),
the powers radiated from duct end for these two situations are quite different from each

other. In this normalized wave number range, there are mainly (0, 1) mode, (¥11)
modes, (£2,1) modes, (0, 2) mode and (£3,1) modes propagation in main duct. So

discussion in the following sections will be focused on the radiated powers of those

modes and the totally radiated power in this normalized wave number range.
9.3  Analysis of the radiated power of different single higher-order mode

From equation (9.36), it is easy to obtain the total power radiated from the end of the
duct, as well as the power radiated in the form of each mode. So in this section, the
relationships between them are studied. Still according to the relationship between the
sound source and the main duct, there are source concentric situation and source

ecce_ntric situation. The first one to be studied is the source concentric situation.
9.3.1 Source concentric situation

One can get the power radiated from the end of the duct for each mode from equation
(9.36). In order to show the relationships between different modes for different source-
orifice situations, some source-orifice situations are chosen and plotted in the figures
below. In these figures, a) shows power radiated for the each mode from the end of the
duct (for clarity, not all propagating modes are plotted, only (0, 1) mode, (£1,1) modes,
(£2,1) modes, (0,2) mode and (£3,1) modes are plotted). ) shows the percentages of

the power of each mode over the total power radiated from the end of the duct.

Fig 9.4 shows the situation when there is no aperture device in duct; Fig 9.5 shows the

situation when there is a single concentric orifice (Situation 1 in Fig 8.5); Fig 9.6 shows

the situation when there is a single eccentric orifice (Situation 2 in Fig 8.5).
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Fig 9.6 Powers radiated from the end of the duct for different modes and their

relationships with total power (Situation 2 in Fig 8.5)

From Fig 9.4-9.6, it can be seen that,

1.

Without an aperture device in the duct, only axially-symmetric modes radiate
energy from the end of the duct. Before (0, 2) mode cuts on, all energy radiated
out of the duct is in the form of (0, 1) mode; after (0, 2) mode cuts on, most
energy (90% of total energy) radiates in the form of (0, 2) mode.

For the device with a single concentric orifice situation, still only axially-
symmetric modes radiate energy from the end of the duct. Through the
comparison of Fig 9.4 and Fig 9.5, it is easy to find that they are quite similar.
Which means the presence of such an aperture device in the duct does not
change the pattern of the energy radiated out of the duct.

For the device with a single eccentric orifice situation, with such an orifice
presence, other higher-order modes begin to radiate some energy out of the
duct. After the first higher-order mode cuts on, most energy is radiated in the
form of the axially-unsymmetric higher-order modes (the contributions of the

axially-symmetric modes only account 10%-20%). Which means the presence |
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of such an aperture device in the duct changes the pattern of the energy
radiated out of the duct dramatically.

All other configurations of the orifices are considered and the configurations fall into
four categories, which are the axially-symmetric without concentric orifice situation; the
axially-symmetric with concentric orifice situation; the axially-unsymmetric without
concentric orifice situation and the axially-unsymmetric with concentric orifice situation.

So taking one example from each category and the results are shown below.

Fig 9.7 is for the axially-symmetric with concentric orifice situation (Situation 4 in Fig
8.15); Fig 9.8 is for the axially-symmetric without concentric orifice situation (Situation
3 in Fig 8.15). Fig 9.9 is for the axially-unsymmetric with concentric orifice situation
(Situation 2 in Fig 8.11).; Fig 9.10 is for the axially-unsymmetric without concentric

orifice situation (Situation 3 in Fig 8.11).
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Fig 9.7 Powers radiated from the end of the duct for different modes and the
relationships with total power (Situation 4 in Fig 8.15)
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relationships with total power (Situation 3 in Fig 8.11)

From Fig 9.7-9.10, it can be seen that

1. For the axially-symmetric with concentric orifice situation (shown in Fig 9.7),

all higher-order modes appear in the after orifice field after these modes cut on.
At most of the wave number range, the plane wave contributes most to the total
energy. Even with the concentric orifice, after the (0, 2) mode cuts on, this
mode contributes only about 2% of total energy, which means although this
axially-symmetric higher-order mode appears in the afier orifice field,
compared with other modes, it is nearly negligible,

For the axially-symmetric without concentric orifice situation (shown in Fig
9.8), only axially-symmetric higher-order modes appear in the after orifice
field. Which is contrary to what is expected. At this situation, it is expected that
those axially-unsymmetric higher-order modes appear or even dominate in the
after orifice field after these modes cut on. The only reason for this
phenomenon is that those axially-unsymmetric higher-order modes produced

by those axially-symmetric orifices counteract with each other and only
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axially-symmetric higher-order modes are left in the after orifice field. From
this figure, it is also observed there is nearly only the plane wave is left in the
after orifice field. Although after (0, 2) mode cuts on, this mode contributes
2%-8% of total energy, compared with the contribution of the plane wave
(more than 90% of total energy), this higher-order mode contribution is very
small.

. For the axially-unsymmetric with concentric orifice situation (shown in Fig
9.9), all those modes appear in the after orifice field and the contributions of
those axially-symmetric higher-order modes are significant. Before (0, 2) mode
cuts on, the plane wave contributes most to the total energy and after (0, 2)
mode cuts on, (0, 2) mode contributes more than 70% of total energy.

. For the axially-unsymmetric without concentric orifice situation (shown in Fig

9.10), it is noticed that only the plane wave, (£2,1) modes and (0,2) mode
appear in the after orifice field; (+£1,1) modes and (£ 3,1) modes disappears.

This is also contrary to what is expected to be. It is expected these four axially-
unsymmetric higher-order modes should appear after those modes cut on. Still
the only reason for this phenomenon is those four higher-order modes produced
by those two orifices counteract with each other. Also the contribution of ©, 2)
mode is negligible, which agrees with the expectation.

. Through the comparison of Fig 9.7 with Fig 9.8 and Fig 9.9 with Fig 9.10, one
can see that for the source concentric situation, the concentric orifice in the
device plays a very important role in the distribution of the energies between
the higher-order modes. For axially-symmetric placed orifices, the concentric
orifice can increase the percentage of the power radiated out of the duct by the .
axially-unsymmetric higher-order modes. For axially-unsymmetric placed
orifices, the concentric orifice can increase the percentage of the power
radiated out of the duct by the axially-symmetric higher-order modes.

. Through the comparison between Fig 9.7 and Fig 9.10, it can be seen that the
arrangement of the eccentric orifices also have a significant effect on the
distribution of the power radiated out of the duct between higher-order modes.
By arranging different numbers of the orifices or the positions of the orifices,

one can eliminate some higher-order modes from the after orifice field, as well
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as one can increase or decrease the contributions of some specific higher-order

modes.

From the analysis above, it can be seen that the arrangement of the orifices in the device
do have a decisive effect on the higher-order modes distribution in the after orifice field
for the sound source concentric situation. In next section, the effects of those orifices on
the after orifice field when the sound source located eccentric to the main duct are

discussed.
9.3.2 Source eccentric situation

In this section, the source duct located eccentric to the main duct situation is studied. In
order to show the relationships between different source-orifice situations, certain
source-orifice situations are chosen and plotted in the figures below. In these figures, a)
shows power radiated for the each mode from the end of the duct (for clarity, not all
propagating modes are plotted, only (0, 1) mode, (+1,1) modes, (+2,1) modes, 0, 2)
mode and (£3,1) modes are plotted); b) shows the percentages of the power of each

mode over the total power radiated from the end of the duct.

Fig 9.11 shows the situation when there is no aperture device in the duct; Fig 9.12 shows

the situation when there is a single concentric orifice in the duct (Situation 3 in Fig 8.5);

Fig 9.13 shows the situation when there is a single eccentric orifice in the duct (Situation
4 in Fig 8.5).
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relationships with total power (without aperture device situation)
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Fig 9.13 Powers radiated from the end of the duct for different modes and the

relationships with total power (situation 4 in Fig 8.5)

From Fig 9.11-9.13, it can be seen that
1. Normally, the contribution of each mode to the total power is largest just
around that mode cuts on and it decays to a nearly constant lower level with the
increasing of the frequency.
2. For the without aperture device situation, all cut on higher-order modes radiate
energy from the end of the duct. From Fig 9.11 it can be seen that the plane

wave plays a very important role in the power radiation even after (£1,1)
modes and (+2,1) modes cut on (when (£ 1,1) modes cut on, the plane wave
contributes 60% of all power and (+2,1} cuts on, the plane wave still

contributes nearly 40% of all power). Also when (+2,1) modes cut on, {+2,1)

modes contribute only 20% of all power.
3. For the device with single concentric orifice situation, only axially-symmetric

modes radiate energy from the end of the duct, Before the (0, 2) mode cuts on,
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all energy radiated out of the duct is in the form of (0, 1) mode; after (0, 2)
mode cuts on, most energy (90% of total energy) radiates in the form of (0, 2)
mode. This is similar to that source concentric situation., | '
4. For the device with single eccentric orifice situation, still all cut on higher-
order modes radiate energy from the end of the duct. Through the comparison
of Fig 9.11 and Fig 9.13, it is noticed that the situations are quite similar,
Which means the presence of such an eccentric aperture device in the duct does
not have a significant effect on the pattern of the energy radiated out of the

duct.

Other than these three situations, all source eccentric situations discussed in Chapter 8
have been considered. Still four different configurations of those orifices, which are the
axially-symmétric without concentric orifice situation, the axially-symmetric with
concentric orifice situation, the axially-unsymmetric without concentric orifice situation
and the axially-unsymmetric with concentric orifice situation, are selected and the results

are shown below.

Fig 9.14 is for the axially-symmetric with concentric orifice situation (Situation 10 in
Fig 8.15); Fig 9.15 is for the axially-symmetric without concentric orifice situation
(Situation 9 in Fig 8.15); Fig 9.16 is for the axially-unsymmetric with concentric orifice

situation (Situation 5 in Fig 8.15); Fig 9.17 is for the axially-unsymmetric without

concentric orifice situation (Situation 7 in Fig 8.15).
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From Fig 9.13-9.17, it can be seen that

1. Unlike the source concentric situation, every cut on higher-order mode appears
in the after orifice field for these four different situations, although the
contributions of each mode to the total energy are different from each other.

2. Through the comparison of Fig 9.14 and Fig 9.15, it can be seen they are very
similar, which means the extra concentric orifice has little effect on the
distribution of the power between those higher-order modes in the after orifice
field. At most of the wave number range, the powers mainly radiate in the form

of the plane wave, (£1,1) modes and (+2,1) modes, the contributions of other

higher-order modes are very small.

3. For the axially-unsymmetric orifices configuration, it can be seen that the
presence of the concentric orifice in the device has a significant effect on the
distribution of the power radiated out of the duct. For with the concentric
orifice situation, after (0, 2) mode cuts on, it contributes 30%-70% of total
power and dominate in the after orifice field. However for without the
concentric orifice situation (shown in Fig 9.17), after (0, 2) mode cuts on, it
contributes only 10%-30% of total power. _

4. For the source eccentric situation, the arrangement of the orifices does have
some effects on the distribution of the power between higher-order modes.
However these effects are not so significant as those for source concentric
situation. Even though one can still through the arrangement of those orifices in
the device to adjust the relationships between different higher-order modes in
the after orifice field. For example, if it is required that the (0, 2) mode to be
dominated in the after orifice field, one can make those orifices axially-
unsymmetric arranged and add a concentric orifice. If it is required (0, 2) mode
‘to be cancelled in the after orifice field, one can make those orifices axially-

symmetric arranged.
9.3.3 Applicability of the approximate lumped-parameter model

In Fig 9.4 -9.17, the total power radiated out of the duct and the powers in the form of

some modes (from (0, 1) mode to (3, 1) mode) are plotted. As discussed before, the
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power radiated out of the duct is equal to the power radiated into the main duct from the
- source region. So the relationships between the input power (total power) and the output
powers (powers in different single modes) can also be seen from these figures. By
successfully separating the total power into the sum of the powers of different modes,
one can study the detailed effects of different aperture devices on the distribution of
higher-order modes in circular duct. For example, one can eliminate some specific
higher-order modes by arranging the configuration of the orifices in the aperture device.
These relationships are important for this approximate lumped-parameter model,

because the powers are chosen as approximate lumped parameters in this model.

So through the study of the powers distribution, it can be seen that this approximate
model is applicable for the study of the higher-order modes propagation in circular duct

with a simple aperture device present.

From the discussion made above, it can be seen that not only the configuration of the
orifices in the device affects the after orifice field, but also the location of the sound
source in the plane transverse to z-axis. So in order to get a clear view on the description
of the effects of those devices, one should combine them together. Which is named as
source-orifice relationships in former discussions. After the study of the powers radiated
from the end of the duct, the insertion losses (/L) for different situations are studied

below.
9.4  Effects of different configurations of the orifices on the insertion loss

From equation (9.36), one can get the power radiated from the end of the duct for
different situations, substituted these powers into equation (9.1), the insertion loss (/L)
- for these situations can be obtained. During the study of the insertion loss (IL) for those
different situations, one phenomenon (also observed and analyzed by August Sauter and
Walter in Ref [54]), which is the insertion losses in some frequency ranges for some
specific situations are negative values, is observed. However the insertion loss is
expected to be a positive value rather than a negative one. In next section, this

phenomenon is discussed and also the possible reason is given.

-226-




9. Radiated power and the insertion loss for different aperture devices

9.4.1 Negative insertion loss (IL)

Take the source eccentric and axially-symmetric with concentric orifice situation for
example (Situation 2 in Fig 9.20 (I1)), the results are shown in Fig 9.18 and Fig 9.19. Fig
9.18 @) shows the insertion loss (ZL) for this situation; Fig 9.18 b) shows the power
radiated out of the duct for this situation and the power radiated out of the duct for
without aperture device situation. Fig 9.19 a) shows the directed measured acoustic
pressure and the predicted acoustic preséure for the after orifice field; In order to show
them clearly, Fig 9.19 b) shows the directed measured acoustic pressure and predicted

pressure in 1/6 octave band.
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Fig 9.19 Comparison of the direct measured acoustic pressure in the after orifice

field for without and with aperture device situations (Situation 2 in Fig 9.20 (ID)

For this situation, at some normalized wave number ranges, such as K*R=1,
K*R~4 and K*R~5, the insertion loss (IL) are negative values. Which means at
these normalized wave number ranges, the powers radiated from the duct end for with
aperture device situation is larger than those for without situation. Normally, the
insertion loss (IL) should be a positive value. The comparison of the acoustic pressure
measured directly at the after aperture device reference point shown in Fig 9.19 shows
that at these normalized wave number ranges, acoustic pressures for duct with aperture
device are larger than those for duct without aperture device. From the source duct end
view point, the presence of the aperture device reduces the radiated impedance rather
than increase it, so more energies are radiated into the main duct at these normalized

wave number ranges than the duct without aperture device situation, and as discussed

above, there are no energy losses, so all these energies are radiated out from the duct
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end. This is why the insertion loss (/L) takes negative values at these normalized wave

number ranges.

After explaining the reason which causes the negative value for the insertion loss, the
insertion losses for different situations are compared and through this, one can see the
effects of the configuration of those orifices in the device. Still according to the location
of the sound source, the analysis is divided into two groups: source eccentric situation
and source concentric situation. The first one to be discussed is the source eccentric

situation.
9.4,2 Source eccentric situation

For the source eccentric situation, at first, four different configurations are shown in
figure below. Fig 9.20 (/) shows the comparisons of the insertion loss for different
situations; Fig 9.20 (JI) shows the configurations of the source-orifices for these
different situations. In Fig 9.20 (), there are four sub figures which are labeled as a), ),
¢) and d}. @) shows the comparison of the IL for situation 1 and situation 2 in Fig 9.20
(II); b) shows the comparison of the IL for situation 3 and situation 4 in Fig 9.20 ({I); ¢)
shows the comparison of the IL for situation 1 and situation 3 in Fig 9.20 (ID); d) shows

the powers radiated out of the duct for these four different situations and the power

radiated out of the duct for without aperture device situation.
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From this figure, it can seen that

1.

The two configurations of the orifices shown in ) are both axially-symmetric,
the only difference between these two situations is there is an extra concentric
orifice for situation 2. The results show that the insertion losses for these two
situations are quite similar; only at some part of the normalized wave number
range, the IL for situation 1 is larger than that for situation 2. This means the
effects of the extra concentric orifice on the I for this situation are very small.
Which is also observed from the power radiated in Fig 9.14 and Fig 9.15.

The two configurations of the orifices shown in b) are both axially-unsymmetric.
The results show that the insertion losses for these two situations are also quite
similar. This means the changing of the comparative relationship between the
source and orifices has an effect on the insertion loss, however this effect is not
very large. |

Comparison between axially-symmetric and axially-unsymmetric situations is
shown in c). The results show that when £*R <35, the /L for unsymmetric
situation is larger than that for symmetric situation. But when £ * R > 5, they are
nearly the same. Which means at even higher normalized wave number range,
for the insertion loss (/L) there is nearly no difference for these two types of
configurations of the orifices.

It is also noticed that most of the insertion losses resulfing from these devices
are less than 5 dB or even smaller. Which means the insertion losses incurred by

these types of configurations are not very significant.

Comparisons of other four situations with the same open area ratio (8% open area) but

different configurations are shown in figure below. Fig 9.21 (/) shows the comparisons

of the insertion loss for different situations; Fig 9.21 (II) shows the configurations of the

source-orifices for these different situations. In Fig 9.21 (J), there are four sub figures

which are labeled as a), ), ¢) and d). a) shows the comparison of the /L. for situation 1

and situation 2 in Fig 9.21 (II); b) shows the comparison of the IL for situation 3 and

situation 4 in Fig 9.21 (/I); ¢) shows the comparison of the /L for situation 1 and

situation 3 in Fig 9.21 (II}; d) shows the powers radiated out of the duct for these four
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different situations and the power radiated out of the duct for without aperture device |
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From results shown in this figure, it can be seen that

1.

All of these four situations have the same open area ratios (8% open area),.
however the insertion losses caused by these situations are different from each
other. This means not only the ratio of the open area affects the insertion loss, but
also the comparative configuration of the open areas decides the value of the
insertion loss. |
Fig 9.21 () a) shows that the insertion loss for the first two situations are nearly
equal for most of the normalized wave number range, which means for
éon.ﬁgurations with concentric orifice, the circumferential positions of other
orifices have very little effect on the insertion loss.

For those situations without the concentric orifice, Fig 9.21 (/) b) shows that
although the configurations of those two orifices are the same, the insertion
losses are quite different from each other. Which means the comparative source-
orifices relationships do have a significant effect on the insertion loss. Especially
when k£* R~ 6, the insertion losses for situation 4 are quite significant (larger
than 10 dB). _

Through the comparison of situation 1 and situation 3, Fig 9.21 (/) ¢) shows that
at most part of the normalized wave number range, the insertion losses for
situation 3 are larger than those for situation 1. However the difference between

them is not very significant (about 1-2 dB).

Comparisons of other four single orifice situations also with the same open area ratio

(1.8% open area) but different configurations are shown in Fig 9.22. Fig 9.22 (/) shows
g

the comparisons of the insertion loss for different situation; Fig 9.22 (II) shows the

configurations of the source-orifices for these different situations. In Fig 9.22 (I), there

are three sub figures which are labeled as a), ), ¢) and d). a) shows the comparison of

the IL for situation 1 and situation 2 in Fig 9.22 (II); b) shows the comparison of the /L

for situation 2, situation 3 and situation 4 in Fig 9.22 (II); ¢) shows the powers radiated

out of the duct for these four different situations and the power radiated out of the duct

for without aperture device situation.
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From this figure, it can seen that

1. For the plane wave region, the insertion losses for these four different situations
are nearly the same, Which means for the single orifice situation, the insertion
losses are independent on the location of the orifice in the plane wave rangc;

2. The insertion losses for these situations are around 5 dB, or even larger 10 dB at
some specific part of the normalized wave number range, which is larger than
those shown for the several orifices situation.

3, Fig 9.22 (]) a) shows that at most normalized wave number range, the insertion
losses for eccentric orifice situation are larger than those for the concentric
orifice situation. The largest difference appears in the range of 1.8 <k * R < 3.5,
in which four axially-unsymmetric higher-order modes cut on in the duct.

4. Fig 9.22 (1) b) shows that for those three different éccentﬁc orifice situations,
there is no specific trend for the insertion losses. At different normalized wave

number range, these three situations give different values.

In order to see the effects of the numbers of the orifices on the insertion losses, i.e. the
effects of the open area of the orifices on the JL, several situations are chosen and two

figures are plotted below.

In Fig 9.23, four different configurations of the orifices are chosen, which are, one single
eccentric orifice situation (1.8% open area); two eccentric orifices situation (8% open
area); five ecceniric orifices situation (9% open area) and six symmetric eccentric
orifices situation (24% open area). In Fig 9.23 (), q) shows the I for these four
different situations; ») shows the powers radiated out of the duct for these four situations

and the power radiated out of the duct for without aperture device situation.

In Fig 9.24, four different configurations of the orifices are chosen, which are, one single
concentric orifice situation (1.8% open area); one concentric orifice and one eccentric
orifice situation (8% open area); five eccentric orifices plus one concentric orifice
situation (11% open area) and six symmetric eccentric orifices plus one concentric
orifice situation {28% open area). In Fig 9.24 (I, a) shows the IL for these four different
situations; &) shows the powers radiated out of the duct for these four situations and the

power radiated out of the duct for without aperture device situation.
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From Fig 9.23 -9.24, it can be seen that

1. It is hard to find some direct relationships between these insertion losses with the
open area ratios, because there are many other items which can affect the
insertion losses. However for most part of the normalized wave number range,
the open area ratio does have a significant effect on the insertion losses.
Normally the larger this ratio is, the less the insertion losses are.

2. For most part of the normalized wave number range, the insertion losses for
situations with the concentric orifice are less than those without the concentric
orifice. This phenomenon shows the role of such a concentric orifice in the

effects on the insertion losses.

In this section, when the sound source located eccentric to the main duct, the effects of
the open area ratios, the effects of the configurations of the orifices and the effects of the
comparative source-orifices relationships on the insertion losses have been discussed.

The source concentric situation is studied in next section.
9.4.3 Source concentric situation

For the source concentric situation, at first, still four different configurations are shown
in figure below. Fig 9.25 (I) shows the comparisons of the insertion loss for different
situations; Fig 9.25 (/) shows the configurations of the sourcc-orifices for these
different situations. In Fig 9.25 (I), there are four sub figures which are labeled as a), b),
¢) and d). a) shows the comparison of the IL for situation 1 and situation 2 in Fig 9.25
(IT); b) shows the comparison of the IL for situation 3 and situation 4 in Fig 9.25 (ZD); ¢)
shows the comparison of the JL for situation 2 and situation 4 in Fig 9.25 (II); d) shows

the powers radiated out of the duct for these four different situations and the power

radiated out of the duct for without aperture device situation.
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From this figure, it can be seen that,

1. The two configurations of the orifices shown in Fig 9.25 (J) @) are both axially-
unsymmetric, the only difference between these two situations is there is an extra
concentric orifice for situation 2. The results show that the insertion losses for
these two situations are quite similar, only at some part of normalized wave
number range, the /L for situation 1 is larger than thaf for situation 2. This means
the effects of that extra concentric orifice on the I for this situation are very
small. _ '

2. The two configurations of the orifices shown in Fig 9.25 (1) b) are both axially-
symmetric. The results show that the insertion losses for these two situations are
also quite similar, There is a significant difference when £ * R > 5, this means
the effects of that extra concentric orifice on the IL are obvious only at higher
normalized wave number range.

3. Comparison between axially-symmetric and axially-unsymmetric situations is
shown in Fig 9.25 (I} ¢). The results show that when k* R < 4.5, the IL for
unsymmetric situation is larger than that for symmetric situation. But when
k*R>4.5, the IL for symmetric situation is larger that that for unsymmetric
situation.

4, It is noticed that most of the insertion losses caused by these devices are less than
5 dB or even smaller. Which means the insertion losses incurred by these types -

of configurations are not very significant.

Comparisons of three two-orifices situations, which are one concentric orifice plus one
eccentric orifice situation (8% open area); two symmetric placed eccentric orifices
sitnation (8% open area) and two asymmetric placed eccentric orifices sitnation (3.6%
open area), are shown in Fig 9.26. Fig 9.26 (I) shows the comparisons of the insertion

loss for these three situations; Fig 9.26 (II) shows the configurations of the source-

orifices for these three situations. In Fig 9.26 (J), there are two sub figures that are
labeled as a), b). a) shows the comparison of the IZ; b) shows the powers radiated out of

the duct for these three situations and the power radiated out of the duct for without

aperture device situation.
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From this figure, it can seen that

1.

The insertion losses for these three situations are around 5 dB, or even larger 10
dB at some specific normalized wave number range, which is larger than those
shown for the several orifices situation.

At most part of the normalized wave number range, the insertion losses for two
asymmetric placed eccentric orifices situation are larger than those for two
symmetric placed “eccentric orifices situation, which is caused both by the
difference open area and the configuration of the orifices.

When k& * R <3, the insertion losses caused by situation 1 are larger than those
of situation 2; after k* R >3, the insertion losses caused by situation 1 are
smaller than those of situation2. Because these two situations are of the same
open area ratio, so this comparison shows that the effects of the concentric orifice
on the insertion losses: when axially-symmetric (0, 2) mode cuts on it causes

reduced insertion losses; while when those axially-unsymmetric modes cut on, it

causes increased insertion losses.

Still in order to see the effects of the numbers of the orifices on the insertion losses, i.e.

the effects of the open area of the orifices on the /L. Several situations are chosen and

plotted below.

In Fig 9.27, four different configurations of the orifices are chosen, which are, one single

concentric orifice situation (4% open area); one concentric orifice and one eccentric

orifice situation (8% open area); five eccentric orifices plus one concentric orifice

situation (11% open area) and six symmetric eccentric orifices plus one concenftric
P p

orifice situation (28% open area). In Fig 9.27 (1), a) shows the IL for these four different

situations; b) shows the powers radiated out of the duct for these four situations and the

power radiated out of the duct for without aperture device situation.
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From this figure, it can be seen that

1. It is still hard to find some direct relationships between these insertion losses
with the open area ratios, because there are many other items which can affect
the insertion losses. However for most part of the normalized wave number
range, the open area ratio does have a significant effect on the insertion losses.
When k* R <4, the larger the open area ratio is, the less the insertion losses it
causes. | _

2. When the axially-symmetric higher-order mode (0, 2) cuts on, the insertion
losses caused by the single concentric orifice situation is the smallest, and then
the axially-s.yrmnetric situation (situation 4) and then axially-unsymmetric
situation 3, and situation 2. This also shows not only the open area playing an

important role in the insertion losses, but also the configurations of those orifices.

From the analysis made in this chapter, combining the radiated powers with the insertion
losses for different configurations of the apertures in the device, it can be seen that
normally the smaller the open area of the orifice is, the larger the insértion loss it causes.
Also for all the situations shown in this chapter, if the sound source is concentric to the
main duct, in the normalized wave number range &k * R < 4, the single concentric orifice
situation (Situation 1 in Fig 9.27 (II)) has the greatest effect on the insertion loss; while
in the in the normalized wave number range k* R >4, the two asymmetric placed
eccentric orifices situation (Situation 3 in Fig 9.26 (/1)) has the greatest effect on the
insertion loss. If the sound source is eccentric to the main duct, in most normalized wave
number range between 1 < £* R <7 , the single eccentric orifice situation (Situation 1 in
Fig 9.23 (II)) has greatest effect on the insertion loss, while the six symmetric eccentric

orifices plus one concenitic situation (Situation 4 in Fig 9.24 (II)) has least effect on it,
9.5  Discussion
In this chapter, the errors for the powers radiated out of the duct and the insertion losses

are not discussed. This is because it is hard to get the actual values for the powers

radiated out of the duct, and then it is difficult to get the actual values for the insertion

losses for different situations. One can get the powers radiated out of the duct through
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the measurement, however this is a time and labour consuming work and no
measurement methods can give perfect results, because there are always some errors
inherent in the measurement methods (equipment errors, the measurement position
errors, the integrating errors, etc). Through the analysis made in Chapter 6 and Chapter
8, one knows that there are some errors for those amplitudes obtained by this model.
However those errors are quite similar scaled and considered to be acceptable. So it is
assumed the powers obtained from those amplitudes are also similar scaled and
acceptable. Especially for the insertion losses, which are relative values other than

absolute ones (W, /W, ), some errors brought by the same model can be cancelled.

From the study presented in this chapter, it can be seen that the radiated power is an
effective approximate lumped parameter for the study of the effects of the aperture
devices. One can just treat the whole acoustic.system as a black box and use this time
and space independent parameter to study the performances of different aperture
devices. Through the analysis of the distribution of the radiated powers between
different modes, the approximate lumped-parameter model constructed in this chapter is
considered to be acceptable and effective in the study of the acoustic properties for

simple aperture devices in circular duct in the higher normalized wave number range.

Also combining the analysis of the radiated power with the analysis of the insertion
losses, one can successfully separate the performance of the aperture device from the
performance of the main duct and also separate the effects of the configuration of the
orifices from the effects of the sound source location in higher normalized wave number
range. So these two parameters are considered to be applicable for the study of the

higher-order mode propagation in circular ducts.

Through the comparison of both the powers and the insertion losses for different
situations, it can also be seen that there are many factors which can affect these two
parameters, such as, the Jlocation of the sound source, the open area ratio, the
configurations of those orifices in the device (number of the orifices and comparative

positions of those orifices (especially the presence and absence of a concentric orifice)).

Other factors are not mentioned in this chapter, such as the total length of the main duct,




|
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the thickness of the aperture device, the distance between the source end and the
aperture devices. However these factors are considered in the procedure of the model
construction and are not so important as those factors which are discussed in this

chapter. So by adjusting these factors, one can adjust the effects of that simple aperture

device exerted on the whole in-duct field.
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Chapter 10 Conclusions and discussion

10.1 Conclusions

The aim of the current investigation is to establish a generic approach to allow the
separation of the performance of the aperture device from the performance of the
circular duct across a wide normalized wave number range. So at first the lumped-
parameter model (acoustical two-ports system model) is tested in the plane wave
region. Through the demonstration, it is confirmed that this model can work properly
for the duct without a simple aperture device present, as well as the duct with a
simple aperture device present in the plane wave region. From the results for orifices
with different diameters shown in Chapter 2, it is easy to see that the smaller the open
area of the orifice is, the larger the error it caused in the estimated impedances. Also
in this chapter, two measurement methods, the hard screen method and the two-
different-inputs method are tested and compared. Through the comparison, the hard
screen method is found to be an inaccurate method due to inherent practical problems.
However, the two-different-inputs method is shown to be an effective way for the

lumped parameters measurement.

However due to the cross-coupling effects that occur between higher-order modes at
the end of the duct or any discontinuities in the duct, the lumped-parameter model is
not applicable for the higher-order mode propagation in the duct. So an approximate
lumped parameter model is proposed and aimed to extend the applicable frequency
range to cover several higher-order mode propagation. In this model, every single
mode is treated as an approximate lumped parameter. So an effective way to
decompose the in-duct acoustic field into the sum of different single modes- is

necessary.

Although many experimental methods have been previously studied for the
decomposition of the higher-order mode propagation in circular ducts, most of them

have common disadvantages, such as the requirement of significant number of

independent measurement positions, and the availability only for the decomposition
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of the circumferential higher-order modes, So other effective methods are required. In

this project, one theoretical decomposition method is proposed and studied.

The decomposition of the in-duct acoustic field means the acquisition of the unknown
amplitudes of the propagating higher-order modes in the duct. The experimental
decomposition methods obtain the amplitudes through enough measurements carried
out in different positions. However the theoretical decomposition methods obtain the
amplitudes through the seeking of the solution for a group of independent equations

which are obtained from the descriptions of the boundary conditions.

So in Chapter 3, a description of the open end duct boundary condition is given.

Based on the description, the generalized impedances Z,,, and complex reflection

mnl

coefficients R_,, are obtained. From the analysis of the reflection coefficients, the
relationships between incident wave amplitudes 4, and the reflected wave
amplitudes B, are established. In Chapter 4, two types of widely used sound source

(plane wave source and point source) are introduced and the descriptions of both

boundary conditions are also given.

Based on the descriptions of the boundary conditions, in Chapter 5 and Chapter 6, the
independent equation groups for the duct without a simple aperture device present are
established and the solutions are also obtained. Through the results shown in these
two chapters, it can be seen that although theré are some errors between the predicted
results and direct measurements (normally less than 10% of direct measurements), the
amplitudes of the higher-order modes obtained by this theoretical decomposition
method are considered to be acceptable. Through the analysis presented in these two
chapters, it can be seen that this theoretical decomposition method works well in the
decomposition of the in-duct acoustic field for the duct without a simple aperture

device present.

Then in Chapter 7 and Chapter 8, the simple aperture device is added to the in-duct
field and the descriptions for the interfaces between the main duct and the aperture

device are presented. Combining these descriptions with those for the open end and
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the sound source, a group of independent equations is established and the solution is
also obtained. With the presence of the simple aperture device, the in-duct acoustic
field can be divided into the before orifice field and the after orifice field. Also
through the comparison of the theoretically calculated results with the directly
measured results, the amplitudes of the higher-order modes for both the before orifice
field and the after orifice field obtained by this theoretical decomposition method are
considered to be acceptable. Through the énalysis presented in these two chapters, it
also can be seen that this theoretical decomposition method works well in the
decomposition of the in-duct acoustic field for the duct with a simple aperture devices

present.

Then in Chapter 9, after successfully decomposing the in-duct acoustic field into the
sum of different single mode and the obtaining of the amplitudes of different modes
propagating in the duct, the power radiated out of the duct is taken as an approximate
parameter to describe the effects of different simple aperture devices on the in-duct
field. Through the analysis of the total radiated power and the powers of different
modes, the effects of different simple aperture devices on the distribution of the total
radiated power between different modes are obtained. It is found that not only the
location of the sound source in the plane transverse to z-axis has an effect on the
higher-order modes diétribution in the duct, but also the configuration of the orifices
in the aperture device affects the distribution of the higher-order modes in the duct.
Especially it is found that the concentric orifice has a significant effect on the in-duct
acoustic field. From the analysis, it can be seen that the powers radiated from the end
of the duct, especially the powers radiated in the form of different modes, can be used

in the approximate lumped-parameter model.

After knowing the power radiated from the end of the duct for different situations,
another parameter, the insertion loss (JL) is adopted to show the effects of different
aperture devices. Through the comparison of the insertion losses for different source-
orifices situations, it can be seen that the effects of the simple aperture devices on the
insertion losses are not very significant. At most normalized wave number range the
insertion loss is about 5 dB or even less. However from the changes of the insertion

loss at different normalized wave number range, the effects of the different
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configurations of the orifices in the simple aperture device are obtained. From the
results presented, it can be seen that the insertion loss can be chosen as a parameter to
describe the effects of the aperture device on the in-duct acoustic field even in the

higher normalized wave number range.

Through the analysis made in the previous nine chapters, it is demonstrated that the
‘model which combines those three boundaries’ descriptions together to achieve the
in-duct acoustic field decomposition is effective. Based on the decomposition of the
in-duct ficld, one can easily reconstruct the in-duct field both for the before orifice
field and thé after orifice field and analyze the effects of different simple aperture

devices.

Numerous previous works have been done on analysis of aperture devices in ducts,
most of the work deals only with the perfqrmance of the aperture device in the plane
wave propagation range. However by adopting this model, this range can be easily
expanded from the plane wave region (k* R <1.84) to an even wider normalized
wave number range (in this investigation, the wider normalized wave number range
has been extended to k*R <72, which is four times the plane wave range and
includes 16 propagating higher—order modes). In this normalized wave number range,
a better understanding of the performance of the simple aperture device on the in-duct

acoustic field is obtained.

Also by adopting this model, one can study the performance of the simple aperture
device of nearly any thickness (not a hard screen) and any configurations of the
circular orifices quite easily. By just inputting those different parameters, such as the
number of the orifices, the thickness of the device, and the location and radius of each
orifice into this model, one can get those amplitudes needed for the reconstruction

and performance comparison.

So this model provides a generic approach for the decomposition of the in-duct field
(without and with simple aperture devices), as well as a generic approach to study the
performance of the simple aperture device on the in-duct acoustic field in the higher

normalized wave number range.
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10.2 Discussion and future research suggestions

In the investigation, the coupling effects that occur at the end of the duct have been
discussed and through the developed analysis, the cross-coupling effects between
different modes are obtained. However the coupling effects happen not only at the
open end, but also at the boundaries between the sound source and the main duct, as
well as the main duct and the simple aperture device. These coupling effects,
including the cross-coupling effects between different modes and the cross-coupling
effects between different orifices in the simple aperture device, are important for the
understanding of what exacily are happening at those boundaries. Although these
cross-coupling effects are considered and included in the model construction and
calculation, they are not fully understood and clearly expressed and separated. So in
any future investigations, attention should be focused on these coupling effects. By
understand these coupling effects; one can have an even clearer view on the behavior

of different simple aperture devices.

Also in this investigation, attention is not given to the position of the simple aperture
device in the main duct, especially when this simple aperture device is located in the
near field zone of the open end ( L < R) or just at the open end. If the simple aperture
device is located at that position, it is quite difficult to measure those acoustic
properties for the after orifice field. However for many engineering problems, some
simple aperture devices are installed in that position. So in future investigations,

attention can also be given to this situation.

Another aspect, which is worthy for future research, is the style of the open end of the
duct. In this investigation, only the duct with infinite flanged termination situation is
studied. Other situations, such as the un-flanged termination situation, the un-flanged
duct with specific thickness situation and the axis of the duct is not vertical to the
flanged termination situation, are also widely adopted in the engineering works. So

the coupling effects that happen at the end of the duct for these situations should also -

be studied in the higher normalized wave number range.
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Appendix A: Experiment equipments and set-up

The connections of the experiment equipments are shown in figure below,

Mudtichannel datd
acquisition unit Amplifier
B&K analyser Generator
unif
Input
module
Microphone .
pair Specier

Fig A.1 Experiment equipments set-up and connection

The name, type and amount of equipments are listed as follow,

B&K signal analyzer unit type 2035 1 set
B&K Multi-channels data acquisition unit type 2816 1 set
B&K 25k Hz input module _ type 3015 4 sets
B&K generator module type 3107 - 1 set
Speaker 1 set
Power amplifier - 1 set

B & K Sound intensity calibrator type 3541 1 set

B & K Sound level calibrator type 4230 1 set
G.R.A.S 4”° pre-polarized free field microphone type 40AE 4 sets
Serial Num: (56590, 56592, 56593, 57428)
G.R.A.S CCP preamplifier type 26CA 4 sets
Serial Num: (58363, 58364, 58365, 58366)

Various cables
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Appendix B: Phase match of the microphone pair in the measurement

In order to achieve the accurate measurement of the phase information, the phase match
is carried out for the microphone pair used in the measurement and the procedure is

given as below:

Channel 1
Channel 2

{
B

A

Dhict

Fig B.1 The set-up for phase match of microphone pair

1. As shown in Fig B.1, two positions 4 and B are taken along the wall of the duct.
A microphone, cable and an input channel of data acquisition unit consist of
Channel 1 and another microphone, cable and an input channel of data
‘acquisition unit consists of Channel 2. |

2. So if the acoustic field in the duct is a constant one, then the actual phases of the

acoustic pressures at 4 and B are also constant and nominated as ¢, and ¢,. The
actual phases of the Channel 1 and Channel 2 are also constant and independent
of the measurement position, so the phases of the two channels are nominated as
@ and @,.

3. At first, place Channel 1 at position A4, the measured phase of acoustic pressure at

position 4 should be ¢, + ¢, ; place Channel 2 at position B, the measured phase
of acoustic pressure at position B should be ¢, +¢,. So the phase difference
between two channels is measured and can be expressed as:
Ap = (0, +P) = (@3 + @)

4. Then place Channel 2 at position 4, the measured phase of acoustic pressure at

position 4 should be ¢, +¢, ; place Channel 1 at position B, the measured phase

-
\
\
1




Appendix B: Phase match of the microphone pair in the measurement

of acoustic pressure at position B should be ¢, +¢,. So the phase difference
between two channels is measured and can be expressed as:
Ay = (@ + @)= {9+ 1)

5. Add these two phase difference together, one can get

(o~ p,) = (Ap +A9,)/2
* Which is the phase difference between Channel 1 and Channel 2.

6. Then in the following measurement work, this difference is taken away from the
measured phase difference between Channel 1 and Channel 2, and the actual
phase difference between two measurement positions is obtained.

7. The same procedure is carried out between Channel 3 and Channel 4, one can get
(05— 0) = (Apy +A0,)/2

8. Channel 1 and Channel 2 consist of one microphone pair and Channel 3 and
Channel 4 consist of another microphone pair.

9. Also the same procedure is carried out between Channel 1 and Channel 3, one
can get |

(@ — )= (Ag; + Ag) /2

After doing the phase match described above, one can removed the phase difference
between any two channels and the actual phase difference between two measurement

positions are obtained.
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Appendix C: Derivation of pressure continuity boundary condition

For pressure continuity condition between the small duct and the main duct, there is

Py + Py =P, + PB|Z=_L (over S,). (C.1)

|Z=—L
Multiplying both sides of this equation by J (k,, 1)e ™ and integrating over the

small duct region, one can get

xRy

.” ((SAo@jkL + SBme_jk_L)
+Z(SA0ne}k oot 1 SBy,e oMY T (k] v.onhi)

WA ,,,,,m[(SA,:ne""‘-"'-"L + SB ¢ Fnsl Yoo

m=l n=1

+(SA et 4 ST g HamA N MYy T (KD p)e rdrdp

s

2Ry

= II ((Ame‘fﬂ‘ + Bme_jﬂ)

k: 0, n - kz 0,0
+ Z (4y,e’ + B¢ )J (k;qo Al (C2)

+ZZJ (k"mnr)[(A+ sz,m.n + B+ -szm" )e_jma

m=1 n=1

n)e P rdnde .

r,g,s

+(A,;,,ef" + B e enalyo M) T (k!

In which S4° , S4°

mn ? whn?

SB;H and SB, are amplitudes of higher-order modes in the small

duct; 47, 4., B" and B are amplitudes of higher-order modes in the main duct.
k; ,..and kf,,, , Tepresent the wave numbers along z-axis and r direction in the small

duct; k7 and kY

Z,m,h ¥,mh

represent the wave numbers along z-axis and » direction in the

main duct.

According to equation below,

' 0 0

[emedy ={ (m#0) (C.3)
; 2z (m=0).

For t =0,5 =1, there is

Jolkrgm)e ™ =1. (C4)
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So applying equation (C.4) and equation (C.3) into equation (C.2), it can be rewritten as

R
27 [(SAye™ + SBoe™ Yridh
¢

R o B’ . _
+27 |3 (SAg, ™" + SBo,e 00V (ko 1 rdlr
o m=2
R2r ) ]
= ! J(Amejﬂ + By )ndndp (C.5)
B2z & o o
+ [ [ (Ao, + Boe 50"V (k) rindrde
0 0 #=2
R27 w0 o " i |
[ D3 (™ + Bl ety
0 0 m=1n=1

] r,mn

(Ag,e” " + By e n e ) J (KL, r)rdndg .

The relationship of Bessel function is given below,

R
o (k) = —‘:—J, (kR) (C.6)
i}
And the Graf’s addition theorem of Bessel function,
I (ur)e " = Z T p (61, (i Yepermio), | C.7
p=—-¢°

in which, » and € are coordinates for the main duct coordinate system, # and @ are

coordinates for the small duct coordinate system, 0, and &, are the coordinate original

points of the small duct in the main duct coordinate system. The relationship between

these two coordinates is shown in Fig C.1.

Fig C.1 The configuration of the main duct and the small duct coordinate
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Applying equation {C.7) to the right side of the equation (C.5)

&
27 j (S4g,e™ + SBye " yndr,

Qn=2
Ry2x ‘ .
= | (Aoe™ + Bue*yrdndep (C.8)
00
Ri2n o
+ [ 13 (Aot Bose Mook DM oK 1 Vridrd
0 on=2
R2x o o o |
+ [ 22 s, e™nrt + By e Memt e g (4 ek 4 B it yg e
) 0 0 wm=1n=]
J (kr ", na )J (k;- . nrl))rldnd@ .

Then applying equation (C.6) into equation (C.8), one can get,
SA,e™ + 8B,e )R, 12
= (Aye™ + Bpe "R /2
J (kH

r,0,n

k!] oy, (k,{lon ) (C9)

r.0.n

=]
gl Ikl
£ 3 (™ 4 B oy
n=2
X + JEI L + = - jm8 - Jk - Ly jmé
+ZZ(((AW1€ 2. +an H )e J °+(A 2m.n +B LY. )ej’ o)
m=1n=1

Tonr i w1 (K RD).

rmn

Which is identical to equation (4.11).
For ¢t =0,5 =2,3,...,00, still applying equation (C.3) and equation (C.7) to equation
(C.2), there is

27 (SAmef"L+SB ey (K n)dn
01 r.0,

+27 E(SAO &t SBy, 0N (ko W U 7 i

o n=2
2nly

= j j(Ao.eJ”* + Bye PV kg 1Ondnde (C.10)

Z;rR] o

[ [ (o0 + Bore™ 0 My (BT Ul 1) (KL 1 )rclrdp
G ¢ »=2
28R o o«

154 Y _: - _a .
+ IIZZ(((A;”elkz.mﬁL + B;ne fkm...L)e Jméy +(Am" ﬂt + ane }k,_m."L)engo)

¢ § m=l n=l

|
|
|
|
|
|
|
|
R _ .
s 27 [y (S4,,e™ 50" + SBy e *nE VI (Lo ndr, _
|
|
|
|
\

J (kﬂ

r,mn

O okt o (kg 1)V RARAD

rJen
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Using the integral relations of Bessel function

T W G, GR)= AT, BT (AR (A% 1)

['r2.Gr, uryar =1 1)
{U (ARY* +(1-— N, (AR))Z} G=pw).
Also applying equation (C.6) to equation (C.10), one can get,
(SAO ejk!us +SBOse-Jk‘0 L)J ( rOSR )Rl 12
Ly L kﬂo I

= 2 (o $ By g KBk R)

HZZ AD ’ k:(} s2 = k:qﬂ ] ’ o

Y s o (C.12)
+ 3 Y (et + Bre My 1 (Ar et 4 B S T

m=1 n=1

kII
S ) ok, R))
r,0.5 rmH

Which is identical to equation (4.12).

For t =1,2,...,0,5 =1,2,...,0, applying equation (C.3) to equation (C.2), there is,

228 0

(33 Sy "o + 8By, e M (K i) (KL 1) ™ P rdiidp
0 0 m=l r=l

ZJrRl . . ‘
= j I(Ame”“‘ + BV (K], e rdndo +
Z’TRI o
J I (o2 4 By ™50V (Rl ) (KL e i C.13)
0 qQn=2
R o o " )
IIZZ(((A;nesz,mn B+ L, )e—;m¢9+(A- i "'"L+B_ :an)efme)
0 0 m=l n=l

Tkl ) (K] 1) Irdndy

Then applying equation (C.3) and Graf’s addition theorem of Béssel function (C.7) to

equation (C.13), one can get

27Ry o )

[ [ Y sy et + SBr e o\ (KL 10 L 1) P rdrdep

0 ¢ m=1n=l
2R

= [ e + Bue V(KL p)e o ndndp +
00 _
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228 o

[ IS (g ™7 + By, ™o\ (k) 0,00, K} 1), (), rymdndp  (C.14)
0

0 h=2

[ (g et + B e mt g (80T Ghlh )™

+ (A 4 BN T (Kl O (Kl )€™
J, (k7 2))rdnde .

ris
Finally applying integral relations of Bessel function (C.11) to equation (C.14), there is

1 ;
7 242 )Jt (k

[T

(Saze™1> 4 §Bze el )1~ R)R, /2

r.t.s

N oLy -l als 1 ko
— 7,00 I, hn Eiat)
- Z (Aﬁne + BOﬂe )Jt (kr,(},n51 )( 7 2 o2
s Mo

W, (k) R

r,0.n
n=2
L)

F 3 ST e 4 B Y1y T, (R 8)e (C.15)

R
m=1 n=1

ol Y )
+(A;n'nesz.m,nl‘3 3 B;me S pon Ly )Jm+.r(kfm,n§1)ejman]
k.’!
L 'ep
( 1 Zrmnﬂ Z)Jf (kr,m,nR])) .
kr,l,s TRy mn

Which is identical to equation (4.13).

Multiplying both sides of equation (C.1) with J, (kf,,esrl Ye’? and integrating over the

small duct region, following the procedure from equation (C.13) to equation (C.15), one

canget, for t=1,2,...,00,§=12,...,0,

o7 2
(Saze™oet 4 SBre Y- — LT, (K, ROR /2
rts oM
S Aol —jklonl I k:Io n
= (A" " + By e )J,(k,lolnal)(?_z_f_;__,

g 2
ri,s r,Gn

W, (k2 R

Lo

+ 3N+ Bl e g (Y, 8 (C.16)
m=1 n=1
+ (A;nef*:{m,nf‘ " B’;he—fké'{mml (- 1)! Jm_’(k:fm,nal)ejm%]
k!!

i, i
(a3, (K R -
kr,r,s = Fromn

Which is identical to equation (4.14),
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Appendix D: Derivation of velocity continunity boundary condition

For the velocity continuity condition between the small duct and the main duct, there is

Vea Vsl =VaF Vi, , (over S,)) , (D.1)
Vet+vsl, =0 (over (S—238))). (D.2)

In which S is the cross sectional area of the main duct, S, is the cross sectional area of

the source duct.

Multiplying both equation (D.1) and (D.2) by J (k,”, )e* | integrating equation (D.1)

over the small duct region and (D.2) over other region, adding them together, one can

obtain the following,

2z Ry

] (sdye™ - SBye )
09 '

z.0.n ki - ik}
2V, (SA ne zOn SBn zﬂfr )J (kr n
~op ‘ aa’i) (D.3)

I

) kmn . - —-im
DI CE SN AT (Ml

+ (S47 emat _ §B= o~ imalyeime 1)) T (K

- jté

rle " rdrdo

r,ts
Ro 1 Il

= I ((AOieJkL - 01e_JkL)
0

0

Z 0,11 (AO J'k.-u« _ o al )J (erO,nr)

Ll

bii el Al — ikl - jm8
+ZZ( “’""J e aT(Aype™ " = By e~ Y™

m=] n=]

+(A;neJk=,mn B"‘ zmn )e_}mg])).] (k_H r)e—jterdrdg .

Fr.y

In which S4* , S4°

mn ? mR?

duct; A* , A°

mn ? mn ?

SB; and SB, are amplitudes of higher-order modes in the small
B! and B, are amplitudes of higher-order modes in the main duct.

k!, ,and k], represent the wave numbers in the small duct; k7, ,and k;

zZ,m,h ramah r,mn

represent

the wave numbers in the main duct.
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According to equation below,

2 0 (m = 0)
imeg = D.4
Je ¢ {27r (m=0) . _ ®4

For t=0,5=1, there is
Jo(kl, e =1. (D.5)

Applying equation (D.4) and equation (D.5) to equation (D.3), it can be rewritten as

Ry
j(SAmejkL - SBye " yndn
0 & o (D.6)

k -
+ DI (S e 5By il

o n=2 k )

R
= |(dye™ = Bye ™ yrdr + jE ’°”(A0 N N VA (v
0

0 n=2
According to the relationship of Bessel function
R R
frdy(erydr = ALY ON)
0
The relationship between those two coordinates is shown in Fig C.1.
Applying equation (ID.7) to equation {(D.6), one can get,
(SAmejkL "SBmehjkL )R12 = (AmejkL - Bme_m )Rg . D.8)

Which is identical to equation (4.15).

For t =0,5 =2,3,...,, still applying equation (D.4) to equation (D.3), there is

pES
j j(SAme”‘L = SBye Iy (Kl rYdrdo
2R o
> ”"(SAG,, ok 8By VT (kL )T (KL F)rdrde +
0 g n=2
3 TR el k! k
SA"‘ Jkrmal SB"‘ =Jk: ke e',]m'?’_l_ &4“ fzm,:r SB :mn jme
Oj ojmz_;«( )"+ ( £ 1 g)
k! |
et A AR E
2z
= I rostYrdrd 0

Ry

[(ye™ = Bye ™), (k]

00

7Ry o kH .

+ [ [ Ay g™t = Bye™ o) Ty (k1) T P)rdrd 6
g 0 n=2
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Using the integral relations of Bessel function

TR UL R, (B A1, (RG] (2% )

fer(/‘Lr)Jm(ur)dr = (D.10)

2

2R2

2
X {(J (AR +(——=5)(J,, (AR))} (A=p).

Also using the Graf’s addition theorem of Bessel function to the left of equation (D.9),

Tu(pr)e ™’ = sz+p(#§ ) o (ury e oo (D.11)

p_

One can get equation below,

(SA,e™ — SB, ™) LIy ok S, (k;'*'o R)
1 01 Ir r S
0.8
I
+E( SO (Shyy 55" — 5By, &)
n=2
Rk,
T L ), R R
r,0n ro,5 (D | 2)
+ZZ( z,mﬂ ((SA+ I il SB+ -k, o uL)+ (SA;nefkf,m.wL _ SB;me‘fk;r.m.«L ))
m=1 n=1
R k:]o,s
T A VA IR
kr mn r 0,8
k,f‘ra s L TR e
k (A()se - B[)se ’N )?JO (kr,o,sRO) .

Which is identical to equation (4.16).
For t=1,2,...,0,8=1,2,...,00, applying equation (D.4) to equation (D.3), it can be

rt,s

2Ry
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01 01 | |
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Then applying the Graf’s addition theorem of Bessel function (D.11) to the left of

equation (D.13), one can get

2xly
| J(Saye™ - SBye ),k 80, (ks )e rdndep
00
Zﬂ'Rl o I '](I z .
[ [0 (St SV Rl ) (2, D)oK e i
o on=2
Zﬂ'RI o
+ IZZ(((SAM einrt — SBr e MmN T (ke ), (KD B (D.14)
0 0 m=1n=1
O S CACVN AT
k:mn
S UM ey e
2R w0 = kh‘ " ;
= [y et — By e in e (4 o — B gy
o 0 m=l n=l

I

kz‘,;l,n e—jiBJ (kII r))J (kH

¥ MR (R

ryrdrdf .

Finally applying the integral relations of Bessel function (D.10) to equation (D.14), there

is

(SApe™ — SBye ™™ Ye "M I (k] ) % (&) R

k.,

2 ! i L1 )
3 (3t et = 5B e

n=2

RK,
J (kr{lt 55 )——Jﬁ‘]() (k;qt sR )J ( .0, nR ))
r,o.n rl 5

+ 3 ([((SAE e =SB e Y1) (R 6) (D.15)

m=1 n=l

+ (S - SB,;,,e""‘“"-"L)JmH(kI’, )]
k[ kH

2,1 1S b ~Jt6y
k (k] kH 2)'] (krtsR)J ( rmnR )e .j )
rm.n T,
_ kft,s( —eﬁfﬂ L - B¢ S ) 02 (1_ £ )J )
- k Ars 1s€ 2 k:lt ssz ( T, sRO '

Which is identical to equation (4.17).
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Multiplying both equations (D.1) and (D.2) by J, (k;”, )e’ and integrating equation

(D.1) over the small duct region and (D.2) over other region, then adding them together,

following the procedure from equation (D.13) to equation (D.15), one can get,

(SAye™ - SBye " )e" ™ J (K, ,6,) kul Jy (k. R)

rt.s
© T

k ) .
+ Z( z],co,n (SAOnejkz o.n SB{M z 0.1 )eﬂeo

n=2

R kH
6 )k__FL_JO (kffr s'R )J ( r,0, nR ))

2
t.o.n .8

+ ZZ([(SA;nesz.mmL _ SB’;ne—jkz,m}l ) . (k:'fr ] ) ’ (D.l 6)

m=1 n=1

k_H

8 4
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o KL R,

r.mn i85

R)e™)

rmn

kf TN, + = 2 I
= S et - B R (-2 Ry
r!s

Which is identical to equation (4.18).
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Appendix E: The procedure to calculate the amplitudes of the

pressures by using reference measurement results (point source)

The measurements work in this investigation can be divided into two groups, which
are: reference measurements and direct measurements. The direct measurement
results are used to compare with the theoretical calculated results (predictions)
obtained by the model calculation. The reference measurement results are used to
calculate the amplitudes of acoustic properties in the duct. According to the
experimental set-up shown in Fig 7.3, the two reference measurement positions are

randomly chosen at position 1 (0.15m(100%R),0,—~ 2.33m(—74.3%.L)) and position 2
(0.15m(100%R),3* 7 /4,~1.5m(—50%L)). The reason to use two reference

measurements is given in Section 5.4.2. The procedure of the application of the

reference measurements is given as below using the plane wave source as an example:

1. Inequation (5.12) or equatioﬁ (7.32), et the amplitude of the volume velocity
U to be unity, then substitute the coordinate of the reference position 1 into
matrix X of this equaﬁon, it is possible to get the relative amplitudes of

4 _, B for duct without a simple aperture situation or 4,,,B,,, ..., F,, for

it ? mn Y ?
duct with a simple aperture device situation. Substituting these relative
amplitudes and coordinate of the reference point into equation (5.1), it is
possible to get the relative acoustic pressure at that reference point.

2. Comparing this relative acoustic pressure with the actual pressure (reference
measurement), it is possible to get the ratio between the relative acoustic

pressure and actual pressure (P, /P, ). This ratio should be equal to the

act! Eoomp
actual amplitude of the volume velocity U.

3. Applying the procedure 1-2 to the reference measurement posit'ion 2, 1t is
possible to get another group of the actual amplitude volume velocity U.

4, Taking the average of these two volume velocity as the actual amplitude of the
volume velocity and substituting this actual amplitude into equation (5.12) or

equation (7.32) again, the real values of the amplitudes, such as 4,,,B,, for

mn ?

duct without a simple aperture device or 4,,,8

mn * “mn?

...,and F_ for duct with a

simple aperture device, are obtained.
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measurement results (point source)

5. Substituting these real amplitudes and the coordinates of the direct
measurement points into acoustic pressure equation (5.1), it is possible to get
the theoretical calculated acoustic pressures (predictions) at the direct
measurement points. Comparing these calculated pressures (predictions) with
those directly measured pressures (direct measurements), one can check the

errors of the theoretical calculations.

For the duct without a simple aperture device situation, just following the
procedure (1-5), it is possible to get the calculated results and then decompose the

in duct acoustic field through two reference measurement resulis,

For the duct with a simple aperture device situation, the acoustic pressures for the

before orifice field can be obtained by following the same procedure (1-5). For the

after orifice field, there are two different groups of situations. For sitnations other

than those two specific situations proposed in Chapter 7, one can still obtain the
acoustic pressures by using the same procedure (1-5) and the reference

measurements presented above.

However for those two specific situations, another two reference measurement
positions, which are located at position 3 (0.15m(100%R), 0, 0.12m(—4%L) ) and
position 4 (0.15m(100%R),2* 7 /3,~ 0.20m(—6.67%L)) respectively in the after
oriﬁcé field, are taken. So for the after orifice field calculation, in the procedure 1-
5, substituting position 1 and position2 with position 3 and position 4, following
the same procedure, it is possible to get the calculated results for the after orifice
field.
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\
Appendix F: The procedure to calculate the amplitudes of the pressures ‘

by using reference measurement results (plane wave source)

The measurements work in this investigation can be divided into two groups, which are:
reference measurements and direct measurements. The direct measurement results are
used to compare with the theoretical calculated results (predictions) obtained by the
model calculation. The reference measurement results are used to calculate the
amplitudes of acoustic properties in the duct. According to the experimental set-up
shown Fig 8.2, the two reference measurement positions are randomly chosen at position
1 (0.15m(100%R),0,—2.33m(-74.3%L)) and position 2
(0.15m(100%R),3*x / 4,-1.5m(=50%L)). The reason to use two reference

measurements is given in Section 5.4.2. The procedure of the application of the

reference measurements is given as below:

1. In equation (6.3) or equation (8.2), let the amplitude of the incident wave in the

source duct (S4,,) to be unity, then substitute the coordinate of the reference

position 1 into matrix X of this equation, it is possible to get the relative

amplitﬁdes of SB,, 4,,8,, for duct without a simple aperture device situation

mn ?

or SBy, 4,8

wn ?mn ?

....F, for duct with a simple aperture device situation.

Substituting these relative amplitudes and coordinate of the reference point into
acoustic pressure equation (5.1), it is possible to get the relative acoustic pressure

at that reference point.

2. Comparing this relative acoustic pressure with the actual pressure (reference

measurement), it is possible get the ratio between the relative acoustic pressure
and actual pressure ( 2,/ P,,.,). This ratio should be equal to the actual amplitude
of the incident wave in the source duct ( S4,,).

3. Applying the procedure. 1-2 to the reference measurement position 2, it is

possible to get another actual amplitude of the incident wave in the source duct
(S, )-
4. Taking the average of these two S4,,as the actual amplitude of the incident wave

in the source duct and substituting this actual amplitude into equation (6.3) or
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B, for

mn *

equation (8.2) again, the real values of the amplitudes, such as SB,,, 4

duct without a simple aperture device or $B,,, 4

s Bon -+ and F - for duct with
a simple aperture device, are obtained.

5. Substituting these real amplitudes and the coordinates of the direct measurement
points into acoustic pressure equation (5.1), it is possible to get the theoretically
calculated acoustic pressures (predictions) at the direct measurement points.
Comparing the calculated pressures (predictions) with the directly measured
pressures (direct measurements), one can check the errors of the theoretical

calculations,

For the duct without a simple aperture device situation, just following the procedure
(1-5), it is possible to get the calculated results and then decompose the in duct

acoustic field through two reference measurement results.

For the duct with a simple aperture device situation, the acoﬁstic pressures for the
before orifice field can be obtained by following the same procedure (1-5). For the
after orifice field, there are two different groups of situations. For situations other
than those two specific situations proposed in Chapter 8, one can still obtain the
acoustic pressures by using the same procedure (1-5) and the reference

measurements presented above.

However for those two specific situations, another two reference measurement

positions, which are located at position 3 (0.15m(100%R),0,— 0.12m(—4%L) ) and
position 4 (0.15m(100%R),2* x/3,~ 0.20m(—6.67%L)) respectively in the after

orifice field, are taken. So for the after orifice field calculation, in the procedure 1-5,
substituting position 1 and position2 with position 3 and position 4, following the

same procedure, one can get the calculated results for the after orifice field.
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