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Abstract

INFLUENCE OF ERROR SENSOR AND CONTROL SOURCE

CONFIGURATION AND TYPE UPON THE PERFORMANCE OF

ACTIVE NOISE CONTROL SYSTEMS

ABSTRACT

An investigation is made of the influence of error sensor and control source conf,rguration

and type upon the performance of active noise control systems. The research is applied to

two different cases: a discrete modal system and a continuous modal system'

i) Discrete modal system

For this case a rigid-walled duct of rectangular cross-section is examined. The number of

propagating acoustic modes is determined by the duct geometry and the excitation

frequency. Hence, for a given frequency, a finite number of modes are able to propagate

and the system is thus modally discrete. A theoretical model is developed for ducts of

arbitrary length and termination impedance, such that various duct end conditions can be

examined, including rigid, infinite, open, and baffled. The model also accounts for finite

size acoustic sources and sensors. The influence of the number and location of acoustic

control sources is investigated, together with a variety of error sensor strategies, for the

control of both plane waves and higher order modes. The system is not treated as an

enclosure inside which the sound field is ideally minimised globally, but as an acoustic

v1



Abstract

transmission path, with the objective of minimising the components of the sound f,reld

propagating along the duct. For this reason, it has been found more effective to minimise

the power transmission downstream of the control sources, as measured by a modal

decomposition technique, rather than to minimise a measure of the acoustic potential

energy, as would be appropriate for an enclosure. The modal decomposition technique also

enables the effect of evanescent modes to be eliminated from the error signal. This is

particularly important at excitation frequencies a¡ound the cut-on frequency of each

acoustic mode.

ii) Continuous modal system

The system under investigation for this case is a simplified model of a light aircraft

fuselage, and consists of a finite length cylinder with an integral floor structure. This is

modelled theoretically using modal coupling theory between the structure and the interior

acoustic field. The structural mode shapes are determined using component mode

synthesis, which combines the mode shape basis functions for the plain cylinder and the

floor to obtain a mode shape function for the total structure. The two-dimensional acoustic

mode shape functions are found using a f,rnite difference implementation of the Helmholtz

equation, while the a,xial acoustic mode shape function is equal to that of a rigid-walled

one-dimensional enclosure. For the system modelled, all structural and acoustic modes

contribute to the interior sound field to varying degrees, with a finite number of dominant

modes contributing most to the enclosed sound held at any particular frequency. Hence,

this system is modally continuous, with the objective generally being to control the

vrl



Abstract

dominant modes. The error sensor criteria under investigation include minimisation of the

acoustic pressure at a number of microphones located within the enclosed acoustic field,

which provides a practically achievable measure of the acoustic response, and theoretical

minimisation of the acoustic potential energy in the enclosure. Vibrational point sources

applied to the structure are used as control sources.

vlll
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Chapter I. Introduction

CHAPTER 1. INTRODUCTION

In this thesis, the influence of error sensor and control source configuration and type upon

the performance of active noise control systems is investigated with reference to two

different physical systems. The first is a rigid walled duct of rectangular cross-section,

which is a discrete modal system; and the second is a simplified model of a light aircraft

fuselage, consisting of a finite length cylinder with a structurally integral longitudinal floor

partition, with the acoustic space enclosed by the structure, forming a system which is

modally continuous. The thesis is thus presented in two parts, each corresponding to the

respective physical system examined. For clarity, the literature review pertaining to each

system will be presented in the introduction section of the respective parts of the thesis.

The rigid walled duct of rectangular cross-section is f,trst examined in Chapter 2, for the

simple case of a semi-infinite duct. A single error sensor criterion of minimisation of the

total acoustic power ouþut of the primary and control sources is used. The influence of

geometric variables, such as source size and location, on the levels of reduction for this

simple physical system are examined. The active control of higher order acoustic modes

within the semi-infinite hard-walled rectangular duct is examined analytically for harmonic

constant volume velocity sound sources. The effect of source location, size, strength and

relative phase upon the total mean acoustic power transmission is investigated for both

single and dual control source configurations, at a number of excitation frequencies. For

the analysis, the primary source is mounted in the plane of the duct cross section, which

may be a uniform surface of arbitrary finite impedance. It is shown that the reduction in

1



Chapter I. Introduction

total acoustic power is dependent upon the relative location of the primary and control

sources, both laterally across the wall of the duct and axially along the duct. The reduction

in total acoustic porwer is a maximum at axial source separation distances corresponding to

multiples of half-wavelengths of the propagating modes, and at relative lateral locations

such that the primary and control source mode shape function values are equivalent.

In a practical situation, f,rnite impedance terminations will be encountered at both ends of

the rigid-walled duct. Thus, the semi-infinite duct model is extended in Chapter 3 to

include higher order mode reflection from both of the duct terminations, which are

modelled as having arbitrary impedance. A generalised solution is obtained for a duct of

arbitrary length which allows the calculation of infinite, semi-infinite, finite and impedance

boundary terminated duct cases through the use of specif,rc termination impedance values.

Determination of appropriate termination impedance values is outlined and demonstrated

for the case of a flanged duct radiating into free space. The theory is applicable for both

plane wave and higher order mode propagation. Finite size acoustic source configurations

are modelled in addition to simple point sources. Experimental results are presented with

the theory and indicate good agreement.

Having developed a suitable model for describing the acoustic response in ducts of

arbitrary length and termination conditions, comparison of a number of different error

sensor strategies for the active control of duct noise is undertaken in Chapter 4. Error

sensor strategies investigated include minimisation of the acoustic pressure at a point,

minimisation of the total real acoustic power output, and minimisation of an estimate of

2



Chapter l. Introduction

the acoustic potential energy. A new error sensor strategy is also proposed and

investigated. The strategy is based upon minimisation of the downstream acoustic porü/er

transmission determined by a modal decomposition of the duct sound field. Error sensor

strategies are analysed for both plane wave and multi-mode sound fields, and for a range

of duct termination conditions. The criterion used to assess the error sensor strategies is

the minimisation of the sound field downstream of the control sources. The model is also

utilised in Chapter 4 to determine the influence of various error sensor/control source

configurations and duct termination conditions upon the acoustic field, and the resultant

effect on the levels of noise reduction achieved using acoustic sources in an active noise

control system. Theoretical and experimental results are presented for a range of error

sensor, control source and duct configurations, and for both plane wave and higher order

mode propagation. A sensor/source strategy is proposed which is applicable to any number

of rigid walled duct acoustic modes, and enables the effect of evanescent modes to be

eliminated from the elror sensor signal.

The second part of the thesis is concerned with a physical system consisting of a finite

length cylinder with a structurally integral longitudinal floor partition, with the acoustic

space enclosed by the structure. A model describing the response of this system to

harmonic point force excitation is presented in Chapter 5, where the system is modelled

theoretically using modal coupling theory between the structure and the interior acoustic

field. The structural mode shapes are determined using component mode synthesis, which

combines the mode shape basis functions for the plain cylinder and the floor to obtain a

mode shape function for the total structure. The two-dimensional acoustic mode shape

3



Chapter I. Introduction

functions are found using a finite difference implementation of the Helmholtz equation,

while the axial acoustic mode shape function is equal to that of a rigid-walled one-

dimensional enclosure. Experimental work on a test structure is presented and the results

compared with a number of theoretical predictions.

In the latter part of Chapter 5, a formulation for the optimal control forces required to

achieve minimisation of a number of error sensor criteria is given for the modelled

structure. Experimental and theoretical results are presented for the application of active

noise control to the coupled structuraVacoustic system.

The formulation for active control of the cylinder with an integral floor is utilised in

Chapter 6 to investigate the influence of error sensor and control source configuration and

type upon the effectiveness of active noise control applied to the structure via vibrational

point forces. Simulations are performed for various numbers of control sources and error

sensors, and different locations of each of these active control system elements. Two

different frequencies are examined: one corresponding to resonant acoustic excitation; and

the other to non-resonant excitation. The distinction between resonant and non-resonant

structural excitation has not been made in this thesis because of the high modal density of

the structural modes for the test structure examined. A surnmÍìry of the major factors

influencing the performance of the active control system, applied to the simple aircraft

fuselage model, is presented.

A comparison of the results from the two cases examined, the modally discrete and

4



Chapter I. Introduction

modally continuous, is given in Chapter 7, which contains the conclusions of the thesis.

Comments relating to the effectiveness of active noise control on each of the systems are

presented. The similarities and differences between the two cases are outlined, in terms of

the e1¡or sensor criteria and the variables which have a major influence on the

effectiveness of active noise control. Recommendations for future work a¡e also presented

in Chapter 7.

Some of the work described in detail in this thesis has also been published by the author

in condensed form in International Journals and Conference Proceedings. The relevant

articles a¡e listed below.

Zander,4.C., and Hansen, C.H. (1990) "Active control of higher order acoustic modes in

ducts," Joumal of the Acoustical Society of America, Supplement 1, Vol. 88, I20th

Meeting of the Acoustical Society of America.

Zander,4.C., Snyder, S.D., and Hansen, C.H. (1991) "Active control of interior noise

levels in a cylinder with an in-built floor : effect of actuator and sensor location,"

Proceedings of Inter-Noise 9 l, I23l -I24O.

Zander, A.C., and Hansen, C.H. (1992) "Higher order acoustic modes in ducts :

propagation properties and active control," Acoustics Australia, Vol' 20, No' 1, 2I-23.
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Chapter l. Introduction

Zander,{.C., and Hansen, C.H. (1992) "Active control of higher order acoustic modes in

ducts," Joumal of the Acoustical Society of America, Vol. 92, No. I,24-257.

Hansen, C.H., and Zander, A.C. (1993) "Active control of sound in rigid walled ducts of

arbitrary length and termination conditions," Proceedings of Noise-Con 1993,273-278.

Zande4 4.C., and Hansen, C.H. (1993) "A comparison of error sensor strategies for the

active control of duct noise," Journal of the Acoustical Society of America. Vol. 94, No.

2,841-848.
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Chapter 2. Active control of higher order modes in ducts

CHAPTER 2. ACTIVE CONTROL OF HIGHER ORDER

ACOUSTIC MODES IN SEMI-INFINITE RIGID WALLED DUCTS

2.1 INTRODUCTION

Active control of plane wave sound propagation in ducts has been shown to be feasible

and commercial systems ate now available. However, little headway has been made in

controlling noise propagating at frequencies above the cut-on frequency of the first higher

order mode. For large air conditioning ducts this frequency could be as low as 100 Hz.

Thus, in many cases involving higher frequency noise, control of plane wave propagation

only will not solve the problem. One solution is to partition the duct to reduce its effective

cross-sectional size and apply active control in each partition. However, this is not always

practical and a number of researchers are currently investigating alternative means to

control higher order mode propagation.

The majority of previous work on the active control of noise propagation in ducts has

concentrated on control of the plane wave, or fundamental acoustic mode, with various

mechanisms for control being proposed. Much of the early work describes the acoustic

mechanism as cancellation, with the pressure fields produced by the prima¡y disturbance

and the control sources superimposing, resulting in reduced noise levels (Ffowcs-Williams,

1984; Tichy et al., 1984; Mazanikov and Tyutekin, t976). The reflection of the primary

source wave by the control source has also been proposed as a control mechanism

(Trinder and Nelson, 1983), which is implemented by driving the instantaneous plane

rwave pressure to zero at a specific duct cross-section, with the result that the downstream

7



Chapter 2. Active control of higher order modes in ducts

travelling plane wave is reflected back upstream. Absorption of the incident energy from

the primary source by a suitable arrangement of control sources has also been investigated

(Leitch and Tokhi,1987; Swinbanks,1973). Much of this previous work has resulted in

analytical expressions for the strength and phasing of the control sources for optimum

attenuation of the noise, but relatively little analysis has been presented for the cases when

the control sources are not ideally adjusted.

Generally, the analysis to date has been concemed with the interaction between a

propagating wave or pressure field and the control sources and, as a consequence, only a

few researchers have examined the mechanism of control in terms of the acoustic

impedance seen by the primary and control sources, and the effect that each source has on

the other's impedance (Berengier and Roure, 1980; Snyder and Hansen, 1989). An

analytical model has been developed previously to describe the active control of the plane

wave mode based upon these impedances and has also been verified experimentally

(Snyder and Hansen, 1989)'

Much of the early work published on duct noise has concentrated upon modelling

relatively simple cases, the majority being plane wave propagation within hard-walled

ducts of infinite tength (Swinbanks, 1973; Tichy et al., 1934). However, to accurately

model realistic systems, models of more general applicabitity are required which

incorporate the effect of duct termination conditions and frequencies for which higher

order modes are propagated. A thorough examination of the sound fields produced by both

simple and finite size sources in hard-walled ducts of infinite (Doak, I973a) and hnite

8



Chapter 2. Active control of higher order modes in ducts

length (Doak, 1973b) has been conducted, and portions of this work have been applied by

other resea¡chers to aspects of active noise control (Tichy et al, 1984; Trinder and Nelson,

1983; Berengier and Roure, 1980). For the case of plane wave propagation, the acoustic

response of a finite length hard-walled duct having one rigid termination and a partially

abso¡ptive termination has been modelled in state space form (Hull et al., 1990).

The acoustic response of hard-walled ducts with impedance boundary conditions at both

terminations has been theoretically modelled for plane wave propagation (Elliott and

Nelson, 1984; Banks et al., 1990) and higher order mode propagation (Doak, 1973b; Stell

and Bernhard, 1991), however only results relating to the active control of propagation of

higher order modes in semi-infinite or infinite ducts have been presented- Hence, part of

this thesis is devoted to deriving a formulation for the acoustic pressure within a rigid-

walled duct having arbitrary termination impedances, for both plane wave and higher order

mode propagation.

Earlier models used for describing active control in ducts considered the acoustic response

for completely rigid or anechoic terminations. In a practical situation arbitrary termination

impedances will be encountered. The termination impedances will determine the form of

the acoustic response and will thus be a factor influencing the application of active control

to the duct. Theoretical methods for determining the acoustic radiation impedance, and

hence termination impedances, of specific termination conditions have been presented;

plane wave propagation in a circular pipe with an infinite flange has been examined

theoretically (Nonis and Sheng, 1989), and the reflection coefficients determined; the

9



Chapter 2. Active control of higher order modes in ducts

reflection coefficients for an unflanged pipe have been examined theoretically (Levine and

Schwinger, 1948) and experimentally (Davies et al., 1980) for the case of plane wave

propagation in the pipe; the radiation efficiency of higher order modes in a baffled annular

opening have been examined (Morfey, 1969), however, it should be noted that only the

real part of the radiation eff,rciency is presented, and this is insufficient to calculate the

termination impedance. Experimental techniques have been employed to determine the

reflection coefficients of duct terminations for multi-modal sound fields 1Åbom, 1989).

For the case of higher order acoustic modes, theoretical results have been presented for

systems to actively control an arbitrary number of propagating modes (Fedoryuk,1975). A

system to actively control N propagating acoustic modes by using 2N etrot sensors and 2N

control sources has also been proposed (Mazanikov et al., 1977) and experimentally

investigated. For particular point measurement locations and excitation frequencies, up to

20 dB reduction in sound pressure levels was reported. However, as supe{position of the

source sound fields is considered to be the control mechanism, relatively little

consideration has been given to the effects of control source location, size and strength.

Experiments have been conducted using a system in which the control sources, namely

two loudspeakers, were positioned in the cutoff of a centrifugal fan casing (Neise and

Koopmann, 1991). The aim was to attenuate the unwanted acoustic signal near, or at best

in the source region to reduce the sound level for several or even all transmission paths

simultaneously. Despite previous success (Koopmann et al., 1988) for excitation

frequencies in the range where only plane rwaves could propagate, it was found that the

10



Chapter 2. Active control of higher order modes in ducts

results were unsatisfactory when attempting to actively control higher frequencies in the

range where higher order modes could propagate. It was believed that the acoustic

pressure distribution generated by the centrifugal fan was too complex to be adequately

controlled by the simple anangement of control sources used in the experiments. A more

sophisticated control source arrangement consisting of a larger number of individually

driven loudspeakers is intended to be used for future research (Neise and Koopmann,

1991).

Implementation issues associated with placement of the sensor and actuator components of

a practical active noise control system have also been addressed for the case of an infinite

duct (Srell and Bernhard, 1991) and a finite duct (Stell and Bemhard, 1990a), with

particular reference to the effects of evanescent acoustic modes.

Resea¡ch has also been undertaken into the active control of random noise for frequencies

below the first higher order mode cut-on frequency (La Fontaine and Shepherd, 1985), and

for propagation of higher order modes (Silcox and Elliott, 1990); however a detailed

analysis of the influence of geometric parameters upon system performance has not been

presented. For the particular case of random noise excitation, the noise incident to, and

that reflected from, a duct termination are assumed to be uncorrelated and thus the total

noise level is obtained from addition of the amplitudes of the two components. A more

complex interaction occurs between the components incident to, and those reflected from,

a duct termination for periodic noise, because both the amplitude and relative phase of the

components affect the resultant noise level.

11



Chapter 2. Active control of higher order modes in ducts

A number of error sensor strategies have been proposed for systems which actively control

duct noise. Generally, each strategy has been associated with a particular duct

conhguration and a particular objective for minimising the sound field. This work will be

discussed here with the idea of providing the background necessary for the development of

the new erïor sensor strategy presented in Chapter 4. It has been suggested that the total

time-averaged acoustic potential energy is a relevant single measure of the amplitude of

the sound freld in an enclosure (Nelson et al., 1935). A practical approach to the

minimisation of the acoustic potential energy within a finite length duct has been

presented (Curtis et a1.,7987), using the sum of the squares of the sound pressures at a

number of evenly distributed locations throughout the enclosure to approximate the

acoustic potential energy. Results rwere presented for plane waves in a reverberant duct

having rigid walls and terminations. Minimisation of the acoustic potential energy within a

region downstream of the control sources has been investigated (Stell and Bernhard, 1990)

as a strategy for active control of higher order acoustic modes in a semi-infinite duct; this

criterion being especially suitable for cases when the contribution of evanescent modes is

significant.

Investigations, in which minimisation of the total real power output of the primary and

control sources has been used as the error criterion, have been conducted for plane wave

propagation in infinite and semi-infinite ducts (Snyder and Hansen, 1989).

Minimisation of the pressure at a point close to the control source face to create an

"acoustical virtual earth" has been investigated (Trinder and Nelson, 1983) for plane waves

t2
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Chapter 2. Active control of higher order modes in ducts

in finite length ducts, in addition to a number of studies of the minimisation of the sound

pressure at a point (Jessel and Mangiante, 1972; Swinbanks, 1973; Tichy et al., 1984) for

plane wave propagation.

Formulation of the controller modal transfer functions, between the error sensor and the

control source, for minimising the pressure at a point in a multi-mode sound field within

an infinite duct has been investigated (Stell and Bernhard, 1991) for the idealised case of

modally independent reference sensors, control sources and ellor sensors; however,

techniques for the practical implementation of such elements have not been proposed.

An experimental system (Eriksson et al., 1939) which utilises multiple adaptive systems

has been presented for actively controlling one higher order acoustic mode in a duct. In

this system, a separate adaptive filter model is used for each positive and negative portion

of the non-uniform pressure distribution associated with the higher order mode. Each fìlter

model obtains information from a separate elror transducer and outputs a signal to a

separate loudspeaker. An independent random noise source is used with each adaptive

filter to model the transfer functions between the loudspeakers and the error microphones.

The advantages of using multiple adaptive control systems rather than a single multi-

channel system have not been indicated. The active control system was reported to reduce

tonal noise by 20-25 dB at a single measurement location, and broadband noise, above the

cut-on frequency of the higher order acoustic mode, by about IO-25 dB; however, the

response at locations other than the error microphone locations has not been presented.

System stability and convergence were found to be problematic and future research is

13
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Chapter 2. Active control of higher order modes in ducts

focussed on improving these characteristics. No indication was given of a suitable system

conflguration to attenuate duct noise when more than one higher order acoustic mode

propagates. Two recursively-coupled multi-channel adaptive control systems have been

developed (Rubenstein et al., 1992) to cancel the plane wave and the first higher order

mode; however, no indication of the advantage of using multiple adaptive control systems,

or a suitable conf,rguration for attenuating more than one higher order mode, has been

given. Minimisation of the sound pressure at two elror sensor locations has also been used

(Silcox and Elliott, 1990) as a strategy to minimise a multi-modal sound field excited by

random noise within the frequency range for propagation of plane waves and a single

higher order mode.

Additional processing of the sound pressure measured at a number of microphones has

been used to form an error signal proportional to the complex reflection coefficient for

plane wave propagation (Guicking and Karcher, 1984), in a system to actively change the

impedance of a duct termination in which a source is located. This concept has been

extended to an adaptive system to actively change the acoustical impedance presented by a

source located in the duct termination (Orduña-Bustamante and Nelson, 1992), using an

error signal indicating the difference between the actual and desired impedance, which is

obtained by processing the signals from a two-microphone probe.

Other researchers have used enor measures such as intensity or energy density (Nashif and

Sommerfeldt, 1992) for frequencies at which only plane waves ile propagated; however,

at frequencies for which higher order modes may propagate, the intensity and energy

h
i
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Chapter 2. Active control of higher order modes in ducts

density are non-uniformly distributed over the duct cross-section and hence a point

measurement of these variables is not proportional to the downstream acoustic porwer,

making this sensor criterion inappropriate for cases other than plane wave propagation.

The number of error microphones required for multi-modal attenuation has been

theoretically investigated (Baumann and Greiner, 1992a), independently from the number

of control sources (Baumann and Greiner, 1992b). An analytical investigation of instances

in which minimisation of pressure closely approximates minimisation of potential energy

and propagating porü/er has been undertaken (Stell, 1991), and criteria for placement of

error sensors in such instances have been proposed. For cases with significant evanescent

mode response, placing the sensors and sources on the nodal lines of the dominant

evanescent modes has been suggested (Stell, l99I); however, for certain duct geometries

and excitation frequencies the nodal lines of one evanescent mode may coffespond to the

anti-nodal line of another mode'

The work outlined in this chapter extends previous resea¡ch (Snyder and Hansen, 1989) by

developing an analytical model, based upon the acoustic impedance of each source, to

describe the active control of higher order acoustic modes. The model enables calculation

of the acoustic power output for the individual sources and the effect of source variables

such as size, location, strength and relative phase to be taken into account- Results are

presented which show the influence of these source variables on the level of reduction in

total mean acoustic power output, for the semi-inf,rnite hard-walled rectangular duct

considered.

15



Chapter 2. Active control of higher order modes in ducts

2.2 TTTEORY

2.2.L Single control source

The model used in the following analysis is a semi-infinite hard-walled rectangular duct of

uniform cross-sectional area, terminated in the plane of the duct cross-section at z = 0 by a

uniform surface of arbitrary acoustic impedance. A uniform acoustic impedance surface is

used for simplicity in this analysis because the modes will not "mix" upon reflection from

such a surface. However, if the surface has an acoustic impedance which is a function of

position, the modes will tend to couple, and a single incident mode will be reflected as

several different modes. In practice, an anechoic termination is used to achieve an

infinitely extending duct in the positive z-direction. The fluid contained within the duct is

assumed to be at rest with constant and uniform ambient temperature and density.

Excitation of the fluid by finite size, harmonic rectangular sources is assumed. The

excitation frequency is unconstrained, as the propagation of higher order acoustic modes

within the duct is accounted for in the analysis. The model assumes that both the primary

and control sources are constant volume velocity sources, which is equivalent to assuming

infinite internal impedance sources. Although infinite internal impedance sources are not

practically achievable, models based upon such sources have been found sufficiently

accurate (Snyder and Hansen, 1989), as loudspeakers backed by a small air-tight cavity

may be approximately modelled in this manner at low frequencies.

In the following analysis, the positive time-dependence term eiar is omitted with the

assumption that the volume velocities, particle velocities and acoustic pressures used are

amplitudes, unless otherwise stated.

16
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v

*oo

z
FigUre 2.1 Single control source system and duct coordinate a:çes'

The source arrangement and coordinate axes are shown in Figure 2.1, where the finite size

primary source is shown mounted in the termination plane of the duct cross section at z =

0, while the finite size control sources may be mounted in any of the four duct walls'

only positive values of. z are allowed by this arrangement.

The total power flow along the duct is the sum of the powers from the primary and

control sources. The reduction due to active control is the difference in total power with

and without the control source operating. If the sources are speakers, the acoustic particle

velocity across the face of each source will be essentially uniform and the acoustic power,

for a single control source, will be given by

d

'¡¡ = ln
2

*l R,
2 la,rîl

* (2.r)
QpP

where O and p afe, respectively the complex source volume velocity amplitude and

complex acoustic pressure amplitude at the surface of the source. The subscripts p andc

denote prirnary and control source respectively. If the acoustic particle velocity were not

uniform across the face of the primary source, then the product of acoustic particle

velocity and the complex conjugate of the acoustic pressure would have to be integrated

p

L7
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over the source surface.

The purpose of the following analysis is to determine the optimum value sf Qc which

will minimise W. This firstly requires that expressions for P, and Pç be found for the

case of both sources oPerating.

We begin with the expression for the Green's function for an infrnite duct (Morse and

Ingard, 196g; modified to account for e*i@t time dependence used here) which effectively

relates the acoustic pressure and particle velocity at any location in the duct. Thus

G(í,ío,(D) =
-Jç
Jmn

Y 
^r(x,f)Y *n@ o9"-ik^nlz-zol

Ã
(2.2)

(2.4)

where cO is the angular frequency of the excitation, io = (xo,yo,Zo) are the coordinates

describing the location of the source and x- = (x,y,z) is an a¡bitrary point within the duct.

S is the cross-sectional area of the duct, k*n is the modal wavenumbef, V*n is the

characteristic or mode shape function of the duct and h*, is the modal normalisation

factor. For a rectangular duct

Y^n(x,t) = "o,(ry)""'[#) Qs)

where m, n aÍe the modal indices and b and d the duct cross-section dimensions. Note

that if plane waves only are considered m = n = 0'

, = åJ*'^,ot"s

and

Lm
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t.nm n

(2.s)

(2.7)

where cO is the excitation frequency and c o the speed of sound in free space.

The pressure at a point -i = (x,y,z) in a semi-inf,rnite duct due to a finite size, plane

primary source located at io = (xo,yo,O) at the finite end of the duct in a plane normal to

the duct æris is given by (Fahy, 1985)

DB

Po(x,!,2) =ipcD [fnoof',io,a)d'xodvo 
Q'6)

00

where e, is the particle velocity on the face of the primary source of width B and height

D which has a surface area Ar. Note that if p is an amplitude, then q must also be an

amplitude.

Expressing Equation (2.6) i¡ terms of the primary source volume velocity amplitude oo,

the pressure amplitude at an arbitrary point (x,y,z) due to a simple point primary source

located at (xo,yo,O) is given bY

Po(x'!,2) = otfo t
mn

Y 
^n(x,t)Y ^nO 

oy 
"-ik^rzÃ

The corresponding pressure at point (x,y,z) due to a finite size primary source is given by

T9



(2.8)

Solving the integral for the rectangular duct case and a rectangular primary source, as

illustrated in Figure 2.1, Yields

po(x,!,2) = W>*,ffir-ik^nz e.ea)

where eo is the complex volume velocity amplitude of the primary source. If only plane

wavepropagationisconsidered(m - n =O), Y00 = 1,À00 = l and k00 = ko= alco)

thus Equation (2.9a) can be written as

Chapter 2. Active control of higher order modes in ducts

P o(x,l ,z) = S temn

Po(x,!,2) = +Qre-ikoz

Fr* and FOn arc the primary source finite source factors given by

DB-[-l 
n, "-lk^nz 

dxodv o
00

F'pm -
sln

2b

mTC

2d_ sln
nn

( mnBt-
l2b

m*0

n*0

(2.eb)

(2.ro)

(2.r1)

0mB

Fpn =

n--0

The mean pressure over the face of the primary source is (Berengier and Roure, 1980)

D
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DB
(2.r2)

The subscnpt ptp refers to a quantity at the primary source due to the primary source.

Similarly plc referc to a quantity at the primary source due to the control source. This

notation will be used throughout the analysis. Solving for the case considered yields

Pplp = * Í Irr(x,Y,o) dxdY
"p oo

1*"0,
L^nk*n

(2.13a)E
mn

Again for plane rwave propagation, this expression becomes

Pco ^Pplp = TAp

Pctp=*n

(2.13b)

Equation (Z.lZ) can be rewritten for the pressure at the control source located in the z' x

plane of a duct wall at ) = 0 due to the primary source as

(2.t4)

where A, is the surface area of the control source of length Z in the a¡rial direction and

lateral length J. Substituting the expression for the pressure at a point due to the primary

source, given in Equation (2.9), into Equation (2.14) yields the mean pressure over the

face of the finite size control source due to the primary source' namely

Fp*FprFr^FrnFrL -jk^nz,

LJ
Pctp = * Í i orrx,o,z) d'xd'z

'^c00

L^nk*,

For plane waves onlY

2t

(2.ría)
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2_sm
koL

(2.1sb)

where e, is the a,xial distance from the primary source face to the centre of the control

source. Fr^, Frn and Fr7 arc the control source finite source factors. For a control

source mounted in the f = d plane of the duct these are given by

Pc o ^ -ikozc
Pclp = s 9p" (+)

lr\
l ru ,rn(*"rl"orl -t" | ^ * oFr*=fmn lzb ) [ b )
[ , m=o

)

FcL= kn lry)
kn+ O

(2.16)

(2.t7)

(2.18)

Fcn = GD"

sln

L kn=o

The acoustic pressure at any point in the semi-inf,rnite duct due to a source mounted part

way along the duct in one of the duct walls consists of the sum of the direct pressurepcd

from the source and the pressure Prrteflected from the finite end.

The contribution to the pressure coming directly from a simple point control source is

given by
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- jk^nlz-zrl (2.te)

Assuming a rigid termination, the pressure at point (a¡z) due to the component reflected

from the primary source end is given by

Pr,(x,t,z) ='2r|;' r^rW "-ik^n(z*z') Q'20)

The total pressure at a point is equal to the sum of the direct and reflected pressure

components, namelY

Pr(x,l,z) = Pco(x,l,z)+Prr(x,Y,z) Q'21)

For a point (x,y,z) downstream of the control source, that is fot z 2 z,

ì

Thus for z2 z,

Y 
^n(x,l)Y 

*r(xr,! r) -jk^nz
e

L^rk^n

"jk^r', 
* r- 

jk^n',

E
mn (2.22)

(2.23)

(2.24a)

P¿(x,!,2) =

P@Qc

x
2

or

P 
"(x,l,z) , 

Y *r(x,y)Y *n(x c,y ), - i k^rz 
cosh(j k*nz r)

mn lrmnnmns

PtQ. 5. ,-ik*nz cos(k^nzr)Pc(x,Y,z) = T k

For plane waves onlY we have
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pr(z) -- "r" nr"-ikozcosçkozr) Q'24b)

A simitar approach can be used to derive the total pressure, due to the control source only,

at a point (x,y,z) located between the primary source and the control source, to give for 0

1z1z¿ç_-C

P@Qc
P ,(x,! ,z) , 

Y mn(x,y)Y *n(x c,Y ) 
"-i 

k^rr, 
cos(k*nz)

mn rrmnKmn

-jk^nz" cos(k*nzr)

(2.25a)

(2.26a)

(2.26b)

s

where (xr,yr,zr) is the coordinate of the control Source. For plane waves only

P'=o e."-iko" cos(koz) Q'25b)Pr(z) = - 
s

Using a similar approach to that used for the primary source, the mean pressure over the

face of the control source, due to the sound field produced by the control source, is found

to be

P@Qc
Pclc = T

A-S
c

For plane rwaves only, Equation (2-26a) becomes

pco
Pclc = T i+l

-jkoz"
Qre cos ( krz") sin2

The pressure over the face of the primary source due to the control source is

P@Qc Fr*FrnFpt L^nk*n
.FpnF"L

Pplc= W mn

24

e
-jkmnzc (2.27a)
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For plane waves only

Pplc = *næ (+)-jkoz, 2 (2.27b)
sln

ko

The total acoustic pressure amplitude at the face of the primary source is equal to the sum

of the pressure at the source location due to the primary source itself and the pressure

contribution from the control source, and is given by

PP -- PPIP+PP1c Q28)

which is found by adding together Equations (2.I3) and (2'27)'

The total pressure at the face of the control source ls

Pc = PclP+Pclc Q'29)

which is found by adding together Equations (2.I5) and (2.26). The total power radiated

down the duct is then found by substituting Equations (2.28) and (2.29) into (2.1).

previously the acoustic pressure at a point has been expressed as the sum of modal

contributions, with m and n extending from zero to infinity. The acoustic pressure may be

otherwise expressed in terms of its real and imaginary components by considering that for

an excitation frequency o, there ate a finite number of modes which are "cut-on", and

hence contribute to the propagating part of the pressure, while those modes with a cut-on

frequency gfeater than the excitation frequency contribute only to the non-propagating

component of the pressure. This may be written as

L
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lÐ ) K*nc o
(Ð < Kmnc o

where K*n is the modal eigenvalue given by

mode cut-on
mode cut-off

(2.3o)

(2.31)
Km

Hence the propagating part of the pressure may be written as the sum of contributions

from the N+1 cut-on modes extending from zero to N, as the plane wave or fundamental

mode is cut-on for all frequencies of excitation, where

K¡¡ (2.32)

Acoustic modes having modal eigenvalues greater than r¡ I c o do not propagate along the

duct as waves, but decay in an exponential manner with axial distance from the source, in

contrast to the cut-on modes which, for the rigid walled case considered here, ate not

attenuated and propagate along the duct. As found previously, for these cut-off modes the

pressure and axial particle velocity are exactly out of phase, and hence the modes

transport no mean energy. A more detailed examination of the relationship between cut-off

modes and the total mean acoustic po\ryer flow is presented by Doak (1973a)'

In this chapter, the sources are assumed to be in each otherls far-f,reld and hence the

pressure at one source's face due to the other is found by considering only the propagating

part of the pressure produced by each source. A more detailed analysis of the nea¡-field

produced by a finite size source is presented by Tichy et al. (1984) and Doak (1973a)'

n ffI-WÏ

+1K¡ur
(Ð

co
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2.2.2 Multiple control sources

The purpose of the following section is to extend the analysis presented in the previous

section for the acoustic pressure at a single primary and a single control source, in a

rigidly-terminated semi-infinite duct, to the case of multiple control sources.

We will begin by considering two control sources, and in the analysis the subscript 1 will

refer to the control source 57, and the subscript 2 will refer to the control source SZ' A

source afïangement for two control sources is shown in Figure 2.2. Using a procedure

similar to that used for the single control source case, the additional acoustic pressure

terms are derived in the following manner.

*oo

Figure 2.2 Dual control source system.

Assuming the control source S, to be located at a greater axial distance from the primary

Source than control source S7, that is for zSZ 2 257, the mean pressure over the face of 52

due to 57 is

,rQst F r2*F r2nF,1*F,1nF,1LF s2Lt (2.33a)A,,A,,S L^nk^n

v

z

mnPszlsl =

x cos(k*rzst)

X

For plane waves onlY

27
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(2.33b)

Similar expressions hold for pr1¡r2 and the total pressure at source S1 is now

Psl = PsllP+Psllsl+Pslls2 Q34)

where ps1 lp is equivalent to pr¡, of Equation (2'1'5) and pr1 
¡ ,7 is equivalent to p"¡, of

Equation (2.26). Similar expressions hold fot pr2 *6 Pp

The total acoustic power radiated down the duct for the dual control source system rs

p s2t sr = + e, 1 e-i 
k oz'2 cos(k o2,,, ffi'^(+l'-[+ J

w=rR,
2 lnooo*Q,Pit.a,zn!2)

(2.3s)

The analysis required for more than two control sources follows similar reasoning as that

just outlined for two control sources. Equations (2.34) and (2.35) will have C+l terms

where C is the number of control sources'

2.2.3 lJnilorm impedance termination

The purpose of the following section is to present expressions for the pressure at the

primary and control source locations, for a semi-inf,rnite duct which is rigidly terminated

by a uniform, finite impedance surface. Alteration of the termination plane at z = 0 from a

rigid termination to a uniform, finite impedance surface allows greater flexibility in the

model, and enables a more accurate prediction of a real system's performance. Again the

pressure at a point in the duct will be equal to the sum of the contribution directly from

the source and the contribution of waves reflected from the termination plane at z = 0. A
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plane wall of uniform impedance will not couple modes or reflect a multiple number of

modes from a single incident mode. Hence an nth order mode incident upon the

termination will be reflected from the surface as an nft order mode. The alteration of the

incident wave due to the impedance surface can be expressed in exponential form as

-2Q*, (2.36)
e

where

Q*, = frü*n*inþmn (2.37)

The ratio of the amplitudes of the reflected and incident waves at z = 0 is given by (Morse

and Ingard, 1968)

lprlw -2Re(Q^r) - -2nu.^n
=Q =e (2.38)

where p, is the reflected wave amplitude and p¡ the incident wave amplitude' and the

phase change on reflection from the impedance surface is

-2Im(Q*n) = -2nþmn Q'39)

The pressure, due to the control source only, at a point (x,y,Z) positioned between the

primary and control source, that is for 0 < z 3 zr, is given for a simple point control

source by

PaQc V 
^n(x,!)Y 

*n(xr,! r) ,-*^n-ik^nz" (2.40)
P r(x,!,2) = S

E L^nk^n
x cosh(Õ- n+ik*nz)

mn

Similarly for an ærial location z 2 zc

29



Chapter 2. Active control of higher order modes in ducts

PaQc Y *n(x,!)Y *r(x c,y r) -Q^n-ik*nz
E e

P r(x,! ,z) = S L*nk*n
xcosh(Õ. n+jk*rz")

mn
(2.41a)

(2.42)

For plane waves only, we have

nre) = 
+Qr"-(Qo*ikoz)cosh 

(Qo+ikozr) Q'4lb)

Expressions for pO, Pplp ^d pclp cofresponding to finite size sources are identical to

expressions (2.28), (2.13) and (2.15) respectively for a rigid termination at the primary

source. However expressions for pO¡, and Pc/c afe different to those for a rigid

termination and may be written as follows

PaQc
Pplc = 

W
5., 

F r^F rnF p^F pnF rL 
"- 

Uk^n'r*ttn)"o, h(e mn)

^t'" 
L*nk^n

E
_2 _2 _2
þ r*þ rnþ rL r-Uk*r,r*@.r)"orh (e*n+jk*nzç) Q.43)
L^nk^,tnn

The total radiated porwer m be calculated as before by sing Equations (2'l), (2'28),

(2.29), (2.13), (2.15), (2.26) and (2.27).

2.2.4 Optimum control source volume velocity

The objective of this section is to determine the optimum control source volume velocity

for a rigidly-terminated semi-infinite duct, and also for a semi-infinite duct terminated by

a uniform, finite impedance surface. For the case of a rigid duct termination plane at z = 0

it is possible to express the total acoustic power output of the system as a quadratic
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function of the complex control source volume velocity amplitude Q,", where

O e
-iþ,. (2.44)

The quanúW Q, is the scalar volume velocity amplitude of the control source and p, is

its phase relative to some reference source. For a system consisting of a finiæ size primary

source and a single control source the tot¿l acoustic power output is given by

w = O:âe"*eiø*û*gr*ô (2.4s)

where

oc c

^ lor¡d = -.L-
'o?t

N

E 2 (k^nzr) (2.46)

(2.47)

(2.48)

=0n

b { 
F 

" 
*F 

".rF 
p?F p nF 

" 
z 

cos(k^nz r)í-4 L-nk*n

4*4"

and

u = ++lep?' A;S

Nt
n=0 \nnk^n

In the preceding equations, the solution for plane waves is found by sening m = n = 0,

4o4otA? = 1 and Âoo = t.

Although this quadratic is not differentiable with respect to the complex volume velocity

Q, it is possible to differentiate the tot¿l acoustic power Ï7 with respect to the real and

3I
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imaginary parts of the control source volume velocity, Qn au;rd QI.Equating each of

these gradients to zero, ðWIAOR = O and òWlòQl = 0, yields the complex control

source volume velocity which minimises the total acoustic power. This optimum volume

velocity amplitude is given by (Pan and Hansen, 1990)

-â-r b

-o- jkmnz,
e

mn cosh(ik^nzc+Qmn)

Qc
(2.49)

(2.sr)

opt

For a duct with a uniform impedance surface termination plane, the total acoustic power

for a system comprising one primary Source and a single control source is

w = Q:Re{a\Q, * Re{û1Qr\ * Re{b2Oil * e (2.s0)

where

(D
Re^tLT__

2 o?s

p

Io^r'l (2.s2)

(2.s3)

(2.s4)

û,r

û,2 ' r*' r rþ-þ rh r-i 
k^n'r r-' ̂ ncosh( Õ-r)ffi

u = ++tepet A"sp

1*'3,N

E
n=O
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Differentiating the total power expression with respect to the real and imaginary

components of the complex control source volume velocity yields the optimum control

source volume velocity which is given by

Q" .= -!nrta\-tçøi*ør¡
-L opt 2

(2.ss)

2.2.5 Residual power flow measurement

Active systems for the control of noise propagated as a plane wave' or fundamental mode'

have traditionally utilised microphones as effor sensors (Mazanikov and Tyutekin, 1976;

Trinder and Nelson, 1983; Eriksson et al., 1939). Inherent in the use of such sensors has

been the assumption that the minimisation of the total acoustic pressure at the sensor

location is directly related to the minimisation of the total acoustic power flow' Although

the propagating portion of the pressure is unifoÍn over a plane of the duct cross-section

for the fundamental mode, the non-propagating component of the pressure is non-

uniformly distributed, and this results in the mean square pressure also being non-

uniformly distributed across the duct cross-section at locations close to a source' Because

the non-propagating component of the pressure decays in an exponential manner with ærial

distance from the source, it is generally assumed that at large distances from the source

the pressure distribution is uniform, and hence a point measurement of the pressure is

proportional to the total acoustic power flow. As has been noted previously (Doak, 1973a),

when the excitation frequency approaches the cut-on frequency of a higher order acoustic

mode, the rate of decay of the non-propagating component of the pressure for the

fundamental mode may be small, and hence this component makes a considerable
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contribution to the mean square pressure at relatively large distances from the source.

For the case of higher order modes the propagating part of the acoustic pressure is non-

uniformly distributed over a plane of the duct cross-section in addition to the non-

propagating portion. Hence neither a point measurement of the propagating portion of the

acoustic pressure or the mean square pressure at a point are proportional to the total

acoustic power flow.

The instantaneous acoustic intensity in the z-direction is given by

I, = Pu, Q'56)

where p is the instantaneous pressure and u, the instantaneous acoustic particle velocity

component in the z-direction. For simple harmonic excitation the mean acoustic intensity

in the z-direction is

ir=n= lnrçVai> (2.s7)

where x denotes the complex conjugate and

i¡¡r (2.58)p = pe"

i@t Q-59)u=ue'

For a simple source located in the plane of the duct cross-section at one end of a semi-

infinite rectangular duct this becomes (Doak, 1973a)

'I
n{
t\i'

,T

i
i

¡

i
I
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I.
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I

(
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1

{r
p e - 

Y^n(x,Y)Y*n(xo,Y) 
"-ik*nz,;Ç

Re
2

I -( x.v\ =
t-

l n. t "joÏn"L'ñ

(2.6oa)

(2.6t)

X

where O is the source volume velocity amplitude. For plane waves only this equation

becomes

I P, oQ2 (2.60b)

zs2

Note that at each point on the duct cross-section, the mean acoustic intensity includes

cross-term contributions from products of the acoustic pressure in one mode with the

acoustic particle velocity in another, or vice versa. This implies that the mean acoustic

intensity in the e-direction is also non-uniformly distributed over a plane of the duct cross-

section and hence a point measurement of this quantity is not proportional to the total

acoustic power flow either. Because of the orthogonaliry of the modes, these cross-terms

do not contribute to the total mean acoustic power given by

z

f,

rl

,l

w=

which for a simple source mounted in the termination plane of a semi-infinite rectangular

duct is

j7 r{x,Ðas
s

1

¡

t

I

¡.

å'
f
I

(

.4

i'
t'

For plane waves onlY
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(2.62b)

{

For the case modelled in this study the error sensor criterion used was the minimisation of

the total mean acoustic power output, which is equivalent to minimisation of the total

mean downstream acoustic power transmission for a semi-infinite duct. Other error sensor

criteria such as minimisation of mean acoustic pressure at a point, minimisation of mean

acoustic intensity at a point, or minimisation of the acoustic pressure or intensity averaged

over a number of points were not investigated for the reasons mentioned above. Hence the

results obtained relate to the potential performance of active control for this particular

enor sensor criterion. The performance achievable in practice will depend upon the

accuracy with which a particular sensor configuration can sense the acoustic power

transÍussron.

2.3 RESULTS

A series of cases have been studied using the analytical model to determine the effect of

geometric variables upon the total acoustic power output reduction achievable using active

control. Results ¿ìre plesented for a number of duct geometries and source locations

because, in contrast to the plane wave or fundamental mode case, the duct aspect ratio and

the relative positioning of the primary source within the duct cross-section have a great

influence on the pressure field produced in the duct. The three primary source and duct

aspect configurations for which results were obtained are shown in Figure 2.3. For all of

the cases examined in this thesis the primary source is located within the duct cross-

section at the axial location z = 0.
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Configuration A

2.0 m

1.0 m
0.707 m

x

1.155 m

Configuration B

2.0 m

1.O m

1.0 m

Configuration C

2.4 m

1.O m
0.707 m

x

1.386 m

Figure 2.3 Primary source and duct aspect configurations for primary source located

v

v

-T
mo.

x

v

within the duct cross-section at z = 0.
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Considering firstly excitation of the plane wave by a finite size source mounted in the

plane of the duct cross-section, it can be shown that the real part of the pressure at a point

within the duct is not influenced by the duct aspect ratio because the modal eigenvaluer

is equal to zero and the mode shape function Y *, is equal to unity for atl source and

measurement locations. Hence, the pressure field produced when only the plane wave is

propagated is proportional only to the frequency of excitation o) and the source volume

velocity Q,r, for a constant duct cross-sectional area. Similady the fundamental mode

wavelength À is only dependent upon the frequency of excitation. Referring to Equation

(z.g),which provides the pressure at apoint for a finite size primary source' it can be seen

that the active pressure component is independent of both the relative location of the

source and the source size.

Examination of Equation (2.27), an expression for the mean pressure at the primary source

due to a finite size control source, reveals that for the plane wave case' the pressure at the

primary source is proportional to the finite size source factor, Fr,' wlich accounts for the

length of the control source along the duct axis' Fr¿ is given by

/lFcL=a'1ry) <zez>

and approaches zero for increasing L. Although this term is inversely proportional to the

length of the control Source L, a constant pressure value may be maintained at the

primary source forvariable Lby altering the control source volume velocity O.' Hence it

is theoreticatty possible to completely control the total acoustic power output for a plane

wave with a single control source, for all control source locations and sizes in a semi-
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infinite duct with a rigid termination plane at z = 0. Constraining the control source

volume velocity to be below a f,rnite value causes the total power reduction to be a

function of the axial distance separating the primary and control sources, and the control

source size. For the case of a finite control source volume velocity the total acoustic

power reduction is maximised for a primary source and control source separation distance

corresponding to an integer multiple of half-wavelengths, and is a minimum for source

separation distances equal to odd quarter wavelengths. This case is shown in Figure 2'4

for an excitation frequency of 50 Hz which is below the cut-on frequency of the fÏrst

higher order mode (s6 Hz) in the 2 m x 1 m duct, with the control source volume velocity

constrained to below ten times the primary source volume velocity. similarly, replacing

the rigid termination at z = 0 with a surface of uniform impedance results in equivalently

positioned ma¡rima and minima of total power reduction with respect to the separation

distance between the primary and control sources. This case is illustrated in Figure 2'5,

with the control source volume velocity constrained to below ten times the primary source

volume velocity. The two plane wave cases presented here correspond to results derived

previously (Hansen and Snyder, 1990)'

Increasing the excitation frequency above 86 Hz to an arbitrary value of 100 Hz causes

propagation of the (1,0) acoustic mode in addition to the fundamental mode' The cut-on

frequencies of the first five acoustic modes of a 2 m x 1 m rectangular duct are given in

Table 2.1. Note that the control source volume velocity is unconstrained for all of the

following cases examined.
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Table 2.1

Acoustic Mode Cut-On Frequencies for 2 m x 1 m Duct

Acoustic Mode Cut-On FrequencY
Hz

(0,0)

(1,0)

(2,O)

(0,1)

(1,1)

0.0

86.0

t72.0

fl2.0

t92.3

The first test case, Conf,rguration A, in which the primary disturbance is generated' at an

excitation frequency of r00 Hz,by a 0.1 m x 0.1 m rectangular constant volume velocity

Source mounted in the z = 0 termination plane of the duct cross-section, with its centre

located at a non-symmetric location, xo = b[3 and yo = d[2' is shown in Figure 2'3' A

single constant volume velocity control source is located in the ) = 0 plane of the duct at

an axial distance z, from the primary source and in line with the primary source at x, =

bl,t3. Examining the total acoustic power reduction achievable with an effectively simple

control source for the case of a rigid termination at z = 0, the solid line in Figure 2'6,

illustrates that regions of local minima and maxima in power reduction occur when

varying the separation distance between the primary and control sources. The total acoustic

power reduction in dB is given bY

LW = - 10lo916
W controlled

W uncontrolled

(2.64)

The attenuation minima are located approximately at odd quarter wavelengths of the
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Chapter 2. Active control of higher order modes in ducts

fundamental mode, the fundamental mode wavelength being given by

Àoo
2nco

o
(2.6s)

with the modal wavelength ìu^n, for rectangulff duct higher order acoustic modes, given

by (Morse and Ingard, 1968)

x*, 2n

(2.66)

The modal wavelengths for a 2 m x 1 m duct are given in Table 2.2 for a range of

excitation frequencies. Referring to Figure 2.6 it can be seen that an attenuation maximum

occurs at a source separation distance of 6.8 m. This distance corresponds to

approximately twice the fundamental mode wavelength, that is 2À69, and a single (1'0)

mode wavelength ÀtO. A similar result is achievable for a uniform impedance surface

termination plane at z = 0. This case is represented by the broken line in Figure 2.6, with

the values of U,^, = 0.01 and þmn = 0.01 assumed to be constant for all modes' The

relative location of the power reduction minima and maxima is approximately the same as

for the rigidly terminated case colresponding to a,mn = 0 and þ *n = 0, but the levels of

reduction are slightly decreased for the non-rigid termination case. The results presented

henceforth assume a uniform impedance termination surface 3t 7 - Q'

To gain an understanding of the physical aspects of the active process for controlling the

total acoustic power output, an examination of the acoustic radiation impedance values for

each source is benefrcial. Choosing an arbitrary control source location at x, = 1'155 m
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and, z, = 6.5 m, the acoustic impedance components for optimum attenuation of total

acoustic power are given in Table 2.3 for an excitation frequency of 100 }Jz'

corresponding to propagation of the (0,0) and (I,0) acoustic modes.

Table 2.2

Modal'Wavelengths (m) fot 2 mx 1 m Duct

Frequency (0,0)
Mode

(1,0)
Mode

(0,1)
Mode

(2,0)

Hz Mode

50

100

150

180

6.880

3.440

2.293

1.911

6.741

2.799

2.t75

Table 2.3

Source Acoustic Impedances and Power

6.482 6.482

Acoustic Power

¡rw

v 255.25 255.25
"p/p
7 238.62 -238'62
"p/SI
Zptotol L6'63 16'63

zsttp -175.88 -252'00

Zsust t7r.96 2M21

Zsltotot -3.92 -5'57

rrr 255.25
vv uncontrolled

11.06wrt*r"ur¿ -
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Chapter 2. Active control of higher order modes in ducts

The total mean acoustic powet radiated by the primary source operating alone is calculated

by

Wuncontrott"a = Q?Rilp
(2.67)

and in this case is 255.25 ¡rW for a primary source of volume velocity Qo of 1x10-3

*3/.. Introduction of the control source, with its volume velocity Q, and phasep"

adjusted so that the total acoustic power is minimised, results in an alteration in the

acoustic impedance presented to the primary source of -238.62 kgm-4s-l, corresponding to

Rp/Sl.Hence the total acoustic impedance presented to the primary source is reduced to

16.63 kgm-4r-l b""uose of the pressure field produced by the control source and its effect

upon the primary source face. The control Source 57 has a self-impedance, or impedance

presented to it by the duct alone, RSllSl of 171.96 kgm-4s-l, and the acoustic impedance

alteration of the control source by the primary source RSltp is -175.88 kgm-4s-l, resulting

in a total control source acoustic impedance of -3.92 kgm-4r-l. This corresponds to an

acoustic power value of -5.51 ¡rW. The negative value of power output for the control

source indicates that it is acting as an absorber. The control source is thus seen to have a

dual effect, altering the acoustic radiation impedance of the primary source, and absorbing

a portion of the total acoustic power generated by the two sources. The total acoustic

power under active control is equal to 11.06 FW, a reduction from the uncontrolled value

of 255.25 ¡rV/, which corresponds to a reduction of 13'6 dB'

Returning to consideration of the effect of control source location upon the acoustic power

reduction, variation of the control source position across the duct cross-section reveals that

45



Chapter 2. Active control of higher order modes in ducts

there is a related variation in the level of power reduction achievable. This is shown in

Figure 2.7 for a control source located at an axial distance of 6.5 m from the primary

source and t'or an excitation frequency of 100 Hz which enables propagation of the (0,0)

and (1,0) acoustic modes. The total power reduction is represented by the solid line while

the modal components of the power reduction are shown as broken lines. The optimum

location for a control source, at this particular distance from the primary source, is directly

inline with the primary source at x, = 1.155 m. Interestingly, the greatest reduction in

acoustic power occurs for a control source positioned such that the duct mode shape

function at its location is equal to the same value as at the primary source location, rather

than being greatest at the edges of the duct where the control source mode shape function

is maximised, and equal to unity. This can again be explained in terms of the alteration in

the sources' acoustic impedance. For a control source positioned such that the duct mode

shape function at its location is equal to that at the primary source location, the acoustic

impedance terms are well 'matched', but for a control source positioned otherwise, the

total acoustic power output is being increased by the control source for an equivalent

alteration in the primary source acoustic impedance'

For a source mounted in the x = b plane, the levels of reduction in acoustic power for a

simple control source will be equivalent to a source mounted at the edge of the duct in the

) = 0 plane. Hence the level of reduction for a control source mounted in the x = b plane

is less than that possible for a source mounted in the ) = 0 plane for this particular case

because the modal index in the y-direction is equal to zero.
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Figure 2.g displays the acoustic power reduction contours in dB corresponding to variation

of the lateral location of the control source across the duct and the separation distance

between the primary and control sources along the duct. The primary source is located at

xc = 1.155 m (Figure 2.3, confrguration A) and the excitation frequency is 100 Hz. As

mentioned previously, the control source location in the x-direction across the duct

corresponding to attenuation maxima is the S¿ìme as the primary source. The attenuation

maxima along the duct are separated by a distance corresponding to multiples of the

fundamental mode wavelength, À00, and the (1,0) mode wavelength, À10' Attenuation

maxima are also achievable at a control source lateral location of x, = b - xo, where x, is

the lateral primary source location. The mode shape function values for the fundamental

and (1,0) modes at this control source position are equal to the mode shape function

values at the primary source location. The attenuation maxima afe also separated, for a

control source positioned at this lateral location, by an axial distance cofresponding to

locations where a multiple of the fundamental mode wavelength is equal to a multiple of

the (1,0) mode wavelength.

As the modal wavelength ìv^, is a function of the excitation frequency, the optimum

rocation for a contror source is also frequency dependent. Hence the possibility exists that

a control source positioned at an optimum location for a particular excitation frequency

will provide relatively poor acoustic power reduction at other frequencies' The introduction

of an additional control source provides a means of increasing the total power reduction

for an original control source positioned at a non-optimum location, and can hence make

the overall system more robust in terms of achievable porwer reduction over a range of
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excitation frequencies. For the dual control source cases examined, the phase and volume

velocity of both control sources were optimised at the same time, and hence in an

equivalent real system, the controller would be required to optimise the two channels

concurrently. Figure 2.9 shows the acoustic power reduction at 100 Hz for a dual control

Source System, with the control source .S7 positioned at x5, = 1.155 m and ZSI = 4'0 m'

and the other control source 52 positioned at x52 = 1.155 m, with the axial distance from

,S7 varied. v/ith only a single control source s7 operating, the reduction in total acoustic

power is equal to 1.0 dB. with both control sources operating, the reduction in acoustic

power is increased to above 30 dB at the optimum control Source separation distance' and

above 1.0 dB for the majority of control source separation distances. The optimum control

source separation distance for this case is approximately 2.8 m' This distance corresponds

to an overall axial distance of approximately 2Àgg or À16 between the primary source and

control source 52. It should be noted that the total power reduction achievable at any

particular frequency using dual control sources, positioned as stated, is greater than the

reduction achievable for a single control source positioned at an equivalent location as

control source 52. The use of two control sources provides greater flexibility in source

location for a substantial noise reduction at a given frequency and also increases the

bandwidth corresponding to substantial noise reduction for given, fixed control source

locations.

To examine the influence of control source size upon the reduction of the total acoustic

power output, the control Source was a¡bitrarily positioned at x, = 1'155 m and Zc = 6'5

m, and the model was used to determine the power reduction for va¡ious source sizes at an
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excitation frequency of 100 Hz. The relationship between source size and the reduction of

power output is quite complex, as the source size factors, which account for size of the

sources and the degree to which an acoustic mode is excited by the source, have different

values for each acoustic mode and for each excitation frequency, and in addition, any

reduction in acoustic power output from a source caused by a decreased value of source

size factor may be compensated for by an increase in the source volume velocity. This can

be seen by examination of Equation (2.27), where the impedance presented to the primary

source by the control source is proportional to the control source size factors, Fc*, Fcn,

and Fr,, and the control source volume velocity, Qr. Figure 2'10 shows the acoustic

power reduction as a function of the control source length across the duct cross-section, /,

with the source length, Z, along the duct axis constant and sufficiently small that the

source is effectively a simple source. The solid line represents the total power reduction

and the modal components of power reduction are shown as broken lines- As shown in

Figure 2.1O, the reduction of acoustic power output is approximately constant over the

range of control source lengths considered, although the control source volume velocity to

achieve the reduction increases with control source size. The optimal control soruce

volume velocity varied from 1.19 times the primary source volume velocity, for a source

of small dimension, to 1.27 times the primary source volume velocity for the largest

source considered of length J = 1.69 m. Figure 2.11 shows the results for va¡iation of the

control source length in the ærial direction .L, for J constant. The reduction of acoustic

power is seen to be greatest for a source of relatively small dimensions. The modal

component of power reduction for the (1,0) mode is a ma:rimum for a control source

length L = 3.44 m, which corresponds to the modal wavelength À69 of the fundamental
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mode. Also the power reduction of the fundamental mode is equal to zero for this control

source length. This illustrates the fact that a control source of equivalent length to a modal

wavelength is unable to effectively control that acoustic mode because the modal

component of the mean pressure produced at the primary source is equal to zeto,

independent of control source location, and hence the alteration in the primary source

radiation impedance is also zero. A 3.44 m long control source is not, however, likely to

be realisable in practice. As most commonly used loudspeaker sources are either circular

or rectangular, the effect of source size on the acoustic power reduction for a square

source is shown in Figure 2.12, and reveals that the reduction in acoustic power is

approximately constant for the range of control source sizes considered, for this particular

excitation frequency, duct geometry, and Source ¿urangement, although, as mentioned

previously, the required control source volume velocity to achieve this reduction increases

with increased control source size.

Altering the excitation frequency from 100 Hz for the same primary source size and

location, given by configuration A, results in the optimum primary to control source

separation distance for a single simple control source being altered from that for the cases

considered thus far. The same is true for finite size control sources, although simple

control sources are used in the following cases'

Figure 2.13 shows the power reduction achievable over a range of source separation

distances for an excitation frequency of 150 Hz, which still enables only the fundamental

and (1,0) modes to propagate in the duct. At an excitation frequency of 150 Hz the
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correspondence between multiples of the two modal wavelengths is not as close as in the

previous case of 100 Hz, and as a result the optimum a,xial source separation distance is

increased. An axial source separation distance of 14 m results in a reduction of the total

acoustic power by greater than 50 dB, this distance being approximately equal to six times

the fundamental mode wavelength and five times the (1,0) mode wavelength. The result of

increasing the excitation frequency to 180 Hz, such that the (0,0), (1,0)' (2,0), and (0'l)

acoustic modes can propagate, is shown in Figure 2.14. The poor conespondence of the

modal wavelengths for this particular excitation frequency has resulted in acoustic power

reduction values of less than 1 dB for a single control source located within 2o m of the

primary source. This result indicates that a greater number of control sources may be

required to achieve higher levels of power reduction at certain excitation frequencies'

Consider a primary source such as that shown in Figure 2.3 as Configuration B, in which

a primary source of dimensions 0.1 m x 0.1 m is centrally located within a 2 m x 1 m

duct. At an excitation frequency of 100 Hz only the plane wave propagates along the duct,

as the primary source is positioned at a node of the (1,0) acoustic mode' contours of

power reduction in dB are shown in Figure 2.15 for a range of values of x. and z" for a

single control source. As also shown in Figure 2.10 for primary source configuration B,

the control source location in the ¡-direction corresponding to attenuation mærima is the

Same aS the primary Source location in this direction, namely xc = I'O m, and the a'rial

Source separation distances between the controt and prima¡y sources corresponding to

attenuation maxima are multiples of the fundamental mode half-wavelength )5d2' The

location of these power reduction maxima can be explained by considering that a control
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source not positioned in-line with the primary source will generate a (1,0) mode and hence

contribute to the total power output associated with this mode, while having the same

effect upon the acoustic impedance of the primary source as would a control source

positioned in-line with the primary source, which does not contribute to the porwer ouþut

of the (1,0) mode. In other words, as found for primary source conf¡guration A, mærima in

the power output reduction occur at control source locations where the mode shape

function values a¡e the same aS at the primary source location.

Alteration of the duct aspect ratio will also change the modal wavelength correspondence.

In Configuration C, shown in Figure 2.3, a finite size primary source of dimensions 0'1 m

x 0.1 mis located atxo= bff3 andlo= d't{z' within a2'4m x 1m duct' The cut-on

frequencies for the first f,rve acoustic modes afe presented in Table 2.4, and the modal

wavelengths for a range of excitation frequencies are given in Table 2'5'

Table 2.4

Acoustic Mode Cut-On Frequencies fot 2.4 m x 1 m Duct

Acoustic Mode Cut-On FrequencY
Hz

(0,0)

(1,0)

(2,0)

(0,1)

(1,1)

0.0

1r.7

t43.3

172.0

186.31
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TabLe 2.5

Modal Wavelengths (m) f.or 2.4 m x I m Duct

Frequency
Hz

(0,0)
Mode

(1,0)
Mode

(2,O)

Mode

100

150

3.MO

2.293

4.932

2.611 7.719

For an excitation frequency of 100 Hz the modal wavelength of the plane wave mode is

3.44 m and the wavelength of the (1,0) acoustic mode is 4'93 m for configuration C'

Figure 2.16 shows that the optimum primary to control source separation distance for a

simple control source positioned at the same lateral location as the primary source is

approximately 12 m, which corresponds to three and a half times the fundamental mode

wavelength and two and a half times the (1,0) mode wavelength' Figure 2.I7 teveals that

the location of the attenuation maxima follows a similar trend to that shown in Figure 2'8

for the duct aspect ratio dtb equa! to 0.5, except that the axial source separation distances

between the primary and control Sources corresponding to attenuation maxima are

increased because of the dec¡eased correspondence between the modal wavelengths in this

case.

Increasing the excitation frequency to 150 Hz, such that the (0,0), (1,0) and (2'0) acoustic

modes propagate, results in the ærial source separation distance between the primary and

control sources corresponding to maximum acoustic power reduction being increased to

15.9 m, for a single control source positioned at the same lateral location as the primary

source. The importance of the correspondence in modal wavelengths is again evident when
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one examines the number of modal wavelengths coffesponding to a distance of 15'9 m,

which is found to be approximately equal to seven times the fundamental mode

wavelength, six times the (1,0) mode wavelength and twice the (2,0) mode wavelength.

This case is shown in Figure 2.18'
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Figure 2.18 Acoustic power reduction at 150 Hz for a single control source as a

fuiction of separation beìween primary and control sources : conf,tguration C'

2.4 CONCLUSIONS

An analytical model has been developed to describe the active control of higher order

acoustic modes in ducts. The model allows calculation of the individual source power

outputs for a given source location, size, strength and relative phase' Both single and dual

control source configurations are examined'
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It is shown that a reduction in the total acoustic power output is achievable by two

mechanisms - alteration of the acoustic radiation impedance of the prima¡y source by the

control sources and absorption of the primary source acoustic power by the control

sources. The degree to which each mechanism contributes to the reduction in total acoustic

power output is a complex function of the duct geometry, excitation frequency and the

source location, size and number. Determining which mechanism is dominant thus requires

calculation of the acoustic power output of the sources for each particular duct

configuration.

The duct geometry, Source location and excitation frequency 'were shown as the major

factors in determining the levels of acoustic power output reduction achievable. Control

source size was shown to have a minor influence on the levels of acoustic power reduction

over the range of source sizes examined, although increasing the source size resulted in an

increase in the source volume velocity required for the same level of control. In addition,

a control source of equivalent length to a modal wavelength is unable to effectively

control that acoustic mode because the modal component of the mean pressure produced at

the primary source is equal to zero, independent of control source location, and hence the

alteration in the primary source radiation impedance is also zero.

It was found that the optimum location of the control source to reduce the total acoustic

power output is at a lateral location such that the primary source and control source are in

locations characterised by equal values of the mode shape function Y 
^n, 

and at an axial

source separation distance which corresponds to a multiple of half-wavelengths for each of
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the modes propagating within the duct. Introduction of an additional control source

increases the levels of power attenuation that are achievable, and increases the effective

frequency range of operation for the active control system, for both higher order and plane

wave only propagation. For plane wave only propagation, constraining the control source

volume velocity to be below a finite value causes the total power reduction to be a

function of the axial distance separating the primary and control sources, and the control

source size. For the case of a finite control source volume velocity the total acoustic

power reduction is maximised for a primary source and control source separation distance

conesponding to an integer multiple of half-wavelengths, and is a minimum for source

separation distances equal to odd quarter wavelengths'

The results yielded by this analysis indicate that, for excitation frequencies which result in

propagation of acoustic modes other than the fundamental or plane \ryave mode, accurate

characterisation of the primary source properties is of major importance in establishing an

effective configuration of control sources to reduce the total acoustic power output.

61



Chapter 3. Acoustic response in ducts

CHAPTER 3. ACOUSTIC RESPONSE IN DUCTS OF ARBITRARY

LENGTH AND TERMINATION CONDITIONS

3.1 INTRODUCTION

In a practical situation, finite impedance terminations will be encountered at both ends of

the rigid-walled duct. Thus, the semi-infinite duct model examined in Chapter 2 is

extended in this chapter to include higher order mode reflection from both of the duct

terminations, which a¡e modelled as having arbitrary impedance. A generalised solution is

obtained for a duct of arbitrary length which allows the calculation of infinite, semi-

infinite, finite and impedance boundary terminated duct cases through the use of specific

termination impedance values. Theoretical and experimental determination of appropriate

termination impedance values is outlined and demonstrated for the case of a flanged duct

radiating into free space. The theory is applicable for both plane wave and higher order

mode propagation. Finite size acoustic source configurations are modelled in addition to

simple point sources. Experimental results are presented with the theory and indicate good

agreement.

3.2 ACOUSTIC RESPONSE FOR ARBITRARY TERMINATION CONDITIONS

The system under consideration in the following analysis, shown in Figure 3.1, is a hard-

walled duct of uniform cross-sectional area S and length Z, having arbitrary termination

impedances at both ends, represented by Õt and Õ2. The fluid contained within the duct

is assumed to be at rest with constant and uniform ambient temperature and density, p.
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L -ll-- -l

o
1

(Þ
2

+z =p
Figure 3.1 Modelled arrangement for duct of arbitrary length, L, and terminations (Þ7

and Õ2.

For a simple point source located at apoint i, = (xryp,zp), the pressure at an arbitrary

point x- = (x,J ,z) in the duct is equal to the superposition of the pressure components

coming directly from the source and those arising from reflections from the duct

terminations. The pressure due to the wave coming directly from the source is (Doak,

1973a; Morse and Ingard, 1968)

where the time dependent term ei@t has been omitted for convenience. The negative time

dependence used by Morse and Ingard has been compensated for by reversing the sign of

their axial dependence term ,io^'l'p-'\ . Y*n is the characteristic or mode shape

function of the duct, k*n is the complex modal wavenumber, L^, is the modal

normalisation factor and Qo the source volume velocity. For the rectangular duct case

considered here

PPd)=Y2 Y mnG)Y ^n(ip) r- i 
k^nl rp -, I

T (3.1)

(3.2)ymn(í) = *,(ry)"",[#)

and
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km
(3.3)

n

L*n (3.4)

where m and n are the modal indices, co is the excitation frequency and c o the speed of

sound in free space.

A wave which has undergone a single reflection from the impedance termination

represented by Ot will produce a pressure at point x-

pp(i) = 
nAmn(î,ip¡s-ik*'(zp*z) "-2Qt (3-5)

where Amn(i,ip) is the modal amplitude given by

=llv2 dss* mn

¡ ,-a --t \ PaQp Ymn(í)Y*n(íp)
A*nlx,xp) = 2iffi

(3.6)

Similarly, a wave having undergone a single reflection from the impedance termination

represented by Qz will Yield

p p(i) = E A^nçi,ir)"ik^n(zo*z) 
"-2@2 

e-i2kmnL (3.7)

mn

while a wave which has been reflected from both duct terminations gives

pp(í) = E A*n(i,i)e ik*nlzp-zl 
"-r*r r-2Þt e'izkmnL (3.g)

mn

Superposition of these four terms, together with consideration of the additional reflections
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from the duct terminations, the number depending upon the termination impedances, gives

the total pressure at point x* as

pp(î) = E A^nçr,ir)le-ik^'lzp-zl *"-ik*n{zp*z) "-2Qt
mn

* 
"i 

k^r(ro + z) 

"- 
i Zk*nL 

e-zÞz

* ri 
k^nl zp - z | 

"- 
r*, 

"-2Q 
t 
"- 

irn^ntfT* 
n

T*, Ë {, 
-izkmnL e-2et r-r*r\t

i=0

(3.e)

where T*n is the modal reverberation factor for the duct and is given by

(3.10)
1

I _ 
"-i2k^nL 

e-zor "-2Q,

The above expressions for an arbitrary impedance terminated duct agree with those found

previously for the plane wave case (Elliott and Nelson, 1984) and for higher order mode

propagation (Stell, 1991).

For finite size sources, the pressure at a point in the duct, í, can be expressed as the

pressure due to a simple point source multiplied by a source size factor. Hence the modal

amplitude Amn(i, ip) becomes

^ ( í-- \ : PaQp F,^nÍo\-!(i)Ymn(ip) (r.tt)
^mn\r,*p) - 

-{

where Ftmn(ip) is the total modal source size factor, which approaches unity for

decreasing source size. Expressions for the modal source size factor are contained in the

previous chapter. The individual source size factor expressions given in the previous
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chapter have been combined with the source area, AO, to produce a total modal source

size factor, as used in Equation (3.11). For a source arbitrarily located at io the individual

source size factors are combined by

Fmn(ip) - 
FP*F!'FP| 

Q.rz)
"p

33 DERTVATION OF TERMINATION IMPEDANCES

In the above analysis, the termination impedance parameters have been represented asQl

and Q2, although these impedances are generally frequency dependent and will differ for

each mode. Hence the notation Ql^n ^d Q2*, is more appropriate and will be used.

Q*, is defined as (Morse, 1948)

Q^n = frd*r-inþ*n (3'13)

Substitution of appropriate values for ü^n and þ *, yields specific termination

conditions. A rigid, totally reflective termination is achieved fot U.*, = þ^n = 0, while

an anechoic termination is characterised by a*, - "". By substitution of these appropriate

values, Equation (3.9) reduces to the expressions presented previously for rigidly

rerminated (Curtis et al., lg87), infinite (Doak, I973a) and semi-infinite (Snyder and

Hansen, 1991) ducts. Values of a.., and þ^n for other termination conditions can be

derived both theoretically and experimentally. The specific case of a flanged duct radiating

into free space will be examined in detail as an example of the methodology'

3.3.1 Theoretical determination of termination impedance

The first stage in determining appropriate U*n and þ *n to represent a flanged duct
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radiating into free space is to calculate the specific acoustic impedance presented to the

exit plane of the duct by free space. The specific acoustic impedance is frequency

dependent and is also different for each duct mode because of the different velocity

distributions at the exit plane for each mode.

The normal velocity at a point on the duct exit plane í, = (x*lr) is given by

v*n(ír) = i*rY*n(í) (3'r4)

where i*, is the velocity amplitude of the acoustic mode at the exit plane. The pressure

at a point í -- (x,y) on the exit plane due to each modal distribution is given by (Fahy'

198s)

Jp ú)

2n

imnYmn(is)e-ikr
P7y¡n(i) = I

s
r

di,

where , = lir-íl and k is the wavenumber in free space'

The modal specific acoustic impedance at the exit plane, Zr^n, is defined as

di, x

(3.1s)

(3.16)

(3.17)

Z.rmn

which becomes

Y 
^n(îr)e

-jkr
= 

jpco

and reduces to

z_Jmn 2nS
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z"^^ = ry f" l'-to' or,o,ù00 
ZæS Jrl, r -

(3.18)

for the case of plane wave propagation.

In a similar problem, Morse (1943) has calculated the (0,0) mode (plane wave) radiation

impedance for a circular opening, and resolved the pressure distribution over the opening

into higher order modes to determine the direct and coupling impedances for the (0,0)

mode. The graphs presented indicate that when the impedance is uniform over the duct

exit plane, the coupling impedances are small except near the cut-on frequencies of the

higher order modes. Hence in this analysis it will be assumed that the coupling

impedances are negligible, and that the modal specific acoustic impedance, Zr^n, can be

used to calculate a.*n and þ*, dftectly. This assumption implies that a mode incident

upon the duct termination will be reflected as the same mode and will not be coupled into

other modes.

The modal specific acoustic impedance is related to the termination impedance parameter

values by (Morse and Ingard, 1968)

Zr*n -- pcotanh(n ú^r-in(þ*n-|>> (3.1e)

= p crcoth (Q^n)

Note that the real and imaginary components of the modal specific acoustic impedance,

Z. , ile not independently related to the real and imaginary components of the
omn

termination impedance function, a,^n and þ 
^n, 

but are related by the tanh function as
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stated in Equation (3.19). See Plate l, Morse and Ingard (1968) for a graphical

representation of the relationship between the modal specific acoustic impedance and the

termination impedance functions. The complex modal reflection coefficient, R*n, can

alternatively be used to describe the termination where

R*n = ,-ZQ^n (3'20)

and can be related to the modal specific acoustic impedance by

(3.2r)

The complex radiation eff,rciency, or radiation resistance ratio, o,is defined by (Hansen

and Bies, 1979)

W*n Z,*n
(3.22)6mn =

Gz*n)rrspro Pco

where W is the complex power radiated at the opening, the real part of which is

associated with energy propagating to the far field and the imaginary part of which is

associated with storage of potential energy in the near field, and (v2)r, is the space-time

average mean square normal velocity at the duct exit; the subscript mn indicating modal

components of these variables. Substitution of Equations (3.19) and (3.2t) into (3.22)

relates the complex radiation eff,rciency and the complex reflection coefficient as

c*n -- tanh(rcr. ,-in(þ^r-ir, = æ
(3.23)

The preceding analysis can be used to determine the duct termination impedance,
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reflection coefficient and radiation efficiency once the specific acoustic impedance at the

exit plane is known. Many such specific acoustic impedances have been calculated

previously, for example an unflanged pipe radiating into free space (Levine and

Schwinger, 1948).

3.3.2 Experimental determination of termination impedance

Impedance tube measurements have been used extensively to determine the acoustical

properties of various materials for plane wave propagation. For instances in which higher

order modes are also propagated it is necessary to determine the impedance characteristics

of the materials for each mode. This is accomplished by performing a modal

decomposition on the multi-modal sound freld in the duct to determine the relative

amplitudes of the modal component propagating towards and away from the duct

terminations, and hence the termination impedances. The modal decomposition technique

used here is similar to that described previously (Åbom, 1939) and involves taking

acoustic pressure measurements at two cross-sectional planes in the duct at a minimum of

N locations for each plane, where N is the number of cut-on modes. To determine the

termination impedance values for both ends of the duct, it is necessary to perform a modal

decomposition between the source and each duct termination. Separate modal

decompositions are required to determine the termination impedances at each end of the

duct because the upstream and downstream travelling components of the acoustic response

are not continuous along the whole length of the duct. A component reflected from one of

the duct terminations is modified by the source prior to its arrival at the other termination,

and hence a single decomposition is unable to determine the amplitudes of the component
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before and after its modification by the source. The method also enables calculation of the

acoustic power transmission for each mode.

For the simplest case, when the modes are uncoupled, the termination impedance is

proportional to the ratio of the amplitudes corresponding to each direction of propagation.

Expressing Equation (3.9) in terms of waves incident on and reflected from the

termination represented by QZ gives the termination impedance parameter at z = L as

-)ö-'mn A*n, jzkmn(L-Zl) (3.24)-øe
A*ni

where A^r, is the complex modal amplitude at z -- z1 of the wave reflected from the

termination, and A^n; is the complex modal amplitude at z = z1 ol the wave travelling

towards the termination. (Z-21) is the distance from the duct termination to the

measurement plane further from the termination. The ratio A*nrlA*ni when ZI = L is

the complex modal amplitude reflection coefficient, R^n Calculation of the termination

impedance at z = 0, using Equation (3.24), is achieved by taking at least 2N pressure

measurements in cross-sectional planes located between the source and the termination at

Z = 0, and transforming the duct origin to the location z -- L and reversing the

orientation of the z axis.

The modal decomposition technique determines the modal amplitudes of N propagating

modes from 2N measurements of acoustic pressure in the duct. The measurements are

taken at N independent locations in two cross-sectional planes of the duct. The pressure at

the measurement locations can be expressed as
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where ip] ir a 2N x I matrix containing the complex acoustic pressure measurements

such that

ld' = ln, " p2Nl Q'26)

where the measurement locations are numbered 1 to N for the first measurement plane,

and N + 1 to 2N for the second measurement plane, which is closer to the duct

termination of interest. The complex pressures are obtained by converting amplitude and

phase to complex format. Each element represents the pressure amplitude at the point, and

a phase, relative to a reference location. The reference is an arbitrary point in the duct,

and can include one of the measurement points. [O] is a 2N x 2N matrix which

represents the transfer functions between the two measurement planes' Each row

corresponds to the modal contributions to the pressure at the *'h 
^.ururement 

location,

with each element representing the contribution from each modal component. Hence row

m of. the matrix would have the form

lpl = [o][e]
(3.2s)

(3.27)f*ottrl ,-iksz^ Ys(i*)eikoz* .. ..

Y¡,r- r (i^) e-i 
kN - 

"^ Y * - {i^¡ ¿i 
kN - rz-l

where z^ is the distance between the measurement point and the first measurement plane'

la], u 2N x 1 matrix, contains the modal amplitude components for each direction of

propagation such that
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"l
,l

(3.28)

where An¡ and An, are the modal components propagating to'wards, and away from, the

termination, respectivelY.

Rearrangement of Equation (3.25) provides a solution for the modal amplitudes as

ll.l' =l{a6¡,asr)r .. (A(N-1)r,A(N-r)r)t]

[¿] = [o]-t lpl
(3.2e)

r,f

ti

q

i
.l

3.4 EXPERIMENTAL RESULTS

The experimental appatatus consisted of a duct of cross-sectional dimensions 215 x 2L5

rnrn, and length approximately 3.2 m, the exact value depending on the type of

terminations used. The source used was a 145 mm diameter circular speaker, modelled in

the analysis as a square piston of equivalent area, with the rear portion enclosed in a small

hard-walled box. As shown previously (Snyder and Hansen, 1989), a measurement of the

pressure, p6, at a point inside the speaker box, of known volume V, enables calculation

of the source volume velocity Q.o- Hence

Qp
-pb -iVaPu

(3.30)
zv

Pco

where Z, is the acoustic impedance of the speaker box. A small microphone mounted on

a traverse was used to measure the acoustic response in the duct, and to perform the

modal decomposition on both sides of the source to determine the termination impedances.

The theoretical curves used for comparison with experimental data were calculated using
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Chapter 3. Acoustic response in ducts

the values for volume velocity and termination impedances found from experiment. This

enabled testing of both the validity of the theoretical model and the accuracy with which

the required variables could be experimentally determined.

Evanescent modes were also incorporated into the theoretical calculations to account for

the near-field of the source, with 20 modes being used to approximate the infinite sum.

All experimental measurements were taken relative to the input signal to the source

speaker, which acted as a reference. Hence the pressure amplitude was obtained from the

autospectrum of the measurement microphone, and the relative phase was given by the

cross-spectrum phase between the speaker terminals and the measurement location. This

enabled the same microphone to be used for all of the measurements, thus eliminating the

problem of phase mismatch between microphone pairs. The use of a single microphone to

measure all of the locations involves the implicit assumption that the acoustic response is

time invariant.

The first series of tests were conducted at an excitation frequency of 600 Hz which is

below the first cut-on frequency (S00 Hz) of the rectangular duct used in all of the

experiments presented here. The first case, results for which are shown in Figure 3.2,

corresponds to a duct rigidly terminated, at z = 0 by 18 mm thick chipboard, and semi-

anechoically terminated, at z = .L. The duct length is 3.2 m, with the source centrally

locatedinthexzplaneatzp=1.960m,suchthatzolL=0.6l.Frommodal

decomposition of the acoustic freld at both ends of the duct, the impedance functions at

z = O were found to be (croO,Êoo) = 0.0128,0.0304 which comp¿ìres favourably with

i
I

i

t
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Chapter 3. Acoustic response in ducts

the ideal values for a totally reflective surface of (ag¡,ÊOO) = 0.0,0.0. At z = L it was

found that (0b0,ÊOO) = 0.45L7,0.0328 which implies that the termination used was

actually partially reflective, in comparison to an ideal anechoic termination for whichcrgg

values above 0.5 yield an approximately anechoic termination. As shown in Figure 3-2, the

theoretical curve, calculated using measured values of source volume velocity and

impedance functions, agrees well with the experimental data, for both amplitude and phase

of the acoustic resPonse.

In the next configuration, the results for which are shown in Figure 3.3, the termination at

z = L consisted of two 18 mm thick layers of fibreglass insulation material backed by the

semi-anechoic termination, the front face of the material being at e = 3.215 m. The

measured values of impedance functions at z -- L were (crgg,Þgg) = 0'1954,0'0082'

indicating a partially absorptive termination. The relative source location was zrlL = 0.61.

Again, it can be seen from the figure that the experimental and theoretical values agree

well.

For the next test, a partially absorptive termination was installed at z = O, consisting of

two layers of 18 mm thick fibreglass insulation, backed by the rigid termination described

above, in addition to the partially absorptive termination at z = L- The measured

termination impedance pa.rameters for the surface at z = 0 were (crgg,FOO) = 0'2066,

0.7030. The results for this case ate shown in Figure 3.4, and reveal that the agreement

between theory and experiment is good, especially for the relative phase of the response. It

should be noted that the experimental amplitudes decrease with distance from the source,

-'rt
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Figure 3.2a Response pressure amplitude for semi-infinite duct at 600 Hz with a

source located at zlL = 0.61. o = experiment, - = theorY'
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Figure 3.2b Response pressure phase for semi-infinite duct at 600 Hz with a source

located at zJL= 0.61. o = experiment, - = theorY.
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Figure 3.3a Response pressure amplitude for rigid-finite impedance duct at 600 Hz

with a source located at zlL = 0.61. o = experiment, - - theory.
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Figure 3.3b Response pressure phase for rigid-f,rnite impedance duct at 600 Hz with

a source located at zJL = 0.61. o = experiment, - = theorY.
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indicating that the duct walls are not behaving as the ideal totally rigid case which is

modelled. A better agreement between theory and experiment may be achieved by

incorporating a damping factor into the complex modal wavenumbel kn, to represent the

non-ideal behaviour of the experimental rig and simila¡ non-rigid wall cases.

For the remainder of the tests a shorter length duct was used, of length around 2.3 m,

depending on the termination conditions. The source location to duct length ratio was

hence also altere d to zolL = 0.86. The f,rrst six cut-on frequencies for the experimental

duct, under ambient conditions, are given in Table 3.1. For an excitation frequency of 900

Hz the (1,0) and (0,1) modes are able to propagate, in addition to the fundamental, or (0,0)

mode, and hence the pressure distribution over the duct cross-section is non-uniform.

propagation of these modes thus necessitated the measurement of acoustic pressure in at

least six locations, three in each of two cross-sectional planes, to enable determination of

the impedance of a termination. This process was repeated at a location between the

source and the duct termination for each end of the duct, to determine the impedance

corresponding to each termination. Results for the case of a duct rigidly terminated at both

ends, as described previously, for excitation at 900 Hz, are shown in Figure 3.5' This

figure represents the acoustic response measured by a microphone traversed along the duct

at a constant cross-sectional location given by (x,y) = 0'70b,0'26d' The agreement

between the theory and experimental data is good, especially for the relative phase;

however, the theory generally overestimates the amplitude of the response by

approximately 3 dB. This indicates that measurement of the amplitude of the source

volume velocity, Qp, may be a source of error- Simila¡ results afe found for a'
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Figure 3.4a Response pressure amplitude for finite impedance-impedance duct at

600 Hz with a source located at z/L = 0.61. t = experiment, - = theory.
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Figure 3.4b Response pressure phase for finite impedance-finite impedance duct at

600 Hz with a source located at zJL = 0.61. a = experiment, - = theory.

90

mo
oo
J

=o-
E
(ú

o)
oE
o
Ø
(ú

o-

200

0

ö

öô

ò ô ö

79



Chapter 3. Acoustic response in ducts

90

75

60
0.00 0.25 0.50

zlL
Figure 3.5a Response Pressure amplitude for rigid-rigid
source located at zJL = 0.86. o = experiment, - = theorY'
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Chapter 3. Acoustic response in ducts

configuration in which the termination at z = O is partially absorptive, while a rigid

termination exists at z = Z. Figure 3.6 shows general agreement between theory and

experiment for this case; however, the amplitudes of the acoustic response are again

overestimated by approximately 3 dB.

Table 3.1

Acoustic Mode cut-on Frequencies of Experimental Duct

Acoustic Mode Cut-On Frequency (Hz)

(0,0)

(1,0)

(0,1)

(1,1)

(2,0)

(0,2)

0.0

800.0

800.0

rt31.4

1600.0

1600.0

The last of the tests were conducted in an anechoic chamber, the Z = O termination of the

duct mounted flush with a large baffle of dimension 2.45 m in width, 2.45 m in height and

18 mm thickness. The baffle and duct were affanged in the anechoic chamber to represent

an open, flanged duct radiating into free space. This arrangement was tested by measuring

the termination impedances within the duct for a range of excitation frequencies.

Comparison of the experimental data with theoretical values is shown in Figure 3'7, and

indicates that the configuration adequately represents the ideal modelled case, in addition

to confirming the assumptions made in the model. The acoustic response for such a

configuration is shown in Figure 3.8, at an excitation frequency of 600 Hz, for the case of
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a rigid termination at z = tr. Good agreement between theory and experiment is realised

at this frequency. The acoustic response of the same conf,rguration at an excitation

frequency of 900 Hz is shown in Figure 3.9. The general form of the theoretical and

experimental values is in agreement, however overestimation of the amplitude is again

appãent, and is thought to be due to inaccuracies in measuring the source volume

velocity.
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Chapter 3. Acoustic response in ducts

3.5 CONCLUSIONS

Representation of the acoustic response within an arbitrary length hard-walled duct in

terms of the termination impedance conditions has been shown to be appropriate for both

plane wave and higher order mode propagation. Agreement between theoretical values and

experimental data was demonstrated for terminations ranging from totally reflective

through to anechoic. Accurate determination of the source volume velocity using the

method employed here was shown to be a problem for frequencies at which higher order

modes are propagated. Methods of improving the accuracy of this technique will need to

be investigated in future. Accurate prediction of the impedance functions for the case of a

flanged duct radiating into free space was verified using a modal decomposition technique

based upon the measurement of transfer functions between an appropriate number of

locations in the duct.
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CHAPTER 4. EFFECT OF ERROR SENSOR AND CONTROL

SOURCE CONFIGURATION IN DUCTS

4.1 INTRODUCTION

Having developed a suitable model for describing the acoustic response in ducts of

arbitrary length and termination conditions in Chapter 3, comparison of a number of

different e¡¡or sensor strategies for the active control of duct noise is undertaken in this

chapter. It is the aim of this chapter to compare a number of error sensor strategies with

the objective of determining a strategy, appropriate for both plane wave and higher order

mode propagation, for a range of duct termination conditions. The stated objective of

minimising the sound field in a region downstream of the control sources implies that the

duct may be considered as either an enclosure in which it is required that the sound field

need only be minimised downstream of the control sources, or as an acoustical element in

a system such as a duct radiating into some external region, where it is required that the

acoustic radiation from the duct exit is minimised. Error sensor strategies investigated

include minimisation of the acoustic pressure at a point, minimisation of the total real

acoustic power output, and minimisation of an estimate of the acoustic potential energy. A

new enor sensor strategy is also proposed and investigated. The strategy is based upon

minimisation of the downstream acoustic power transmission determined by a modal

decomposition of the duct sound field. Error sensor strategies are analysed for both plane

wave and multi-mode sound fields, and for a range of duct termination conditions. The

criterion used to assess the error sensor strategies is the minimisation of the sound field

downstream of the control sources. The model is also utilised in this chapter to determine
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Chapter 4. Effect of sensor/source configuration in ducts

the influence of various error sensor/control source configurations and duct termination

conditions upon the acoustic field, and the resultant effect on the levels of noise reduction

achieved using acoustic sources in an active noise control system. Theoretical and

experimental results ile presented for a range of error sensor, control source and duct

configurations, and for both plane wave and higher order mode propagation. A

sensor/source strategy is proposed which is applicable to any number of rigid walled duct

acoustic modes, and enables the effect of evanescent modes to be eliminated from the

error sensor signal.

4.2 GENERAL FORMULATION FOR MINIMISATION FUNCTION

The purpose of this section is to present a general formulation for a quadratic

minimisation function, which is then expressed in detail for each particular minimisation

criterion in the following section. The duct acoustic response formulation used in the

following analysis is derived in the previous chapter. The value of the function, ¡, to be

minimised under the influence of the primary and control sources can be expressed as a

quadratic function of the control source volume velocities, lnÀ = lnr, Qcz OrMf

f.or M control sources, such that

, = la)'AlQ. þ'llo,] .laÀulurl . , (4.1)

The composition of the matrices Þ1, þt], lU2f, 
nA the value of the variable c a¡e all

dependent upon F. Note that the matrix form of the preceding equation allows for any

number of primary and control sources.
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Differentiating Equation (4.1) with respect to the real and imaginary components of the

control source volume velocity, 10.], unO equating each of these gradients to zero,

òF IAIOR) = 0 and AF lAlOÀ = 0, yields the optimum control source volume velocity as

lo, "rA 
= -1")-'løl Øz)

where

lul = +\lu,)'. þ'l)
(4.3)

The specific form of the matrices lo),lUtl,lU2), ^a 
the variable c will now be outlined

for each elTor sensor strategY.

4.3 ERROR SENSOR STRATEGIES

The purpose of this section is to present detailed formulations for five different error

sensor strategies: minimisation of the squared pressure amplitude at a point; minimisation

of the sum of the squared pressure amplitudes at a number of locations throughout the

duct; minimisation of the sum of the squared pressure amplitudes at a number of locations

downstream of the control source; minimisation of the total real acoustic power output of

the primary and control sources; and a newly proposed technique of minimisation of the

acoustic power flow downstream of the control source, as determined by modal

decomposition of the duct sound field.

For an error criterion of minimisation of the pressure amplitude at a point, lp6)12, such

that the error function F in Equation (4.1) is equal to lp(xJ 12, the matrices take the form
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l') = lz"]H¡2"1

Þ1 = þ']' =lur]=ltÀ'lto]lar]

(4.4)

(4.s)

(4.8)

, = loo)'ltol'ltrllaol Ø'6)

where lZof ,"lates the pressure at the point -i to the primary source volume velocity

laol = lgo, Qpz Qo*l', for N prima¡v sources' bv

PptG) 
. -.. 

Pp Ø.7)q"
analZrlsimilarly relares the pressure at í to the control source volume vetocity 10.],

such that

where nO*@) is the acoustic pressure at Í due to primary source N, and nc*(í) is the

acoustic pressure at x- due to control source M.

A practically achievable estimate of the acoustical potential energy, EO,in a region of the

duct is given by the sum of the squares of the sound pressures at a large number of

locations, / , distributed throughout the region (Curtis et al., 1987). The minimisation of

the pressure at a single point is a subset of this error strategy for the case of I = 1. The

quadratic function for the minimisation of the acoustic potential energy estimate, J y rs
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equal to

I

F=Jo= rõElpi.,',)Iz (4.g)

4pc"ot i=t

where the constant factor tt+pclt is introduced such that the estimate, Jr,ís compatible

with the actual acoustic potential energy, EO (Curtis et al., 1987). The matrices in the

quadratic expression take the same form as those in Equations (4.4), (4.5) and (4.6).

Minimisation of the total real acoustic power output of the primary and control sources,

W, gives (Nelson et al., 1987) Equation (4.1) where

l') = n"{lz,G,)]'\ (4'10)

þ,] = la o]' o"\lz ort,>)'\
(4.r 1)

(4.r2)
lor) = n"\lz,r roi ") [nr]

, = laÀ' ^"{¡trrrr,]"}lnr] 
(4't3)

where lZrf fr>1, aî M x N matrix for M control sources and N primary sources, relates

the pressure at the control source location -r-. due to the primary source volume velocity

[0o], so"tr tttut
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PpJí"t¡ PnNGrt)

Qpt Qp*

lzorr,ll
(4.r4)

Ppt(i, u) Pp N(i, ¡,t)

Qpt Qp*

and simira¡ty for lt¡r¡l@xM),lr,tr,>f (MxM), ffid lt¡n¡) (NxN)' It should

be noted that a direct measurement of 14¡ is difficult in a practical context, and hence is

treated chiefly as a theoretical strategy in this chapter'

To date, the investigations into minimisation of downstream power aS an efror Sensor

strategy have expressed the power as the area integral of the acoustic intensity over the

duct cross-section, namelY

u.\* = I I*'{o-s
dS (4.1s)

which has led other researchers to remark that it is probably impractical to implement such

a contol strategy due to the diff,rculty of monitoring power (Stell, 1991)'

V/hat is proposed in this chapter is a formulation of the propagating acoustic power in

terms of the total pressure at a discrete number of points in the duct. This would allow a

realisable measure of the propagating acoustic power' and would hence be suitable for use

as an e¡1or sensor strategy. Such a formulation would also enable measurement of acoustic

power for any number of control sources and any amount of evanescent mode contribution

to the acoustic resPonse.
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The alternative error strategy proposed here is to use the results from an experimental

modal decomposition of the acoustic response as the error criterion. The modal

decomposition formulation was outlined in the previous chapter. The total acoustic power

flow in each direction of propagation is given by

w¡=E bdkgl,l,rilz (4.16)
pú)oò

r

¡

I
.t
i¡

,l

and

bdkBlAsrP (4.r7)w

þl

t
I p0)

where W ¡ and IV', represent the total acoustic power propagating towards, and away from,

the termination, respectively. A selection matrix, lS], "- be constructed to make the

components of the modal amplitude matrix, [e], in a specific direction, equal to the total

acoustic power flow in that direction. Hence, multiplication of [e] Uv the selection matrix

[S] enables the calculation of the acoustic power flow in one direction, in this case

towa¡ds the duct exit, where

sg

00
ì

i

i

,f

t

1..

t
I

4
I
ll

(4.18)

o sc-l
0

and
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bdk oôSo =
ô

(4.re)

(4.21)

p (t)

for propagating acoustic modes, and rg = 0 for evanescent modes, such that the modal

amplitudes are compatible with the downstream acoustic power flow, W¿, which is given

by

wd = [e]"[s]"[s][¿] (4'20)

Expressing W d as a quadratic function of the control source volume velocity yields

Equation (4.1), where Wd = F, and

l") = ?,1'( tnl-') " [r] " [r] t"l-' lrJ

i

t

I

t¡

1t

.Ìt

T

(

'-{
i'
.l
t'

þ,] = lao]' It o]ø 
( ¡ç1-r) 

H 
tsl " tsl tnl-' PJ

(4.22)

lurl = lt,)' (t"l-')"lsl"[s]þl-' ltÀlar)
(4.23)

, = la o)' It ol' fi"1- ') " [r] " lrl [o] 
- 
' lt Åln ,l Ø '24)

In the preceding equations for any number of primary sources and M control .oot."t,[o]

is an MxM matrix, þr] tt lxM, þr] o Mxl and c is a scalar'

4.4 RESULTS

For the results presented here, a black box feed-forward controller has been assumed with

a reference signal obtained from the input to the primary source. The control sources a¡e
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modelled as constant volume velocity sources, the outputs of which are linearly related to

their inputs. The error information is obtained via the strategies outlined in the previous

section and input to the controller. In real systems it is unlikely that the exact value of the

optimal control source volume velocities will be achieved by the controller, and hence a

physical representation of the controller inaccuracies is obtained by multiplying the

calculated optimum control source volume velocities by an efficiency factor q. The

efficiency value is obtained by considering a controller of precision such that a total

rounding error of around I7o is generated in the outputs from the controller. Hence an

efficiency factor of 0.99 is obtained. An efficiency factor of 0.99 limits the achievable

attenuation to 40 dB, which is the maximum attenuation a practical control system is

likely to produce.

4.4.1 Comparison of error sensor strategies

In this section, theoretical calculations ¿ì.re performed for a number of enor sensor

strategies and various duct configurations and excitation frequencies. A standard

configuration has been utilised for a majority of the tests, consisting of a single point

primary source located at iO = (bl4,dl4,O), within a duct of cross-sectional dimension

bxd = O.ZIsxO.2l5 m, and a single point control source located in the xz plane of the

duct at x-, = (0.1,0,0.412). Although this configuration may not yield the maximum

achievable levels of reduction in the error criterion, F, for particular frequencies and duct

termination conditions, it does allow the different error sensor strategies to be compared

for the same physical constraints. The ability of each of the elror sensor strategies to

maximise the levels of reduction in F, for this fixed configuration, is used as a measure of
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Chapter 4- Effect of sensor/source configuration in ducts

their effectiveness. The different error sensor criteria were achieved by the following

arrangements. For minimisation of the pressu re at a point, lp@12, the pressure was

calculated downstream of the control source at ¡ = (0.1,0.1,0.84¿). The number of

microphones used for the modal decomposition estimate of power flow, Wd, was

dependent upon the number of propagating modes, which is determined by the excitation

frequency. For the 600 Hz tests, corresponding to plane \¡/ave propagation only, two

microphones were located downstream of the control source, with an axial separation of

0.1 m. At 900 Hz, corresponding to three propagating modes, six microphones were

arranged such that two planes containing three microphones, at equivalent locations in

each plane, were separated by an axial distance of 0'1 m'

An estimate of the acoustic potential energy, Jp, vi/as obtained from the pressure

calculated at six microphone locations. J p was calculated for two cases, the first

corresponding to an estimate for the whole duct volume, in which the six microphones

were positioned at random locations throughout the entire duct. The second case

corresponded to the acoustic potential energy in a region downstream of the control

source, and this was achieved by placing the six microphones at random locations within

this region. The coordinates of the six locations are given in Appendix D for both cases.

The minimisation of the total real acoustic power output of the primary and control

sources was calculated using the theory outlined in Equations (4.10), (4'11), (a-I2) nd

(4.13).

The first duct arrangement considered was a semi-infinite duct, excited at 600 Hz allowing
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plane wave propagation only, terminated rigidly at z = 0 such that c[1,Þl = (0'0), with

the other termination being anechoic. The calculated uncontrolled response, corresponding

to only the primary source being operational, is shown in Figure 4.1 as a solid line. The

calculated controlled response for the error sensor strategy of minimisation of the pressure

at a point x- - (0.1,0.1,2.678) is shown as the dotted line and reveals that good levels of

reduction a¡e achievable downstream of the control source. Identical levels of reduction,

for an identical control source volume velocity, are achievable for the effor sensor

strategies of minimisation of real power flow lV, minimisation of the acoustic potential

energy J p in a region downstream of the control source, and minimisation of the

downstream power flow Wd This is because minimising the pressure at a single

microphone placed downstream of the control source in a semi-infinite duct is equivalent

to minimising the above mentioned criteria for plane wave propagation. The controlled

response for the effor sensor strategy of minimising an estimate of the acoustic potential

energy throughout the duct is shown in Figure 4.2, which reveals that the response

downstream of the control source is not altered from the uncontrolled case, while the

levels at a number of regions located between the primary and control sources have been

reduced. Although the sound f,reld has been reduced at a number of locations within the

duct, and the total acoustic potential energy has also been reduced, this elÏor sensor

strategy does not achieve the previously stated objective of minimising the sound field

downstream of the control source.

The difference in the error information provided to the controller by the two different error

sensor strategies described above is visualised by comparing the error criterion plots for
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the pressure at a point ; = (0.1,0.1,0.84¿) , shown in Figure 4.3, and the acoustic

potential energy throughout the duct, shown in Figure 4.4. The contours in Figure 4.3 ate

constant levels of the controlled pressure lp@12, for a range of control source volume

velocities, while the contours in Figurc 4.4 represent the sum of the squared pressure

amplitudes at the six microphones located throughout the duct, for the same range of

control source volume velocities. The primary source volume velocity is

ep = l.Oe-4,1.0e-4 *3/r. Co*pa¡ison of the two figures reveals that the information

provided to the controller by the two different error sensor strategies differs in that the

optimum control source volume velocity for minimisation of the pressure at a point is

given by e, = 1.08¿-3,1.08¿-3 ,.r3lr, while the optimum indicated to the controller by

the acoustic potential energy estimate js Qc = 9.|8e_5,_1.09e_4 -3l,. Th,'s, although

the controller may converge to the optimum value as indicated by the effor sensor, it may

not be the optimum value in terms of the stated objective or desired result.

The second duct arrangement considered was a finite length duct with both terminations

almost fully reflective such that Gt,þl = (0.05,0.05) and a2,Þ2 = (0'05,0'05)' The

uncontrolled response for an excitation frequency of 600 Hz, allowing plane wave

propagation only, is shown as the solid line in Figure 4.5. For an error sensor strategy of

minimising the pressure at a point x* - (0.1,0.I,2.678), the controlled response is shown as

the dotted line, and indicates that good levels of reduction ¿re achievable downstream of

the control source. Equivalent levels of reduction, for an equivalent control source volume

velocity, a¡e realised for the error sensor strategies of minimisation of an estimate of the

acoustic potential energy in the region downstream of the control source and also
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minimisation of the downstream power flow. Hence these three strategies are equivalent

for this duct arrangement and excitation frequency. The strategy of minimising the total

real acoustic power output of the primary and control sources, V[/, results in the controlled

acoustic response shown by the dashed line in Figure 4.5. The curve reveals that only

relatively small levels of reduction are achievable in comparison to the other strategies.

This is because the real power output of the sources is associated with the inherent

damping of the system, which in this case is small for cr1,Ê1 and a2,þ2 = (0.05,0'05)'

The majority of the power output is reactive, or imaginary, for this lightly damped case,

and hence minimisation of the total real power output of the sources is an inappropriate

strategy. Conversely, the first Íuïangement considered, a semi-infinite duct, is a heavily

damped system and hence minimisation of the real power output of the sources is an

appropriate strategy for that case.

The third arrangement considered is equivalent to the first test, a semi-infinite duct;

however, the excitation frequency of 900 Hz allows three modes to propagate - the plane

wave, (0,1) mode and (1,0) mode. The uncontrolled response is shown in Figure 4.6 as a

solid line, while the controlled response for minimisation of the downstream power flow is

shown as the dotted line. The pressure distribution over the duct cross-section is non-

uniform because of the higher order mode propagation. The acoustic response shown in

Figure 4.6 is thus the sound pressure calculated at a non-symmetric observer location

r- = (0.1,0.1) along the duct length. Calculated values of total power flow downstream of

the control source are presented in Table 4.1 which summarises the results of all of the

tests for each of the enor sensor strategies. The values calculated for this duct
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Chapter 4. Effect of sensor/source configuration in ducts

arrangement reveal that minimisation of the real power output of the sources, W, and the

downstream power flow, W¿, give equivalent results for this damped system. The strategy

of minimising the pressure at a point yields poorer levels of total Power flow reduction for

this case because the pressure at a single point is not a good estimate of the total Power

for higher order mode propagation. This result is indicated by the calculated values of

power flow in Table 4.1. Hence, for frequencies at which higher order modes propagate,

minimisation of the sound pressure at a point is not an appropriate strategy. The total

power flow reduction obtained when the acoustic potential energy in the region

downstream of the control source is minimised is less than that obtained by either of the

power minimisation strategies. This may be because the six microphones used are

insufficient to accurately estimate the acoustic potential energy in the region for higher

order mode propagation.

As stated previously, the objective of the investigation was to determine the most effective

e1¡or sensor strategy, for a fixed arïangement of primary and control sources. Thus the

levels of power flow reduction obtained are relatively small for some of the test cases, but

introduction of additional control sources can increase these levels. For the last test case

examined, which was a semi-infinite duct excited at 900 Hz, introduction of an extra

control source at an arbitrary location ri = (0.0S,0,0.58¿) was found to decrease the

level of the controlled response to 74.9 dB, a reduction of 15 dB, for the strategy of

minimisation of downstream porwer flow. Addition of another source located at

"i = (0.19 ,O,0.46L) resulted in the controlled response being 49.9 dB for the same elror

strategy, a reduction in downstream power flow of 40 dB. Note that for a number of
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Table 4.1

Total downstream acoustic power flow (dB) for uncontrolled and controlled response with

each error sensor strategy

Sensor
Criterion

600 Hz semi-
infrnite

600 Hz
finiæ lengttr

900 Hz semi-
infinite

uncontrolled

w

wd

lp12

/o (re8ion)

82.6

42.5

42.5

42.5

42.5

82.7

86.9

86.3

46.9

46.9

46.9

8s.8

89.9

8s.2

85.2

86.6

86.0

86.0

control sources equal to the number of propagating acoustic modes, it is theoretically

possible to completely attenuate the acousúc power flow downstream of the control

sources. The maximum reduction achievable is limiæd to 40 dB here because of the

quantisation errors inherent in the controller, which a¡e t¿ken into account in these

simulations through the use of the controller efficiency factor. In addition, if the number

of control sources is equal to or greater than the number of propagating modes, and if a

number of error sensors, equal to or greater than the number of propagating modes, are

locaæd in a single cross-sectional plane of the duct, downstream of the control sources,

then the minimisation of the sum of the pressures at the elror sensors yields a result

equivalent to minimisation of downstream power flow, IV¿. This is provided that the

effect of evanescent modes is negligible at the effor sensor locations.
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Chapter 4. Effect of sensor/source configuration in ducts

For frequencies at which the contribution of evanescent modes to the acoustic response is

significant, the modal decomposition technique can be used to eliminate the effect of the

evanescent modes from the error signal. For each dominant evanescent mode, an elror

sensor is required in both of the two cross-sectional planes used for the modal

decomposition, in addition to those used to decompose the propagating acoustic modes-

For the following two simulation cases, the error sensors are located in a cross-sectional

plane downstream of the control sources, as shown in Figure 4.7 for the case of multiple

error sensors and multiple control sources. A finite size primary source is centred at

r] = {0.007,0.067,0), within a duct of cross-sectional dimension bxd =0.275 x0-215

m, and length L = 5.843 m. For details on the modelling of finite size sources see Chapter

2.The termination impedance pafameter at z = 0, Õ1, is given by:cr,P = (0'02,0'25)

for the (0,0) mode; (0.02,0.30) for the (1,0) mode; and (0.06,0.38) for the (0,1) mode'

The duct is terminated, at z = L by an impedance equivalent to two 25 millimetre thick

layers of Rockwool insulation, such that Q2 is given by: cr,P = (0.11,0.71) for the (0,0)

mode; (0.1s,0.64) for the (1,0) mode; and (0.16,0.60) for the (0,1) mode. At an

excitation frequency of 804 Hz only the plane wave propagates, but two evanescent

modes, the (1,0) and (0,1) modes, contribute signif,rcantly to the acoustic response. A

single finite size control source is centred at i, = (0.075,0,2r), and a single error sensor

is located downstream of the control source at (x,y,z) = (0.043,0.105,0.84¿)' For a strategy

of minimisation of the pressure at the single error sensor, the resultant minimisation of the

downstream power flow, W¿, is shown in Figure 4.8 as the dashed line, for a range of

control source axial locations, zr. For comparison, the levels of reduction in downstream
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Chapter 4. Effect of sensor/source configuration in ducts

power flow achievable using a modal decomposition determination of W ¿ is shown as the

solid line in Figure 4.8. The modal decomposition used three error sensors in each of two

duct cross-sectional planes, to decompose the propagating (0,0) mode and the two

dominant evanescent modes.

v
b

d

L
Figure 4.7 Source/sensor ¿urangement for minimisation of JO downstream of control

sources

z

If the number of error sensors located in a single cross-sectional plane is made equivalent

to the number of propagating modes plus the number of signif,rcantly contributing

evanescent modes, namely three in this case, minimisation of the pressure at the error

sensors is not equivalent to minimisation of the total downstream power, W ¿. The primary

and controlled values of Jo at the error sensors and W¿ are shown in Table 4-2, for a

control source odal location of Zc =3.0 m. Table 4.2reveals that for an erTor criterion of

minimising J, from the three sensors located in the same cross-sectional plane, a

reduction in the downstream power flow of 6.3 dB is achievable. For an error criterion of

minimising W¿, using the same arrangement of error sensors, but processing the signals to

give the required minimisation function, the reduction in W ¿ increases to approximately

40 dB. Thus, although W¿ma! be reduced for an error criterion of minimisationof. Jy

the level of reduction will not be equivalent to that obtained for the error criterion of

minimisation of. W¿.

-E-,
x
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Chapter 4. Effect of sensor/source configuration in ducts

Table 4.2

Values of minimisation functions (dB) for a configuration of three error sensors at 800 Hz

minimisation
of Jo

minimisation
of W¿.

Jo pirma$

,Io controlled

W¿PnmaV

W¿ controlled

96.6

89.6

84.0

77.7

96.6

95.9

84.0

44.O

At an excitation frequency of 1138 Hz, four acoustic modes contribute significantly to the

acoustic response: the propagating (0,0), (1,0) and (0,1) modes; and the dominant (1,1)

evanescent mode. Three control sources are located at ír, = (0'105,0,1'718),

írr.= (0.140,0,2.393), and i%-- (0.075,O,2"). For minimisation of the sum of the

pressures at three emor sensors, located in the same cross-sectional plane downstream of

the control sources, as shown in Figure 4.7 , the resultant minimisation in W ¿ is shown in

Figure 4.9 as the dashed line, for a range of axial locations, z* of the third control

source. Also shown in Figure 4.9 a¡e the levels of reduction in downstream power flow

using a modal decomposition estimate of the downstream power flow. An arrangement

incorporating four error sensors in each of two cross-sectional planes was used to

decompose the th¡ee propagating and single evanescent modes. Thus, eliminating the

effect of evanescent modes from the error sensor signal results in much greater levels of

reduction in power flow than those achievable using the error sensor strategy of

minimisation of the pressure at a number of points, equal to the number of propagating

acoustic modes, as shown in Figures 4.8 and 4.9.
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Figure 4.8 Reduction in downstream power flow, W¿, (dB) at 8O4 Hz using I control

source. 

- 
minimisation of W¿i - - minimisation of pressure at 1 error sensor located at

(x,y,z) - (0.043,0 .105,4.925).
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Figure 4.9 Reduction in downstream power flow, Wd, (dB) at 1138 Hz using 3 control

sources. minimisation of W¿; - - minimisation of pressure at 3 error sensors located

at (x,y,z) - (0.043,0.105,4.925), (0.045,0.19I,4.925) and (0.170,0.192,4.925).
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Chapter 4. Effict of sensor/source confi.guration in ducts

Table 4.3

Values of minimisation functions (dB) at 1138 Hz

minimisation
of Jofrom4

sensors ln
each of two

planes

Jo pimary 100.5 106.3 100'5

,/o controlled 90.0 98.5 104'2

W¿pnmarY 80.5 80.5 80'5

Wd"""t tll"d 7rJ 755 ns

If the number of error sensors located in a single cross-sectional plane is equal to the

number of propagating acoustic modes plus the number of significantly contributing

evanescent modes, minimisation of J o from the error sensors is not equivalent to

minimisation of I4z¿. This is revealed in Table 4.3 which shows the values of the two

minimisation functions, JO and W¿, for the 1138 Hz case. In addition, if the number of

erïor sensors is increased to eight, with four sensors located in one duct cross-sectional

plane, and another four in a second cross-sectional plane; minimisation of J O at the error

sensors is not equivalent to minimisation of W ¿, evën though W ¿ is obtainable from the

same affangement of error sensors. The calculated results for the eight error sensor

configuration are also shown in Table 4.3. The values in Table 4.3 indicate that

minimisation of J, at a number of error sensors equal to that required to perform a modal

decomposition of an acoustic response which includes significant evanescent mode

contribution, is not equivalent to minimisation of IV¿. Thus, further processing of the

signals obtained from the error sensors is necessary to provide an error signal proportional

minimisation
of Jo ftom 4
sensors ln a
single plane

minimisation
of W¿
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Chapter 4. Effect of sensor/source configuration in ducts

to the downstream power flow, IV'¿.

 . .2llnflaence of control source location and number

Consideration will now be given to the influence of the location and number of control

sources upon the effectiveness of active noise control applied to the rigid walled

rectangular duct.

As stated, the objective is to minimise the propagating power, W d, in the duct

downstream of the control sources. The next case considered is for excitation frequencies

at which only plane waves propagate and the effect of evanescent modes is negligible. A

sensor/source conhguration consisting of one control source and one elÏor sensor is able to

completely attenuate the sound field downstream of the control source, and the solution

obtained by minimising the pressure at the single error sensor is equivalent to minimising

the downstream power, W¿.For this configuration, the level of attenuation is independent

of the value of the downstream termination impedance parameter, (Þ2, but not the

upstream termination impedance parameter, Õ1. The quadratically optimised control force

will be a function of the upstream termination impedance parameter, Q1. For a given

control source axial locatiofr, Zc, a number of values of Õ1 will produce a nodal line at

the control source. In a practical system, for these values of Õ1, the level of reduction

will be dependent on the volume velocity capability of the control source.

For excitation frequencies above the cut-on frequency of the first higher order mode, both

the plane wave and higher order acoustic modes a¡e able to propagate. For the duct of
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Chapter 4. Effect of sensor/source configuration in ducts

square cross-section considered here, three acoustic modes may propagate: the plane wave,

or (0,0) mode, and two higher order modes, the (1,0) and (0,1). From simulations it has

been found that the number of control sources and the number of error sensors required

for complete attenuation of downstream acoustic power are not independently determined.

For a number of control sources equal to the number of propagating acoustic modes, the

minimisation of the sum of the pressures at the error sensors, J, is equivalent to

minimisation of W ¿ for the same number of error sensors located in a single cross-

sectional plane of the duct. Again, this is provided that the effect of evanescent modes is

negligible. The minimisation of J o is also equivalent to minimisation of W¿ for a number

of error sensors greater than the number of propagating modes, or a number of control

sources greater than the number of propagating modes, provided that the number of error

sensofs and the number of control sources is greater than or equal to the number of

propagating modes. Although complete attenuation of downstream acoustic power is

theoretically possible when the number of error sensors and control sources is equal to or

greater than the number of propagating modes and the effect of evanescent modes is

negligible, the maximum reduction achievable practically is limited to around 40 dB,

because of quantisation errors inherent in the controller'

For a number of control sources less than the number of propagating acoustic modes, the

pressure at the efror Sensor locations is not completely attenuated, for any number of error

sensors greatef than or equal to the number of propagating acoustic modes' This is shown

in Figure 4.10 which displays the reduction in Jo lor the required number of control

sources, and for 1 control source only, for a range of axial locations, zç of one of the
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Chapter 4. Effect of sensor/source configuration in ducts

control sources. Good agreement between the theoretical calculations and the experimental

data is shown in the figure.
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Figure 4.10 Reduction in Jo for 3 error sensors in a finite duct at 900 Hz, for a

range of control source locaúöns, zc I a theory; I experiment'

As a further example that the number of error sensors and control sources required for

attenuation of downstream acoustic power flow are not independently determined, using a

number of error sensors less than the number of propagating modes, or not locating them

in the same cross-sectional plane, will result in minimisation of JO not being equivalent to

minimisation of W¿,for any number of control sources. This is shown in Figure 4.11 for

the case of 1 control source less than the number required, and in Figure 4.12 for the case

of 2 control sources less than the number required.
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Figure 4.12 Reduction ln W¿ at 900 Hz for 1 control source minimisation of W¿;
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Chapter 4. Effect of sensor/source configuration in ducts

For a number of control sources equal to or greater than the number of propagating

acoustic modes, a further simplif,rcation to the modal decomposition a:rangement can be

used as an eÍor strategy to yield equivalent results to minimisation of downstream power

flow, W¿. The simplification involves using a number of error sensors equal to the

number of acoustic modes, located in a single cross-sectional plane of the duct. The

acoustic response is then decomposed to yield the relative amplitudes of the various modes

at that cross-section. Hence, the pressure matrix þ] reduces to a G x 1 matrix such that

lÀ' = lo, -- pG] Ø'2s)

ana [O], the modal response matrix, reduces to a G x G matrix, the elements of which

represent the modal contributions to the pressure at each measurement location im

Hence, row m of the matrix has the form

[vot;-l Yc- r rr*)] (4'26)

and, V r(í^) is the normalised mode shape function of mode I at i^' The matrix,

l¿] tCxl), then contains the relative modal amplitude components at the duct cross-

section of interest, which are made proportional to the acoustic power through

multiplication by the selection matrix, [S], which is given by

J+
lr,l
,|,

¡

0sg

i

i

i
f

t.

$-

I
I

I

[s] =

o sc-l

Use of the simplified methodology will produce results equivalent to those shown by the

solid lines in Figures 4.8 and 4.9-

(4.27)
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Chapter 4. Effect of sensor/source configuration in ducts

In a practical system, the signals from the microphone array used for the modal

decomposition would need to be processed at some stage to obtain an error signal

proportional to the downstream acoustic po,wer flow. This may be performed digitally

within the feedforwa¡d adaptive controller assumed in this chapter, or prior to the

controller input by a separate circuit. The details of such an implementation are beyond

the scope of this thesis and hence will not be presented here.

4.5 CONCLUSIONS

The effect of geometric variables on the performance of active noise control systems has

been examined. In addition, the structure of the acoustic response has been examined at a

number of excitation frequencies, and for a number of error sensor and control source

configurations. The particular excitation frequencies were chosen to include a broad range

of possible acoustic response scena"rios, including propagation of a single acoustic mode;

propagation of a single acoustic mode together with dominant evanescent modes; and

multiple propagating acoustic modes, with and without dominant evanescent modes.

previous work (Stell, 1991) has shown significant variation in performance of active noise

control systems with respect to frequency, for two fundamental reasons. One reason is the

contribution of evanescent modes to the acoustic response measured at the discrete error

sensor points. The second reason for variation of the performance with frequency is due to

a combination of the excitation frequency and termination impedance values causing a

nodal line at either the error sensor or control source locations.

-'{c

I
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Chapter 4. Effect of sensor/source configuration in ducts

In this chapter, general conclusions have been made based on the results obtained for one

frequency in each frequency band of interest. This is possible because a method has been

presented for eliminating the effect of evanescent mode contributions from the error sensor

signal, thereby removing one of the reasons for frequency dependence of the performance.

The second reason for frequency dependence was examined in Section 4.2.2.

The perfonnance of the active noise control system for broadband excitation will be

equivalent to the performance of the system at each of the excitation frequencies within

the broadband excitation frequency range.

Five different error sensor strategies have been evaluated for the active control of plane

wave and higher order mode propagation in a hard-walled rectangular duct with various

termination conditions. These strategies were: minimisation of the squared pressure

amplitude at a point; minimisation of the sum of the squared pressure amplitudes at a

number of locations throughout the duct; minimisation of the sum of the squared pressure

amplitudes at a number of locations downstream of the control source; minimisation of the

total real acoustic power output of the primary and control sources; and a newly proposed

technique of minimisation of the acoustic power flow downstream of the control source, as

determined by modal decomposition of the duct sound field. From the results obtained

using the five different error sensor strategies, the most appropriate strategy for

minimising the sound field downstream of the control source was found to be

minimisation of the downstream power flow, because an estimate of downstream power

flow obtained from modal decomposition of the duct sound field was the most robust
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Chapter 4. Effect of sensor/source configuration in ducts

technique in terms of varying excitation frequency and varying termination conditions. The

downstream power flow estimate technique yielded levels of power flow reduction equal

to or greater than the other erïor sensor strategies for all of the tests conducted.

For excitation frequencies at which the contribution of evanescent modes to the overall

sound held in a duct is negligible, and for a sensor/source configuration consisting of a

number of control sources and error sensors equal to the number of propagating acoustic

modes, it has been found that minimising the sum of the pressures at the error sensors is

equivalent to minimising the downstream power flow for a duct with any arbitrary

termination conditions. This is provided that the error sensors Íì.re located in the same

cross-sectional plane. If they are not located in the same cross-sectional plane, then

minimisation of the sum of the pressures at the effor sensors is equivalent to minimisation

of an estimate of the acoustic potential energy in a region downstream of the control

sources, which is not equivalent to minimisation of the downstream acoustic power flow.

For excitation frequencies at which evanescent modes are significant, a modal

decomposition can be used to eliminate the effect of evanescent modes from the error

signal. For a number of control sources less than the number of propagating modes, a

modal decomposition can be used to provide an error signal equal to the downstream

power flow.
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Chapter 5. Structural/acoustic response of cylinder with floor

CHAPTER 5. STRUCTURAL/ACOUSTIC RESPONSE

CYLINDER WITH AN INTEGRAL FLOOR

OFA

5.1 INTRODUCTION

Various models have been proposed for describing the application of active noise control

to the problem of low frequency propeller noise in aircraft (Bullmore et al., t987; Silcox

et al., 1987; Bullmore et al., 1990; Snyder, 1990). The majority of the theoretical models

simplify the irregular geometries of a real aircraft fuselage by assuming that the structural

response is that of a plain cylinder, and the acoustic response as that of the interior of a

ptain cylinder (Lester and Fuller, 1986; Bullmore, t987; Silcox et al., 1987; Silcox et al.,

1990; Bullmore et al, 1986). A number also further simplify the axial response of the

structure and the acoustic space to be of infinite extent (Lester and Fuller,1987; Silcox et

al., 1989b).

. Two main methods have been proposed for actively controlling the interior noise levels in

aircraft fuselages, these being - the use of loudspeakers operating within the cabin to

directly control the acoustic response, and thus reduce the interior noise levels; and the use

of vibrational force inputs to the fuselage structure in a manner such that the resultant

vibrational response of the fuselage causes the noise levels in the cabin to be reduced'

Use of control force inputs to a thin cylindrical shell has been theoretically modelled for

the cases of minimising the structural vibrational energy (Thomas et al., t993a), and

minimising the acoustic potential energy within the cylinder (Thomas et al., 1993b)'
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Experimental work has also been undertaken which utilised control force input to plain

cylinder structures (Fuller and Jones, I987a; Thomas et al., 1988; Snyder et al., t989;

Mandic and Jones, 1989a; Mandic and Jones, 1989b), to minimise the acoustic pressure

within the cylinder. A large number of publications have been presented which detail the

mechanisms of active noise control in a plain cylinder (Lester and Fuller,7987; Abler and

Silcox, 1987; Jones and Fuller, 1987; Silcox and Lester, 1988; Lester, 1988; Jones and

Fuller, 1989; Silcox et al., 1989a; Silcox et al., 1989b). The energy flows between the

structure and the enclosed acoustic space have been investigated for cylindrical shells

(Silcox et al., 1989a) under primary source excitation, and for actively controlled

cylindrical shells (Silcox and Lester, 1988). The influence of the sensor and actuator

location on the performance of active noise control systems has also been investigated

experimentally for a plain cylinder (Fuller and Jones, 1987b). The feasibility of applying

active control to an aircraft fuselage has been investigated for cabin sections in the

laboratory (Legrain and Gorlain, 1988; Simpson et al., 1989), and by in-flight experiments

(Elliott et al., 1989; Dorling et al., 1989; Elliott et al., 1990), using acoustic control

sources to minimise the pressure at a head-height plane within the cabin. Demonstration

tests of cabin noise reduction using vibration control sources have also been performed on

a full-scale aircraft section (Simpson et al., 1991)'

Although the use of a plain cylinder model allows a closed form analytical solution for the

structural and acoustic modes, the ability of the method to accurately predict the sound

pressure levels in a real aircraft fuselage is limited by the selective coupling between the

structural and acoustic modes. For a structuraVacoustic pair to have non-zero coupling the

119



Chapter 5. Structural/acoustic response of cylinder with floor

circumferential indices of both modes must be equal, and in addition only structural modes

with odd axial modal indices will couple with acoustic modes having even CIrial modal

indices, and vice versa. Such selective coupling implies that the response of the acoustic

space at a particular frequency would be dominated by relatively few structural./acoustic

modal pairs. Comparison of propeller aircraft interior noise models and flight-tests (Pope

et a1., 1987b) have revealed, however, that for none of the cases examined was there a

single highly dominating coupled pair, and that the f,rve highest contributing pairs of

modes accounted for only 25 to 50Vo of the total sound energy in the cabin- This indicates

that the propeller tones are being transmitted by a rather large number of modal pairs. Use

of a more complex model, which more closely represents an actual aircraft fuselage,

having irregular geometry, is thus required.

To overcome the problem of selective coupling between plain cylinder structural and

acoustic modes, models have been used which allow only a portion of the plain cylinder to

excite the internal acoustic field (Thomas et a1., 1993b). Similarly, other models use a

modified response of a plain cylinder, which includes the structural effect of the floor as

two lines of periodic forces on each side of the shell, located at the floor connections

(Fuller, 1987).

The addition of a longitudinal floor partition to a plain cylinder has been shown to

significantly alter both the structural response and the acoustic response from that of the

plain cylinder (Fuller et a1., 1992).
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More complex models, describing the interior noise of propeller aircraft, which are based

upon the original modal coupling approach used for plain cylinders (Pope,l97I; Pope et

al., 1980; Pope and V/ilby, 1982), have been presented. These models incorporate

structures with stiffened ribbed panels, sidewall trim, and an acoustic response which

includes the effect of a floor partition (Pope et al., 1983). Other predictive models for

propeller aircraft interior noise also incorporate the structural response for a stiffened shell

with a structurally integral stiffened floor partition (Pope et al., 1987a; Pope et al.' 1987b).

An advanced model for the prediction of propeller tone sound levels in an aeroplane cabin

(pope, 1990) has also been presented. The model is formulated for the case of a trimmed

cabin of uniform cross-sectional area, terminating fore and aft with surfaces of finite

acoustical impedance. In addition, the axial length of the acoustic region is considered to

be different to that of the structure.

A more accurate prediction of the affect of active noise control on an aircraft fuselage

may be achieved by incorporating a more complex model of the fuselage, such as those

mentioned above, into the active control formulation (Snyder and Hansen, 1991).

A number of finite-element based models of a fuselage structure and an acoustic cabin

volume, of various degrees of complexity (Unruh, 1981; Unruh and Dobosz, 1988; Green

lgg2), have been used to predict the structure-borne noise transmission into light aircraft.

The use of such highly detailed finite-element models is generally prohibitive because of

the high computational cost required to obtain a solution, with some models having a total

number of degrees of freedom in excess of 400,000 (Green, 1992). Problems may also be

121



Chapter 5. Structural/acoustic response of cylinder with floor

encountered at higher frequencies because of the limited resolution of the finite element

meshes used in some of the models.

This study is thus confined to a structural model which incorporates a structurally integral

longitudinal floor partition in a plain cylindrical shell, such that the influence of the floor

upon the structural response is intrinsically accounted for. In addition, the acoustic

response is considered to be that of the cabin space which has been modif,red from a plain

cylinder due to the presence of the floor partition. For the model used in this study, the

axial dimension of the acoustic space and the structure are taken to be equivalent, and the

cabin terminations are assumed to be rigid. Use of such a model eliminates the need to

account for the more complex axial acoustic mode shape functions associated with non-

rigid cabin terminations, and simplifies the calculations for the correspondingly more

complex coupling between the structural and acoustic modes.

It is the aim of the present study to extend the analyses performed for the plain cylinder

models, and examine the influence of the erïor sensor and control source configuration and

type upon the performance of active noise control systems applied to structures more

representative of aircraft fuselages.

A point force primary excitation has been used in the investigation of the influence of

control source and error configuration to simplify the analysis. While a primary excitation

more representative of an aircraft propeller would yield results more representative of the

actual levels of reduction achievable in a real aircraft for a given control source/error
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sensor configuration, much can still be learnt about the mechanism of control and the

effect of control source and error sensor affangement on the achievable levels of reduction

by using a simple point force primary input.

This chapter is thus concerned with a physical system consisting of a f,rnite length cylinder

with a structurally integral longitudinal floor partition, with the acoustic space enclosed by

the structure. A model describing the response of this system to harmonic point force

excitation is presented, where the system is modelled theoretically using modal coupling

theory between the structure and the interior acoustic field. The structural mode shapes are

determined using component mode synthesis, which combines the mode shape basis

functions for the plain cylinder and the floor to obtain a mode shape function for the total

structure. The two-dimensional acoustic mode shape functions are found using a finite

difference implementation of the Helmholtz equation, while the axial acoustic mode shape

function is equal to that of a rigid-walled one-dimensional enclosure. Experimental work

on a test structure is presented and the results compared with a number of theoretical

predictions.

In the latter part of this chapter, a formulation for the optimal control forces required to

achieve minimisation of a number of error sensor criteria is given for the modelled

structure. Experimental and theoretical results ile presented for the application of active

noise control to the coupled structuraVacoustic system.

The formulation for active control of the cylinder with an integral floor presented in this
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chapter is utilised in Chapter 6 to investigate the influence of error sensor and control

source configuration and type upon the effectiveness of active noise control applied to the

structure via vibrational point forces.

5.2 THEORETICAL FORMULATION FOR STRUCTURAL MODE SHAPES

This section is concerned with presenting formulations for the structural mode shapes,

resonance frequencies, and modal mass of a finite length cylinder with a structurally

integral longitudinal floor. The structural mode shapes for a cylinder with an integral floor

were determined by the method of component mode synthesis (Hurty, 1965; Peterson,

1973; peterson and Boyd, 1973). Separate displacement functions are assumed for the

cylinder and the floor plate. Compatibility of displacement and rotation at the junction of

the cylinder and the floor is enforced by constraint equations. The equations of motion for

the shell are based on Love's shell theory, and those for the plate are from classical thin

plate theory. The geometry and co-ordinate systems are shown in Figure 5'1'

The displacement functions are assumed to be a finite series, each term being a product of

the longitudinal mode shape function, the cross-sectional mode shape function, and the

modal amplitude. Thus for the shell the displacement in the radial direction is given by

**mn (s.1)
t E wår"*^(x)wrn(o)

,tw
m=0 n=0

and similarly for the axial displacemeÍrt, Lt, and the transverse displacement, vr. For a

longitudinal modal index m, and a circumferential modal index n, X**(x) is the

longitudinal mode shape function, \rwn(e) is the cylinder circumferential mode shape
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w

V
S

s

Figure 5.1 Geometry of a circular cylinder with an integral floor'

function, nd W)n the component modal amplitude, or generalised co-ordinate. For the

plate, the out of plane displacement is given by

,f
n (s.2)

wp E w|xr^(x)Ern})
m=0 n=0

and simila¡ly for uial displacement, uo, and transverse displacement, vo. Ern(l) is the

plate transverse mode shape function, and Wl, the component modal amplitude' or

generalised co-ordinate. The longitudinal mode shape functions are the same for the plate

and the shell, because the support conditions at the terminations are equivalent for the

m*

E

Z,Wp X, Up

x, us
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simply supported case considered here, and are given by

(s.s)

where Z is the ærial length of the cylinder or floor, which are taken to be equivalent in

this analysis.

The cylinder circumferential mode shape functions for symmetric modes are

r4un = cos(n 0), r|r, = sin(n0), rVwn = cos(20) (s.6)

and, for anti-symmetric modes

Yun = sin(n 0) , r{vn = -cos(n 0),'y.*n = sin(n0) (5.7)

The plate transverse functions for symmetric modes are

xu*@) =*,(ry)

x,*(x) =tt"g)

x*^(x)=s,9)

E u n = *,(#)' Eu, ='^(ry), t,, = *'(ry)

(s.3)

(s.4)

(s.8)

(s.e)

and, for anti-symmetric modes

\un =,^(#), E,n = - *,("îl), t,, =,^( r"îJ)
where b is equal to half the floor width.

126



Chapter 5. Structural/acoustic response of cylinder with floor

Defining a vector of generalised co-ordinates of the shell, {nr^), ut

{n, ^\ 
= 

lu *0"' u 
^n*,vm¡"' 

v 
^n*,w 

m0"' * *n*f' (s.10)

it is possible to express the equation of motion for the shell only, for a particular

longitudinal mode rn, as

l*,^l{u,*}.[",,,]{n,-} = {o} (s'11)

where l*r*] is the cylinder mass matrix, and 1""-] the cylinder stiffness matrix, the

elements of which are determined using Love's shell theory. Detailed expressions for the

elemenrs * lrr*l -a In-] are given in Appendix A. For harmonic excitation at

frequency lo, the equation of motion can be expressed as

([",.] -,'l*,*)){n,*\ = {o}
(s.12)

Solution of this eigenvalue problem yields the eigenvalues, î,;, which are proportional to

the natural frequencies of the cylinder, and the eigenvectors which describe the shell mode

shape functions in terms of the generalised co-ordinates'

Similarly the natural frequencies and mode shapes of the floor plate only can be found by

solving the eigenvalue Problem

ll*r^l-r2luo*l){nr^\ = {o} (s'13)

where {no*\ is rhe vector of generalised co-ordinates for the plate, nd lMo*] *u

l*OÀthe plate mass and stiffness matrices for a particular longitudinal mode m. Detuled

expressions for the elements otlUo)*O ffo.] are given in Appendix B'
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To determine the natural frequencies and mode shapes of the combined shelVplate

structure, constraint equations are imposed such that the shell displacements and rotations

at the joint are equal to those of the plate at the joint. The constraint equations for a rigid

joint between the floor and the shell of radius a are given by

ur-uo = 0 (5'14)

vrcos(Or) +wrsin(0r) -vp = 0 (5'15)

-ursin(Oo) +wrcos(0 o) -wo = 0 (5'16)

vs I ôw, (s.r1)
aa ae

For the case of a hinged joint between the shell and the floor, rotaúon compatibility is not

enforced, and only the first three, of the above four, constraint equations a¡e used'

It should be noted that the constraint equations presented here differ from those used by

peterson and Boyd, which appe¿ìr to be inconsistent with the common sign convention,

and would have the effect of equating the upwards displacement of the floor to the

downwards displacement of the cylinder for floor angles, 0o, gteater than 90o, where the

floor angle is measured from the upper vertical.

The constraint equations can be expressed in matrix form as

*ð*o = o
ðy

lcl{ø} = {o}
(5.18)

where {q} ir the combined vector of generalised co-ordinates for the cylinder and the
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plate, anA [C] the matrix of constraint terms. The components of {q) *" not independent

because of the introduction of the constraint equations. It is possible to partitio" {q} into a

set of independent co-ordinat"r, {øt}, *U dependent co-ordinatet, {nr), such that

provided the subsets are chosen so that [Cr] it non-singular.

The separate eigenvalue problems for the cylinder alone and the plate alone can be

transformed to a suitable eigenvalue problem for the combined structure through the

transformation

lu) = lnlrpø,,r]ln)

[r] = ln)rlx,,ollnl

where [U] it the transformation matrix given by

(s.20)

(s.21)

(s.22)
[r] = _1

cz'ct

and lur¡o] *U l+ro1 are rhe combined mass and stiffness matrices formed by the

separate shell and plate component partitions. Hence, the eigenvalue problem for the

combined structure becomes

["]- ,'lû){qr} = {o}
(s.23)

The mode shapes obtained for the combined structure are normalised by the modal mass
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constant, Mr.For the combined structure the modal mass includes all energy in both the

cylinder and the floor, and is thus defined as

M (s.24)

for a shell of density p, and thickness h* and a plate of density Pp and thickness ftO.

The modal generalised co-ordinates of the shell and plate are given by ur, rs, ws, up,

vp, ard wO. Thus, if a particula¡ mode of the combined structure is predominantly a floor

mode, the modal mass will be dominated by the second term in equation (5.24), and

approximately equal to the modal mass of the floor only. Similarly, a mode with

predominant shell motion will have a modal mass approximately that of the shell only.

5.2.1 Verification of natural frequencies for components

The natural frequencies for the cylinder only were calculated using equation (5.23)' and

compared with results calculated using a dynamic stiffness technique (Langley, 1992), and

exact results (Webster, 1967). These are shown in Table 5.1 for a simply supported

cylinder.

The level of agreement between the results is excellent. The present results were obtained

using a finite series approximation of the displacement function, extending from n = 0, for

both the anti-symmetric and symmetric terms. Hence, the cylinder displacement series

used for calculating the mode shapes of the combined structure also include n = 0 terms

for both the anti-symmetric and symmetric terms.

L2n

, =i- I p,n,\,? *,2, *'!)oae
00

dx
Lb

.j I oonoþf,*,|**f,)ara.
o-b
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Table 5.1

Natural frequencies Ç) = ar¡[p(l-v2) rcllz of a simply supported cylinder with bla = 4, and

hla = 0.05

Mode
(m,n)

Present Method Webster Langley

10

l1
I2
t3
20

2l
)')

23

0.4647

o.2570

0.1217

0.1308

0.9289

0.5737

0.3348

0.2404

o.4647

0.2570

0.1215

0.1305

0.9284

0.5738

0.3345

o.2398

0.4647

0.2569

0.1211

0.1302

0.9289

0.5735

0.3341

0.2391

The natural frequencies of the floor plate only were compared with the classical plate

theory for a simply supported plate (Leissa, 1969) and agreed exactly. The plate

displacement series used for calculating the mode shapes of the combined structure includen

= 0 terms for both the anti-symmetric and symmetric cases. It should be noted that the

plate is simply supported at the ends only, while the edges forming a junction with the

cylinder are constrained according to the constraint equations. The n = 0 terms in the

displacement series for the plate thus correspond to beam mode bending of the plate.

5.2.2 Verification of natural frequencies for combined structure

The natural frequencies for the cylinder with an integral floor were compared with those

calculated by Peterson and Boyd, who used the same methodology, and also with those
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calculated by the dynamic stiffness technique (Langley, 1992). The results for a combined

structure with a rigid joint, having both floor and shell simply supported at the ends, ate

shown in Table 5.2.

Table 5.2

Natural frequencies Ç) = aco[p(l-v2) nllz of a simply supported cylinder with an integral

floor : a = 0.254 ^, 
h, = hp =0.00508 m, L = 1.27 m,and floor angle, 0o = 115o

Mode Present Method Peterson and Boyd Langley

svmmetric modes

1

2

3

4

5

6

anti-svmmetric
modes

1

2

5̂

4

5

6

0.0368

0.0712

0.0960

0.1166

o.t743

0.2207

0.0623

0.0820

0.1061

0.1349

0.1668

0.2104

o.0367

0.0693

0.0939

o.rl7

o.167

0.219

0.0625

0.0828

0.103

0.133

0.163

0.2r0

0.032r

0.0713

0.0949

0.116

Detailed plots of the mode shapes were found to be in qualitative agreement with those

presented previously. It should be noted that a direct comparison with Peterson and Boyd's
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work is not possible because of the afore-mentioned inconsistencies in the constraint

equations, and also because they have used only the odd numbered floor basis functions in

the displacement series for the symmetric modes, and even numbered floor basis functions

only for the anti-symmetric modes. As a result, additional modes to those previously

presented have been determined using the present analysis' Allowing for the

inconsistencies outlined, the results are seen to be in reasonable agreement with those

presented previously. In the present analysis, the displacement series for each of the floor

components included a minimum of eight terms, and that for the shell a minimum of 14

terms, yielding an eigenvalue problem for the combined structure of at least 64 degrees of

freedom.

5.3 RESULTS FOR TEST STRUCTURE

The method for determining the structural mode shapes of the combined structure, outlined

above, was applied to a test structure consisting of a stainless steel cylinder of dimension

L = 3 m, a = 0.450 m, and hs = 0.001 m, into which a floor of equivalent length,

thickness and material properties was inserted at a floor angle, 0o, of 140 degrees' The

junction between the shell and floor was modelled as a rigid joint. The material properties

of stainless steel used for the calculations were: Young's modulus, E = 2O5 GPa; density,

p =7930 tg/m3; and Poisson's ratio, v = 0.30. For the case of axial mode number m =

1, the first six theoretical symmetric modes and their corresponding natural frequencies are

shown in Figure 5.2, while the first six theoretical anti-symmetric modes a¡e shown in

Figure 5.3.
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Figure 5.2 Symmetric mode shapes for test structure'
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Figure 5.3 Antisymmetric mode shapes for test structure'
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The three types of structural modes generated for the combined structure are : modes with

predominantly floor motion and negligible shell motion; modes with negligible floor

motion and predominant motion of the shell; and modes with a combination of shell and

floor motion of varying degrees.

5.3.1. Comparison of theoretical analysis and experimental modal analysis

The junction between the shell and floor was constructed to approximate a rigid joint by

joining the two components with an angled steel shim, as shown in Figure 5'4'

cylindrical shell

floor

angled shim fixed to
floor and cYlinder with
epoxy adhesive

Figure 5.4 Rigid cylinder/floor joint construction'

The test structure is terminated at each end by a rigid end cap, constructed of 28 mm

(1.25 in.) thick particle board. A narrow groove, lined with a soft rubber strip' is used to

locate the end caps relative to the shell and floor. The shell structure and the end caps are

restrained by four tensioned rods connected between the two end caps, as shown in Figure

5.5. This anangement limits the displacement of the structure at the supports, while
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allowing rotational motion of the structure, which is felt to provide a reasonable

approximation to simply supported conditions.

end cap

tensioned rod
Figure 5.5 Experimental structure support a:rangement'

An experimental modal analysis was performed on the combined structure using the line-

point model shown in Figure 5.6. The assumed cross-sectional symmetry of the structure,

and its assumed uniformity in the axial direction, allowed the use of such a model. This

model enabled a considerably smaller number of data points to be used than a complete

grid-point model, which would require data to be obtained at points distributed over a grid

encompassing the entire surface of the shell and the floor. The use of a full grid-point

structure

I

o
o

O

O
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model would also present difficulties in obtaining all data points from the floor portion of

the enclosed structure. The data for the floor portion of the line-point model was collected

by access through a removable portal in one of the end caps.

Figure 5.6 Line-point model used for modal analysis of test structure'

A selection of the cross-sectional mode shapes and natural frequencies calculated by the

theoretical analysis, and those obtained by experimental modal analysis, are shown in

Figure 5.7.

Good qualitative agreement can be seen between the mode shapes produced by the two

analyses. The theoreticat analysis tends to overestimate the natural frequencies, and this is

thought to be due to the joint between the shell and floor not being completely rigid, as
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modal analysis

26 Hz

30 Hz

theoretical

30 Hz

34 Hz

54 Hz 55 Hz

Figure 5.7 Cross-sãctional mode shapes from modal analysis and theory'
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modelled in the theory. The corresponding axial mode shapes obtained by modal analysis

are shown in Figure 5.8. The mode which is resonant at 54 Hz has an æcial response

which deviates from that predicted theoretically. This is due to inhomogeneities caused by

the welding process used for construction of the test structure. These inhomogeneities have

not been accounted for in the theoretical model.

26 Hz 30 Hz 54 Hz

Figure 5.8 Axiat mode shapes from experimental modal analysis.

The total structural loss factor, \¡, is the sum of two components, one accounting for

dissipation in the structure (in vacuo) and the other the radiation losses. Hence (Pope et

al., 1987a)

rad
n n *1, (s.25)

The total structural loss factor, î¡, was determined by measuring the transfer function

between an accelerometer, non-Symmetrically located on the structure, and a random point

force excitation, provided by a non-symmetrically located electro-dynamic shaker' The loss

struc
rr
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factor value was calculated from the quality factor of the resonance peaks. The modally-

averaged structural loss factor was found to be q, = 0.05' A]ternatively, the portion of the

structural loss factor due to external radiation losses, ,{:o , which is frequency dependent,

can be determined theoretically (Pope et al., 1987a)-

5.4 TTTEORETICAL FORMULATION FOR ACOUSTIC MODE SIIAPES

This section is concerned with presenting a theoretical formulation for the acoustic mode

shapes, resonance frequencies and acoustic mode normalisations for the acoustic space

enclosed by a finite length cylinder with a structurally integral longitudinal floor, which is

terminated by rigid end caps. The acoustic response of the three-dimensional space

enclosed by the cylinder, floor and end caps was modelled using the finite-difference

implementation of the Helmholtz equation (Pope, I987a). Only the portion of the acoustic

space above the floor was modelled, because the acoustic space below the floor would

only have a significant response at higher frequencies, and because of the weak modal

coupling assumed between the structure and the acoustic space, this second acoustic space

would contribute little to the response of the cabin region considered in the analysis' A

closed form analytical solution of the wave equation is not possible for the volume

bounded by the cylinder with floor structure because of the irregular geometry of the

boundary conditions. A finite difference approach was taken because the acoustic mode

function in the a,rial direction is known, being that of a one dimensional enclosure for an

axially uniform acoustic space. The frnite-difference method was also chosen as it is

simpler to implement than the finite element method for this case'
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The two-dimensional Helmholtz equation for the acoustic space can be expressed, with

central differences, as (Pope, 1983)

4P^,n-P^*l,n-P*-l,n-Pm,n*l-Prn,n-l = k2h2P^,n 6'26)

where P^,n is the pressure at each grid point, h the grid spacing, a¡¡¿ k the acoustic

wavenumber in the enclosure. The grid co-ordinate specification is shown in Figure 5.9.

(m+1 ,n+1)
o

o
(m+1 ,n-1)

e f

Figure 5.9 Grid co-ordinate specification'

The boundary condition for the surrounding structure is that the outwa¡d normal gradient

is zero. The wall admittance, Þ, i, thus considered sufficiently small to allow this

assumption. This boundary condition can be expressed as

(r*,r*t-Pm,n-r)cosle- n) = (P^*r,n-Pm-t,,r)sin(O.,r¡ (5'27)

for 0¡ < e < 2n -0¡, and

)
o

0

(m-1,n+1)
o

m

(m-1 ,n:':t)

o
'-...f
o'
o
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P^,n*l-Pm,n-1 = 0 (5'28)

for -0/. 0 .0f. 0^n describes the angular location of grid poinl (m,n). In contrast to

the angular convention used in the expressions describing the structural response' whereO

is measured from the upper vertical, the acoustic formulation uses a convention whereO

is measured from the lower vertical. Hence a structure with floor angle 0r, measured from

the upper vertical, will enclose an acoustic space with floor angle 0¡ relative to the lower

vertical. The matrix formulation of the problem, and the associated solution methodology

is detailed in Pope et al. (1983). Eigenvectors, Q;, and natural frequencies' fi' afe

obtained from the two-dimensional frnite-difference formulation for an enclosure of radius

a = l, and combined with the ærial mode shape functions to obtain the eigenvectors,

Qqi$), and natural frequencies, fn¡, of the three-dimensional enclosure' The resonance

frequencies for arbitrary radius, a, are given by

rqi=+k+:'.W)
1

2 (s.2e)

where /¡ is the result obtained for the I metre radius case, q the axial mode number,Z

the ærial length of the acoustic space, and c o the speed of sound in the cabin fluid' The

acoustic modes for the three-dimensional cabin are given by

0ai(r-) = Þqi(x,!,Z) =""t[#)Q¿(x'r) (s'30)

where Q¿(x,l) is the two-dimensional eigenvector, and ,"rl-nTt'ì the axial mode shape

[¿ )
function for the rigid end cap termination condition considered here'
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The acoustic mode normalisation, r\4;, is defined as

Jo
v

2
Lq¡ qt (y)di (s.31)

where Qa;(f*) is the three-dimensional acoustic mode shape at a point, i, in the enclosure

of volume V. For the finite-difference solution of the acoustic modes, the mode

normalisation, r\4;, for radius, a = I can be expressed as (Pope et al', 1983)

Lqi = +"räQ2,{i)n2ctÐ 
6'32)

where n¡ is the number of interior and boundary points used in the finite difference

formulation to determine the two-dimensional acoustic mode shape at point j' 0;U)'

C(j) = 1 for boundary points and centreline locations, and C(i) = 2 fot interior points'

Also

(s.33)

The general radius acoustic mode normalisation, z\n, is thus

Q=0
q>0

lztn=lt

(s.34)

5.4.1 VerifÎcation of acoustic space natural frequencies

The natural frequencies obtained by the present analysis were compared with those

calculated previously (Pope et al., 1983), and the two sets of results are shown in Table

nn = o'4"räQ2,tÐn2 cti)

5.3
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Table 5.3

0

96.679

113.906

t68.26r

179.336

2r4.rlt

Acoustic mode natural frequencies (Hz) for 0¡= 49o' Q=0'ar.d a = 1m

Mode Present
Implementation

Pope et al

0

96.416

113.002

t66.997

178.748

212.71,8

0

1

2

J

4

5

The agreement between the two sets of results is excellent, with only minor differences in

the natural frequencies, these being because of the variation in the number and location of

the grid points used in each formulation. The acoustic mode shapes determined by the two

formulations were found to be in qualitative agreement'

5.5RESULTSFoRTESTSTRUCTUREACOUSTICSPACE

The theoretical results obtained for an acoustic space of dimension 0¡ = 40o, measured

from the lower vertical, and a = 0.450 m, are shown in Figure 5.10. The first cross-

sectional mode, which is not shown, is designated (s1) and has uniform pressure

distribution over the cross-section. The symmetric modes a¡e notated by an (s), while the

anti-symmetric acoustic modes are notated as (a). The numeric corresponds to the

ascending resonance frequency order of the q = 0 modes'
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Mode 2 (a2)

Mode 4 (a4)

Mode 6 (sO)
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Figure 5.10 Theoretical acoustic
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5.5.1 Experimental verifrcation of acoustic mode shapes and natural frequencies

The natural frequencies of the acoustic space bounded by the upper region of the cylinder

and the longitudinal floor partition of the test structure were determined experimentally

using swept sine excitation of an acoustic source. The transfer function was measured

between the inputs to a 145 mm (5.75 in.) diameter loudspeaker, non-syfnmetrically

mounted over a portal in one of the rigid end caps, and a microphone' non-symmetrically

located in the acoustic space. The specÛum obtained is shown in Figure 5'11, and a

number of the natural frequencies, corresponding to the selection of peaks designated in

Figure 5.11, are given in Table 5.4.
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f requency (Hz)
FigUre 5.11 Acoustic response to swept-sine acoustic excitation'

700 800

The frequencies of alt the resonant peaks have not been indicated in Figure 5'11 for

clarity; however, good agreement between the theoretical and experimental results was

evident for all of the peaks in the spectrum, as shown by the selection of resonance

117 175

319

60

302 590224
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Table 5.4

Acoustic mode natural frequencies for 0¡=4oo' L=3 m' and a=0'450 m

Mode
(cross-sectional,q)

Experimental
(Hz)

Theoretical
(Hz)

sl,1

sl,2

sl,3

a2,0

s3, 3

a2,4

s6, 6

60

It7

t75

224

302

319

590

57

t74

172

2r9

295

3tl
579

frequencies in Table 5.4.It should be noted that the theoretical results are calculated using

the properties of ur at ambient conditions, and that no correction has been applied for

alternate conditions. The acoustic loss factor, 1'ì4, was also determined experimentally

from the obtained spectrum. The value used for the subsequent calculations, \'lq = 0'05, is

the average of a number of acoustic modes. This measured acoustic loss factor represents

the combined loss due to conductance of the sidewalls and the conductance of the end

caps, which terminate each end of the acoustic space'

Having experimentally determined the natural frequencies of the acoustic space enclosed

by the test structure, the acoustic response at a number of excitation frequencies \ilas

measured, using an automated microphone traverse having three degrees of freedom' The

cross-sectional responses for harmonic excitation at the indicated frequencies are shown in

Figures 5.12 to 5.17. For comparison, the corresponding theoretical modal responses are
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Figure 5.12 Experimental acoustic pressure scan at z = I m'

excitation. Contour values are linear acoustic pressure'
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Figure 5.13 Theoretical acoustic pressure scan for a mode resonant at
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-0.04

0.00

0.04

O.O8-
o.12

0.16

-0.08

-o.12

Contour values are non-normalised

149

295 Hz.



Chapter 5. Structural/acoustic response of cylinder with floor

Figure 5.14 Experimental acoustic pressure scan at

excitation. contour values are linear acoustic pressure.

Figure 5.15 Theoretical acoustic pressure scan for

contour values are non-normalised acoustic mode shape

z = 1.5 m, 320 Hz acoustic

a mode resonant at 3\7 Hz.
function.

¡O

Þ $

(¡
N c\ |o

I
d

Io
o

o
(D

$
o

II
Þ

c\ (ooo
oo

tl9PooorN

150



Chapter 5. Structural/acoustic response of cylinder with floor

Figure 5.16 Experimental acoustic pressure scan at

excitation. Contour values are linear acoustic pressure'
z = 1.5 m, 590 Hz acoustic

Figure 5.17 Theoretical acoustic pressure scan for a mode resonant at

acoustic mode shaPe function.
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also shown. The experimental values used for the mapping are linear pressures' because

decibel values would distort the response from that shown for the linea¡ theoretical mode

shapes. A cross-sectional Scan was also performed at ll7 llz, corresponding to a

resonance of the first acoustic mode which has a uniform pressure distribution over the

cross-section. The mapping for this case is not shown because the range of values obtained

experimentally was smaller than the contour interval used for the mappings of the other

acoustic responses.

The general agreement between the theoretical and experimental values is good' It should

be noted that slight deviations in the measured values for a point tend to have a significant

affect upon the mapping of the mode shape. The data shown for the theoretical cases

corresponds to the response of a single resonant mode, while the data for the experimental

cases is the total acoustic response, assumed to be dominated by the single resonant mode'

and hence no attempt has been made to decompose the acoustic response into its modal

components

The longitudinal response of the cabin acoustic space was also measured using the

microphone traverse. The longitudinal response of the first cross-sectional mode (s1) is

shown in Figure 5.18 for an excitation frequency of 62 Hz, corresponding to the first axial

resonance of this mode, and in Figure 5.19 for an excitation frequency of II9 Hz' which

is equal to the second ædal resonance. Figure 5.20 shows the longitudinal response of the

sixth cross-sectional mode (s6) at an excitation frequency of 590 Hz' equal to the sixth

rongitudinar resonance of this mode. Excellent agreement exists between the theoretical

!
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Figure 5.18 Longitudinal acoustic pressure response for the test structure excited

acoustically at 62 Hz.
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Figure 5.19 Longitudinal acoustic pressure lesponse for the test structure excited

acoustically at 119 Hz
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Figure 5.20 Longitudinal acoustic pressure response for test structure excited

acoustically at 59O Hz.
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Figure 5.21 Longitudinal acoustic pressure response for test structure at resonance
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modal response and the experimentally measured response. This confirms that the theory

is accurately predicting the acoustic response of the cabin, and that the assumption of rigid

end caps holds reasonablY well.

As a preliminary test that the motion of the structure does not significantþ distort the

shape of the acoustic modes from that of the rigid-walled modes, an electro-dynamic

shaker was non-symmetrically located on the structure. The response within the acoustic

space due to the point force harmonic excitation of the structure was measured by the

traversing microphone at the experimentally determined acoustic natural frequencies. The

longitudinal response of the acoustic space, at an excitation frequency colresponding to the

fourth longitudinal resonance of the second cross-sectional mode (a2), is shown in Figure

5.2t. The values obtained for point force excitation of the structure are in excellent

agreement with those for acoustic excitation, and the theoretical prediction. This indicates

that the assumed rigid-walled acoustic modes are not significantly altered by the motion of

the structure, and that the modal-coupling approach used in the following theory is

appropriate.

The total cross-sectional response, obtained for point force excitation of the structure, is

shown in Figures 5.22 to 5.28, together with the theoretical modal responses, for a number

of excitation frequencies. The resonant frequencies shown for the experimental and

theoretical cases differ slightly because the theoretical values a¡e calculated for arnbient

conditions of air at 2O degrees Celsius, whereas the experimental values were obtained for

a range of air temperatures ranging from 18 to 28 degrees'

{
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Figure 5.22 Experimental acoustic pressure scan'at z = I m'

exóitation. Contour values are linear acoustic pfessure.

299 Hz point force

Figure 5.23 Theoretical acoustic pressure scan for a mode resonant at 295 Hz
acoustic mode shaPe function.
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Figure 5.24 Experimental acoustic pressure scan at z = 1.5 m, 316 Hz point force

excitation. Contour values are linear acoustic pressure'
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Figure 5.26 Experimental acoustic pressure scan at z = L'5 m' 586 Hz point force

excitation. Contour values a¡e linea¡ acoustic pressure'

Figure 5.27 Theoretical acoustic pressure scan for

Contour values are non-normalised acoustic mode shape
a mode resonant at 579 Hz.
function.
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Chapter 5. Structural/acoustic response of cylinder with floor

Figure 5.28 Experimental acoustic pressure scan at Z = 2

polrrt for"" excitátion at 59 Hz. Contour values are acoustic

The general level of agreement between the two cases is good. For the acoustic mode with

the lowest natural frequency, (s1, 1), found from experiment to be resonant at 60 Hz' the

theoretical and experimental cross-sectional mode shapes show only limited agreement'

The theoretical analysis yields a mode shape with uniform values over the cross-secúon'

while the experimental response indicates regions of spatially varying pressure near the

perimeter of the acoustic space. The poor agreement may by caused by a number of

factors mentioned previously in the literature'

Reference has been made (Pope et al., 1983) to the discrepancies between theoretical and

experimental values below the first resonance frequency of the acoustic space; that is' in

the frequency range where the noise level depends on the net volume displacement of the

shell structure, and on the compliance of the cavity, which effectively acts as an air

m of primary resPonse for
pressure in dB.
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spring. Although end cap transmission and leaks can be significant transmitters, and thus

alter the acoustic response, relief of membrane stress over limited regions of the shell is

also a significant factor (Pope et al., 1933). Hence slight manufacturing imperfections,

wrinkles and depressions are highly detrimental to the noise levels transmitted into a

perfect cylinder in the volume stiffness controlled region. The influence of slight

manufacturing imperfections appears to be evident for the experiments detailed here

because the results for acoustic excitation and structural excitation only differ signifrcantly

for excitation frequencies within the volume stiffness controlled region' the addition of

other imperfections to the test structure such as ring frames and stringers will not produce

profoundly different noise levels (Pope et al., 1983). Thus, for more realistic aircraft

structures with added structural stiffening, the influence of slight manufacturing

imperfections should not be a problem'

5.6 TIIEORETICAL FORMULATION FOR ACOUSTIC PRESSURE IN THE

COUPLED STRUCTURAL/ACOUSTIC SYSTEM

Having determined the structural and acoustic mode shapes for the finite cylinder with an

integral floor, it is possible to use modal coupling theory (Pope, t97O) to determine the

acoustic pressure within the enclosure. This is provided that the assumption of weak

coupling between the in vacuo structural modes and the rigid-walled acoustic modes is

applicable.

Modal coupling theory has been used previously to predict the total response of cylinder

models of aircraft fuselages (Pope et al., 1983, Pope et al., 1987a), and has been shown to
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be accurate in determining the interior space-average sound pressure for such models. The

formulation for the interior sound pressure used here follows that outlined in previous

studies of aircraft interior noise using modal coupling theory (Snyder, 1990; Snyder and

Hansen, 1991).

Truncating the inf,rnite modal sums for the structural and acoustic response to m structural

modes and n acoustic modes, the response at e points in the acoustic space, located at

)*r, caused by i forces input to the structure, can be estimated by (Snyder, 1990)

[riri l] = lol ltÀltÀ-' Iv] trl (s'3s)

where [f] i, a (ixl) vector of input forces, the (mx,) matrix lV] is the structural mode

shape marrix, VÀ " 
the (mxm) modal structural impedance matrix, ltÀ " 

the(nxm)

matrix of acoustic modal radiation transfer functions and [o] the (exn) matrix of

acoustic mode shape functions at the e points of interest. The force and structural mode

shape matrices can be combined to yield a (mxl ) vector of modal generalised forces, þ],

where

[C = M[F] (s'36)

to accommodate types of excitation other than point forces. For an external pressure field

excitation the elements of þ] are given by

r, = ! vrÏ)n "6)dr G37)

where p eG) is the external pressure excitation applied to the external surface area of the

s¿
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structure, Se = 2naL.

The elements of lZ), rct acoustic mode q aîd structural mode r , aÍe given by

t

Zon, ='ffur, (s'3s)

where p o is the air density, co the angular frequency of excitation, s the contacting area

between the structure and the enclosed acoustic Space, given by

s = 2aLlsrn(o¡)." -e/ (s'3e)

and the floor angle 0¡ is measured in radians. Yn is the acoustic impedance of the qft

mode, given bY

Yn = ,'n-az *¡qnr, o.n (5'40)

where On is the natural frequency, and r1n is the acoustic loss factor, of acoustic mode

q.Thecoupling factor, Bn.between the qú acoustic mode, 04, and the rft structural

mode, V¡, is defined as

Bq, = *J*n,t, 
\tt;;)dí (s.41)

The elements of the structural modal input transfer function matrix, lZl, "u" 
be expressed

as the sum of the modal impedance presented by the structure, VrA, and that presented by

the impedance of the enclosed space acoustic modes, ltro)' such that

VÀ = lt'Å.V'ol (s'42)

where ht] tt a diagonal matrix with elements
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jMrZ,
tISr, = T

(s.43)

Z, being the input impedance of the rù structural mode, having modal mass M' natural

frequency ú)r, and structural loss factor 1r, such that

Z, = @2r- co2 *;r1ro rrr, 6A4)

The matrix lrro)O (mxm), with elements given by (Snyder, 1990)

Z,o^o = ipos2r\rt# (s.4s)

5.7 COMPARISON OF THEORETICAL AND EXPERIMENTAL ACOUSTIC

RESPONSE OF COUPLED STRUCTURAL/ACOUSTIC SYSTEM

This section presents a formulation for the acoustic pressure within the finite length

cylinder with a structurally integral longitudinal floor, caused by harmonic point force

excitation of the structure. The computer program implementation of the present

theoretical formulation was verified, for a simplified scenario, against hand calculations,

and also against previously presented theory (Pope et al., 1987a). The agreement between

the program implementation and the two theoretical formulations was confirmed, for the

simplified case examined.

A number of experiments were undertaken for comparison with the predicted response'

The force input by an electro-dynamic shaker, located non-symmetrically on the structure,

was measured using a force transducer, positioned in series between the point of
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attachment to the structure and a stinger connected to the shaker. The acoustic response

caused by the harmonic point force was determined from measurements made by a

microphone traverse in the enclosure.

5.7.1 Experimental results for primary excitation case

A series of experiments were conducted on the test structure to investigate the ability of

the theoretical model to predict the acoustic response within the cabin space due to

excitation of the structure by a point force. For the theoretical predictions, the first 100

acoustic modes, and the first 144 structural modes were used in the calculations' An

electro-dynamic shaker was non-symmetrically located on the external surface of the

structure at (0,2) = (165.3', !.323 m), relative to the coordinate æres shown in Figure

5.29.

An a,rial scan of pressure values was taken along the length of the enclosed acoustic space

at a non-symmetric cross-sectional location of (0,rta) - (63.0", 0.M66), to yield the axial

sound pressure response within the test Structure, at the given cross-sectional location'

For an excitation frequency corresponding to resonance of the first acoustic mode, (s1, 1),

at 57 Hz, the experimental values obtained a¡e shown in Figure 5'30' Also shown in

Figure 5.30 are the theoretical predictions obtained using the input force measured using

the force transducer. The general agreement between the gradient values for the

experimental and theoretical cases is good, however, the amplitudes differ by

approximately 30 dB. The difference in amplitudes between the two sets of data occurs
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Z=L

o
180

z

Z=O

27oo
FigUre 5.29 Cylinder with floor coordinate axes used for test cases'

because the theoretical prediction does not consider the (0,0,0) acoustic mode, and hence

has not taken into account the low frequency contribution to the acoustic response which

is dependent on the net volume displacement of the structure and the compliance of the

cavity, which acts as an air-spring. Pope et al. (1983) cites a number of references (Pope,

l97l; Plotkin et al., L978; Lyon et al., 1966) which have found, without exception, that

the measured noise reductions differ from the theoretical predictions by between 25 to 30

dB in the low frequency volume stiffness controlled region. Normalising the theoretical

prediction produces the curve shown in Figure 5.30 as a dotted line. These normalised
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FigUre 5.30 Longitudinal acoustic pressure response of the test structute at 59 Hz

from point force excitation.

100

90

80

70

60

50

40
0 0.5 1.0 1.5 2-O 2.5 3'0

z (m)
Figure 5.31 Longitudinal acoustic pressure response of the test structurc at 69 Hz

from point force excitation.
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theoretical values agree well with the experimental values. The theory can also be seen to

predict the slight asymmetry of the pressure values about the cylinder mid-point.

The results obtained for an excitation frequency of 69 Hz, which corresponds to resonant

structural excitation and off-resonance acoustic excitation, are shown in Figure 5'31' The

agreement between the theoretical and experimental gradients is reasonable, but the

amplitudes are again seen to differ. For an excitation at 83 IHz, which is approximately

mid-way between the first two acoustic resonant frequencies, the pressure scan values are

shown in Figure 5.32. The gradients and amplitudes of the two sets of data are seen to

differ for this excitation frequency. The differences in the two sets of data for the 69 Hz

and g3 Hz excitations are considered to be due to va¡iation between the actual structural

mode resonant frequencies and those calculated in the model. Even at low frequencies the

unstiffened test structure used in the experiments has a high modal density (approximately

1 modeÆIz), and hence efÏors in estimating the resonance frequencies of the structural

modes will result in the amplitude and phase of the structural response being incorrectly

estimated at a pafticular frequency. This problem would be alleviated for a stiffer test

structure, which would also be more representative of a real aircraft fuselage. In particular,

stiffening of the floor portion of the composite structure would decrease the modal density

in the low frequency range, and is hence recoûlmended for any future work'
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Figure 5.32 Longitudinal acoustic pressure response of test structure at 83 Hz from

point force excitation.

5.7.2 Experimental results for controlled case

The ability of the theoretical model to predict the response of the coupled

structuravacoustic system, under the influence of active control, applied via control forces

input to the structure, was investigated through a number of experimental tests' A point

force primary source was again located at (ep,rp) = (165.3', l'323 m), and a single point

force control source was located on the shell portion of the test Structure at (0r,zr) =

(237.0",0.913 m). The Pressure was minimised at a microphone located within the

enclosure at (0r,rrla,z") - (63.0', 0.4466,1.718 m)'An excitation frequency of 83 Hz'

corresponding to off-resonant acoustic excitation, was used' The primary longitudinal

response is shown in Figure 5.32 and the controlled longitudinal response is shown in

Figure 5.33. Reasonable agreement between the predicted and experimentally measured
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response is shown in Figure 5.33, which suggests that the model is capable of predicting

the response of the entire acoustic field, or a global function, for minimisation of the

pressure at a point, which is a local or point criterion'

o 0.5 1.0 1.5 2.0 2-5 3'0

z (m)
Figure 5.33 Controlled longitudinal acoustic pressure response of test 

-sll'cture 
at 83

Hz for a single effor sensor iocated at (Qr, rn/a, z") - (63'0"' 0'4/i66' l'718 m)'

The theoretical prima¡y response for a cross-sectional plane at z = 1'718 m' which

corresponds to the efïor sensor axial location, is shown in Figure 5'34' The theoretical

controlled response is shown in Figure 5.35, which shows the local reduction in pressure

at the efïor sensor location, (Q*rrla,zr) = (63.0",0.466, 1.718 m)' The corresponding

experimental primary response is shown in Figure 5'36, while the experimental controlled

response is shown in Figure 5.37.

Comparison of these experimental and theoretical pressure scans reveals that the predicted
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Figure 5.34 Theoretical acoustic pressure scan at z -- I'7I8 m of primary resPonse at 83

Hz

Figure 5.35 Theoretical acoustic pressure scan at z =
83 Hz.
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and measured pressure fields ¿ìre reasonably similar, apart from the regions of smaller

pressure amplitudes which are predicted for the primary response, but do not appear in the

experimental case. The absence of these small regions from the experimental scan may be

due to the limited spacing of the grid of points at which the experimental response was

measured, and the consequent smoothing which occurs aS part of the interpolation process

involved in generation of the contour maps from this measurement grid'

The ability of the theoretical model to predict the effect of various source/sensor

configurations was tested by scanning the altial location of the error sensor' at a fixed

cross-sectional location of (Ir,r"la) - (63.0", 0.4466)- The primary pressure at each

efTor microphone location was recorded, in addition to the controlled response for

minimisation of the acoustic pressure at that particular location' The acoustic pressure was

minimised using the filtered-X version of the LMS algorithm, implemented on a digital

signal processor. Figure 5.38 shows predicted and experimental values for both the

primary and controlled response at the error sensor' for a range of error sensor axial

locations, for an excitation frequency of 83 Hz. The figure reveals that for most of the

error sensor locations, a pressure reduction of 27 dB was achieved at the elÏor sensor' The

controlled longitudinal response for minimisation of the acoustic pressure at an efÏor

sensor located at (Q", r/a, zr) - (63.0", 0.4466,1.718 m), was shown previously in Figure

5.33. Generally the response of the system to active control has been reasonably predicted'

apart from a region around z = | m. The discrepancy in the two values may be related to

the inhomogeneity in the structure located around this axial length, which was detailed

previously. Although the amplitudes of both the primary and controlled response ¿ìre
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Figure 5.3g Theoretical and experimental primary and controlled acoustic pressure

response at the efror senso, us à function õf 
"not 

sensor axial location for 83 Hz

excitation.

underestimated by the theory, the model is able to predict the relative levels of reduction

and the general trends for the effect of each source/sensor configuration on these levels'

The theoretical results and those obtained experimentally are thus in total seen to be

reasonably consistent. The attenuation achieved for the theoretical case is limited by the

efficiency factor which is applied to the controller, and not by the physics of the system

examined.

previous work has used the theory to predict trends and generalised results, rather than

absolute point-by-point values. Previously, only values for the space-averaged acoustic

pressure within models of aircraft cabins (Pope, L97I; Pope et al', 1983), or the uial

variation (or gradient) of the average mean-squale acoustic pressure in cross-section within
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aircraft (Pope, 1990), have been presented' Snyder (1990) predicted the residual sound

fields in a plain finite-length cylinder under the action of active vibration sources, and

presented mappings of the acoustic pressure at various cylinder cross-sections. However,

the theoretical results presented were noÍnalised to best fit the experimental data for ease

of comparison. Pope et al. (1983) emphasised that although the acoustic pressure at every

interior point in the enclosure can be obtained theoretically, a good point-by-point

prediction may require better input data than can ever be generated' Pope does' however'

conclude that the point-by-point prediction might be quite informative nevertheless' In

light of these comments, and considering the tests conducted, it is felt that the theoretical

model can be utilised to predict the interior noise reduction due to active control with

reasonable confidence.

5.8 OPTIMAL CONTROL FORCES FOR MINIMISATION OF ACOUSTIC

PRESSURE

In this section a formulation for the optimar contror force required for minimisation of the

acoustic pressure within the finite length cylinder with a structurally integral longitudinal

floor is presented. The sum of the sound pressure squared at the e discrete interior points

can be expressed bY

!lr(r*,)? =[zir-,1]Hlrtr-,1] 6'46)
€

where the superscript I/ represents the Hermetian of the matrix' The total pressure'

p(i), at an arbitrary point within the enclosurc, ie, is equal to the sum of the pressure

field due to the action of the primary excitation, p p(ye), and that due to the influence of
¡
t
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the applied control forces, p c(ie), such that

PO) = Pp(ie)*Pr(i") (5'47)

For i complex control forces, modelled as point fotces, equation (5.46) can be re-

expressed as (Nelson et al., 1987a)

E tp(v-, )? = [",]"þlF À.VÅ',lul.Þ1"þ,]." (s.48)

e

where ial tr the (ix1) vector of complex control forces, and

[,] = fv.1" Ït À-')' V À'lr,] "[*,]lr"]P']' l*']
(5.4e)

[r] = [*J " [' Å^)' l' À' l*, ] "[.,] P,ll' À-' lr rl
(5.s0)

, = fDl"(PÃ-')'l'Å'l*")'l*)l'ÀvÀ-'l',1 
(5 sl)

where the subscripts p and c refer to primary and control respectively' Differentiating

equation (5.4S) with respect to the real and imaginary components of the complex control

force, F", andequating the result to zefo, yields the optimum control force as (Nelson et

a1., 1987b)

lrÅ*,= -þl-t[a] (s.s2)

5.9 OPTIMAL CONTROL FORCES FOR MINIMISATION OF ACOUSTIC

POTENTIAL ENERGY

In this section a formulation for the optimal control force required for minimisation of the

acoustic potential energy within the finite length cylinder with a structurally integral
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longitudinal floor is presented. The acoustic potential energy within a bounded enclosure is

defined as (Bullmore et al., 1986)

Ep lpril12 ¿f1 I
v4p or?

(s.s3)

(5.s4)

which can expressed as

Ep [lro>)Hlp$))di
1

,2
4Poco V

Utilising the orthogonal properties of the rigid-walled acoustic modes used in the present

model, allows equation (5.54) to be expressed as (Thomas et al., 1993b)

(s.ss)

where [p] ir the (zx 1) vector of acoustic modal amplitudes given by

lrl = vÀltl-'t¡ (s s6)

In a simila¡ manner to that used for determining the optimum control force for

minimisation of acoustic pressure at a point, the acoustic potential energy in the enclosure,

under the action of primary and control forces, can be expressed as

Ep = 1".]"þ11",].F,]"lrl.Þ1"þl.e 6's7)

Ep= +[P]"[P]
4p oci

where

176



Chapter 5. Structural/acoustic response of cylinder with floor

f'1 = fv"l 
H (1, Ã')' l, Å'P ÀV Å-'l* À

(s.s8)

Þl = [v"] 
H (V À'\' V À'? Àl' À'lr,l

(s.se)

u = lr,l'(P,l' )' V "l'l' Å1, À-'lr,l
(s.60)

The optimal complex control force vect or, 
lÊ Àoor, 

to minimise the acoustic potential

energy in the enclosure, is found from quadratic optimisation to be

lu À*, = -la)-tlû) (s.61)

5.10FORMI.]LATIONFoRVIBRATIoNALKINETICENERGYoFTIIE

STRUCTURE

The purpose of this section is to present a formulation for vibrational kinetic energy

associated with the out-of-plane displacement of the finite length cylinder and the

structurally integral floor. The vibrational kinetic energy, VO, associated with the out-of-

plane displacement of the test structure, is given by the integral of the outward velocity

over the area of the shell and floor. Hence

vp Prh, I ú'(Ð? di (s.62)

where w(i) is the out of plane displacement of the structule of a¡ea ss' material density

P,,andthickness/z".Equation(5.59)canbere-expressedas

+I-S,
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vo = |0,h, I
ss

lwri>lHlø@))dí (s.63)

Utilising the orthogonal properties of the structural modes yields

,o = l*,[v]"[v]
(5.s)

where [V] ir the (mxl) vector of structural mode amplitudes given by

tul = [rr]-t[.]
(5.6s)

and M, is the combined mass of the shell and the floor'

Although Vo is not used in this study as an error criterion, it is used in the next chapter

as a measure of the response of the structure to the application of active control.

5.11 CONCLUSIONS

A physical system consisting of a f,rnite length cylinder with a structurally integral

longitudinal floor partition, and the acoustic space enclosed by the structure was examined'

A model describing the response of this system to harmonic point force excitation was

presented. The system was modelled theoretically using modal coupling theory between

the structure and the interior acoustic field. The structural mode shapes have been

determined using component mode synthesis, which combines the mode shape basis

functions for the plain cylinder and the floor to obtain a mode shape function for the total

structure. Good qualitative agreement was found between the theoretical structural mode

shapes and those found experimentally by modal analysis. The theoretical resonance
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frequencies of the structural modes were found to differ slightly from those obtained

experimentally, with the theoretical analysis tending to overestimate the frequencies. This

is thought to be due to the joint between the shell and floor not being completely rigid, as

modelled in the theory. Inhomogeneities in the test structure, introduced by the welding

ptocess used for construction, caused the theoretical and experimental axial structural

mode shape functions to differ slightly. The structural imperfections also appeared to have

an effect upon the acoustic response for point force excitation of the structure.

The two-dimensional acoustic mode shape functions were found using a finite difference

implementation of the Helmholtz equation, while the axial acoustic mode shape function

was made equal to that of a rigid-walled one-dimensional enclosure. Experimental work on

a test structure was presented and the results compared with a number of theoretical

predictions. The agreement between the theoretical and experimental acoustic mode

resonance frequencies was excellent. The acoustic mode shapes determined by experiment

and theory were found to be in qualitative agreement, for excitation of the acoustic space

by an acoustic Source, and for point force excitation of the Structure.

Formulations for the optimal control forces required to achieve minimisation of acoustic

pressure and acoustic potential energy were given for the structure modelled. Experimental

and theoretical results are presented for the application of active noise control to the

coupled structuraUacoustic system. Comparison of the theoretical and experimental results

for point force excitation of the structure revealed that the theory underestimated the

amplitude of the acoustic response for both the primary and controlled cases. The theory
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was able to predict the relative levels of reduction and the general trends for the effect of

each of the source/sensor configurations examined.
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CHAPTER 6. EFFECT OF ERROR SENSOR AND CONTROL

SOURCE CONFIGURATION ON A CYLINDER WITH AN

INTEGRAL FLOOR

6.1 INTRODUCTION

The formulation for active control of the cylinder with an integral floor presented in

chapter 5 is utilised in this chapter to investigate the influence of error sensor and control

source configuration and type upon the effectiveness of active noise control applied to the

structure via vibrational point forces. Simulations are performed for various numbers of

control sources and error sensors, and different locations of each of these active control

System elements. Two different frequencies are examined: one colÏesponding to resonant

acoustic excitation; and the other to non-resonant excitation. The distinction between

resonant and non-resonant structural excitation has not been made in this thesis because of

the high modal density of the structural modes for the test structure examined. A summary

of the major factors influencing the performance of the active control system, applied to

the simple aircraft fuselage model, is presented'

The test structure under consideration is the same as that used in the previous chapter and

has the following dimensions: Length L = 3 m; radius a = o.45 m; and floor angle 0¡ =

40". The thickness of the shell and the floor are equivalent, being hÍ = h, = 0'001 m' and

each has the same material properties: Young's Modulus E = 209 GPa; Poisson's ratiov

- 0.3; and material density p = 7930 kg/m3. The fluid within the enclosure is modelled

with density po = 1.19 kg/#, and speed of sound co =343 m/s. The co-ordinate æcis
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notation used in this chapter reverts to that used in Chapter 5 for derivation of the

structural mode shapes of the cylinder with an integral floor, where y is the floor

transverse location, x the floor or shell axial location, and 0 the circumferential location

on the shell, relative to the rotational axis shown in Figure 5.29.

The theoretical infinite acoustic mode summation and infinite structural mode summation

were both truncated to a finite number of modes, such that the model is applicable over a

f,rnite frequency band. In all the calculations performed, the first 100 acoustic modes and

144 structural modes were used to model the response of the coupled system' The

structural impedance component contributed by the acoustic enclosure is considered to be

negligible, and hence only the structural component has been used to determine the total

structural imPedance.

For the following simulations the measure used to determine the effectiveness of the

application of active control, for various control source and error sensor configurations, is

the acoustic potential energy, EO, in the cabin region enclosed by the shell and the

longitudinal floor partition. The acoustic potential energy has been chosen as a

performance gauge because it is a gtobal quantity, and is felt to best represent the effect

that applying active control has upon the whole of the acoustic space, and not just a

localised region, as would be the case for the pressure measured at a point in the cabin'

Throughout this chapter the term efÏor sensor denotes a sensor which measures the

acoustic pressure at a point. The primary excitation is provided by a point force mounted

on the shell at location iO = (x.,}r) = (1.323 m, 165.3"). The complex primary force
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used in all of the simulations is -6.0 + j1.9 N-

For the results presented here, a black box feed-forward controller has been assumed with

a reference signal obtained from the input to the primary source. The control sources are

modelled as constant force sources, the outputs of which are linearly related to their

inputs. In real systems it is unlikely that the exact value of the optimal control source

forces will be achieved by the controller, and hence a physical representation of the

controller inaccuracies is obtained by multiplying the calculated optimum control source

forces by an efficiency factor "4. The efficiency value is obtained by considering a

controller of precision such that a total rounding error of around l%o is generated in the

outputs from the controller. Hence an efficiency factor of 0'99 is obtained'

6.2 SIMULATIONS FOR OFF.RESONANCE ACOUSTIC SPACE EXCITATION

FREQUENCY

The first set of simulations were conducted at a frequency of 83 Hz, which corresponds to

off-resonance excitation for the acoustic modes. For the first case modelled, a single error

Sensor was located within the enclosure at îe = (xr,ïr,rrla) = (I.7I78 m, 63'0o,

0.M66). A single point force control source was applied to the shell at an axial heightx,

= !.323 m, and is thus in the same cross-sectional plane as the primary source. The

circumferential location of the control source, 0., was varied over the entire

circumference. From the simulations performed for this case, the reduction in pressure at

the error sensor location was approximately 40 dB for all control source positions. The

acoustic potential energy estimate, ,IO, Provided by the single eflor sensor, was thus also
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reduced by approximately 40 dB. The actual acoustic potential energy within the

enclosure, Eo, was, however, not reduced for all control source locations, as shown in

Figure 6.1. The theoretical reduction in acoustic potential energy using this quantity as the

error criterion is also shown in Figure 6.1. It can be seen from the figure that if the

control source is well matched to the primary acoustic field, and can produce an

equivalent acoustic response, then minimisation of the acoustic potential energy estirnate,

.IO, will result in minimisation of the actual potential energy, EO' For control source

locations which are not well matched to the primary excitation, minimisation of J o can

result in an increase in Er. Hence, for a well matched control source location, a single

error sensor, detecting the acoustic pressure at a point, is capable of providing suitable

information to the controller so that the actual acoustic potential energy in the enclosure is

minimised. As the number of error sensors is increased the acoustic potential energy

estimate, Jo, more accurately models the actual acoustic potential energy, Eo, for all

control source circumferential locations. This can be seen in Figure 6.2, which displays the

acoustic potential energy reduction achievable for 2, 3 and l0 error sensors randomly

Iocated within the enclosure. The efÏor sensor locations are shown in Appendix C'

Comparison of Figures 6.1 and6.2 reveals that the reduction achievable with the 10 error

sensor configuration is almost equivalent to the maximum theoretically achievable for one

control source. In addition the estimate Jy provided by as few as three error sensors, is

adequate to minimise E, f.or this configuration and excitation frequency'

Increasing the number of randomly located control sources, positioned on either the shell

or the floor, results in increased levels of reduction in acoustic potential energy for all
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Figure 6.1 E, reduction as a function of 0" at 83 Hz for two error criteria with I
control source'and I error sensor.
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Figure 6.2 E, reduction as a function of 0, at 83 Hz for various numbers of error

sensors with l'control source.
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circumferential locations of the control source under consideration. This is shown in

Figure 6.3 which displays the theoretical reduction achievable with Ep as the error

criterion, for different numbers of control sources.

Examination of the pressure at each of the error sensors, for a configuration consisting of

three sensors and one control source reveals that, for minimisation of Jo, the pressure is

not necessarily reduced at all of the error sensots. This can be seen in Figure 6.4 which

shows the pressure reduction at the 3 error sensors for a range of circumferential locations

of the single control source. In particular, for a control source circumferential location of

0c = 245", the pressure at sensor 2 has increased by approximately 7 dB' even though

both JO and EO have decreased by approximately 4 dB, as shown in Figure 6'2' This

indicates that although the acoustic potential energy in the enclosure may be minimised,

the pressure at each location in the enclosure is not necessarily also minimised' In a

practical context, this may mean that not every passenger is able to perceive the benefits

of the reduced levels of acoustic potential energy throughout the cabin, and may in fact

experience increased sound pressure levels in their vicinity'

As shown in Figure 6.1, the actual reduction in Eo due to minimisation of Jo at a single

effor sensor varies with the location of the control source. For those control source

locations which produced a reduction in Ep, a reduction in the amplitudes of the

predominant acoustic modes was found to be the mechanism whereby the reduction in

pressure at the er'ror sensor was achieved. conversely, locations of the control source

which were characterised by a rearrangement of the relative amplitudes and phases of the

186



Chapter 6. Effect of sensor/source configuration on cylinder with floor

0 60 120 180 240 300 360

o. (deg)

Figure 6.3 E, reduction as a function of 0" for control source #1, at 83 Hz for
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acoustic modes as the mechanism to achieve control at the error sensor, produced an

increase in the acoustic energy, Eo. Figtre 6.5 shows the relative amplitudes and phases

of the first eight acoustic modes for control applied at a circumferential location 0" = 15o'

The figure reveals that the three predominant acoustic modes under primary excitation

(modes l, 2 and 7) have been reduced in amplitude by the action of the control force

applied to the structure. The acoustical potential energy has thus been reduced by

approximately 4 dB. In contrast, Figure 6.6 reveals that, for control applied at 0" = 0o'

most of the acoustic modes displayed are increased in amplitude under the action of

control. Minimisation of pressure at the effor sensor has been achieved by rearrangement

of the relative phase of the acoustic modes, in particular modes 1 and 3' Due to the

increased amplitudes of the acoustic modes the acoustic potential energy has increased by

11.6 dB for this control source location'

Increasing the number of error sensors to 10, for the single control source located ât 0, =

15o, produces the acoustic modal response shown in Figure 6't'In a similar manner to the

single efror sensor case, modal reduction is the mechanism by which J p has been

minimised, and correspondingly a reduction in EO of 5.3 dB is realised' For a single

control source located at 0. = 0o the mechanism by which Jo has been minimised for the

ten error sensor conhguration is modal reduction. The relative modal amplitudes and

phases for this case afe shown in Figure 6.8. The amplitudes and relative phase of the first

and third acoustic modes have been altered, while the other modes displayed have

remained almost unchanged by the influence of the control source. The resultant modal

response only reduces the acoustic potential energy, Ep'by 0'1 dB'
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The mechanism of control thus appears to be predominantly a function of the control

source location with relation to the primary excitation. The number of error sensors does

not appeaf to affect the mechanism but an accurate estimate of the acoustic potential

energy, Jo, will prevent the actual acoustic potential energy, Eo, being increased under

the action of control.

Consider now the relationship between the minimisation of J O and the consequent level of

vibrational kinetic energy in the structure, VO,f.or a single control Source' The increase in

Vo upon application of active control to the structure is shown in Figure 6.9 for 1, 3 and

10 error sensor configurations. It can be seen from the figure that for the single sensor

configuration, the level of vibrational kinetic energy rises to a level which would be

unacceptable in practice. This is due to the poor estimate of EO Provided by the single

erïor sensor for most of the control source circumferential locations, 0r. For example, at

0c = 60o, a 16 dB increase in vibrational kinetic energy has occurred to provide the 40

dB reduction in pressure at the single error sensor. The actual acoustic potential energy,

E, , has also risen by 20 dB. Thus, the minimisation of the pressure at a single error

sensor has deleterious effects upon both the acoustic potential energy within the enclosure,

and the vibrational kinetic energy within the structure, for this particula¡ control source

location.

As mentioned earlier, increasing the number of error sensors provides an improved

estimate of. E o for all control source circumferential locations, and in addition ensures that

local minimisations in pressure do not result in increases in the overall acoustic potential

{
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and vibrational kinetic energies. From Figure 6.9 it can be seen that for the 10 sensor

configuration, the maximum increase in vibrational kinetic energy is only 2 dB, a level

which is likely to be acceptable in practice.

From the simulations conducted for a range of control source circumferential locations, the

results of which are shown in Figures 6.1,6.2,6.3, and 6.4,it is evident that, although the

control and primary source are in the same cross-sectional plane, and would thus have

equivalent axial structural mode shape function values, there are relatively few

circumferential locations where a single control soutce is well matched to the primary

source. Consequently, the levels of Eo are generally reducedby less than 5 dB. This gives

an indication of the large number of structural modes which contribute significantly to the

response. If the structural response was dominated by a small number of modes, the

control and primary source would be well matched at an increased number of

circumferential control source locations. Thus for a more realistic aircraft structure which

would include stiffening of both the shell and the floor, the resultant decreased structural

modal density would cause less modes to contribute significantly to the acoustic response

at a given frequency, and thus the control and primary source would be more likely to be

well matched at a greater number of circumferential control source locations.

For the next configuration examined, the point force control source is applied to the floor

portion of the test structure, at the same axial location of xc = 1.323 m, such that the

primary and control sources are in the same cross-sectional plane.
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Again, the level of pressure reduction at a single error sensor is approximately 40 dB for

all transverse locations of the control force, )r, however, at almost all transverse control

source locations the actual acoustic potential energy E, rises because the control source is

not well matched to the primary source at any of these locations. Figure 6.10 shows the

reduction in EO achievable for minimisation of JO with 1, 2, and 3 sensor configurations,

and the theoretical minimum acoustic potential energy Eo for the single control source

applied at the transverse locations, )¿. In contrast to the previous case examined, where

the 3 sensor configuration gave an estimate of acoustic potential energy, JO, close to the

actual value Eo, the estimate is not as accurate for this case. This indicates that the

accuracy of the estimate Jo is not only a function of the number of error sensors but also

the relative location of the control and primary soufces. Thus the influence of the error

sensor configuration and the control source configuration upon the behaviour of the system

cannot be examined independently. The dependence of the estimate of E, on the error

sensor locations is investigated later in this chapter'

Comparison of the values for minimisation of Eo, shown in Figures 6-10 and 6.1, reveals

that the theoretical minimisation for a control source located in the floor is generally less

than that for a control source located on the shell, for this particular primary source

location and excitation frequency. Again this can be explained by the relative matching of

the mode shape functions at the primary and control source locations'

Examination of the control force amplitude required to achieve control reveals that the

amplitude needed to reduce the pressure at three error sensors is generally less for a force
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applied to the floor portion of the test structure than for a force located on the shell

portion of the structure. The control force amplitude for a range of transverse control

source locations is shown in Figure 6.11, and for a range of circumferential locations in

Figure 6.12. Nfhough the control source positioned on the floor can be seen to achieve

reduction at the error sensors more easily, in that the control force required is generally

less than that required for a control source located on the shell, the actual reduction in

acoustic potential energy is not as great as that for a source located on the shell because

the control Source is not as well matched to the primary Source.

For the next case examined the control source was located on the shell portion of the

structure at the same circumferential location as the primary source, such that 0p = 0, =

165.3". The axiat location of the control source, Íc, was varied over the length of the test

structure. For a single effor Sensor, single control source configuration, approximately 40

dB reduction in pressure at the error sensor is achievable for all control source ærial

locations. The actual reduction in acoustic potential energy is shown in Figure 6.13, which

reveals that for the single sensor case the acoustic potential energy is only decreased for

control source locations, x., between I.2 m and 1.7 m, and is increased at other locations.

For increased numbers of error sensors the estimate of Eo provided by Jp is more

accurate, and the actual minimisation in Eo is closer to that theoretically achievable.

Figure 6.14 displays the control force amplitude required for control, while Figure 6'15

shows the corresponding control force phase. These figures illustrate the effect that the

estimate of Eo has upon the control force produced by the controller and its subsequent

effect upon the levels of Eo. In particular, Figure 6.15 reveals that minimisation of E, is
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only achievable when the control force phase calculated from the acoustic potential energy

estimate JO is very close to that theoretically required to minimis" Ep. Also it can be

seen that the control source is well matched to the primary source only within a relatively

small region a¡ound the primary source. This again indicates that there are a high number

of structural modes contributing to the response of the system. In comparison, considering

the extreme case of only one mode dominating the structural response, all control source

axial locations, x' would result in equivalent actual reductions in acoustic potential

energy, Eo, fot any number of error sensors.

The influence of effor sensor location upon the performance of active control applied to

the test structure was investigated for the case of a single control source located at the

same axial height, Íc, aS the primary Source such that xp = x" = t.323 m' The control

source circumferential location was set to 0 c = 237 'Oo' For the first case the axial location

of the erïor sensot, xe, was varied over the length of the acoustic space for a fixed cross-

sectionallocationof0,=63oandr,la=0.¿A66'Apressurereductionof40dBwas

encountered for all xr. Figure 6.16 shows the influence of the sensor location upon the

level of acoustic potential energy reduction for 1, 2 and 3 sensor configurations. The

theoretical maximum reduction in Eo for the primary and control source configuration

used is 3.3 dB. Figure 6.16 reveals that for the one sensor case the level of reduction in

E, is dependent on the elror Sensor location, and that for x" between 0 and 1'5 m' the

level of reduction is close to that theoretically achievable for minimisation of Ep

Increasing the number of error sensors reduces the influence of any particular error sensor

upon the levels of reduction, and the 3 sensor configuration produces levels of reduction
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close to those theoretically achievable for all axial locations of error sensor 1. The results

presented in Figure 6.16 indicate that having the error sensor, control source and primary

source in the same cross-sectional plane' at x, = xc = xe = r'323 m' does not give the

greatest level of reduction in EO, and that it is also not important that the error sensor be

nea¡ the region of the primary or control source to achieve levels of reduction close to

those theoretically Possible.

For the following case the cross-sectional location of the error sensor was varied over a

fixed plane at x" = I.323 m. Figures 6.17, 6.18 and 6.19 show the level of reduction in

E, achievable for cross-sectional va¡iation of this sensor for the 7, 2 and 3 sensor

configurations. These figures indicate the level of reduction in Eo is dependent upon the

e¡¡or sensor location, and that reduction levels approaching the theoretical ma,ximum

reduction in Eo of 3.3 dB are only realised in a small band for the single error sensor

case. Increasing the number of error sensors increases the size of the area for which the

paficular error sensor location produces a reduction in E o. Thus, in a practical situation

wherein the locations of the error sensors and the control sources are likely to be fixed,

increasing the number of enor sensors increases the likelihood of achieving a reduction in

the acoustic potential energy within the cabin.

Figure 6.20 displays the relationship between the number of control sources applied to the

structure and the level of reduction ln Eo, for the error criterion of minimisation of Eo

The control source locations are given in Appendix C. The figure illustrates that the level

of reduction in Eo increases with the number of control sources in an approximately
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Figure 6.17
location.

EO reduction for 1 error sensor at 83 Hz as a function of sensor

Figure 6.18 E. reduction for 2 enor sensors at 83 Hz as a function of sensor

location, with thð other sensor fixed at (xr,0", r¿/a) - (2.430 m,249.0", 0.7728).
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Figure 6.19
(x",Q",rn/a) =

fixed at

linea¡ manner. Also shown in Figurc 6.20 is the relationship between the number of

control sources and the sum of the control force amplitudes required to achieve the

corresponding reduction in acoustic potential energy, Eo.The figure reveals that the total

force amplitude input to the structure increases with the number of control forces. [n

addition, the sum of quadratically optimised control force amplitudes, in Newtons, is

closely related to the reduction in acoustic potential energy, Eo, expressed in dB, upon

application of the quadratically optimised control forces. The individual force amplitude

components are shown in Figure 6.21, which indicates a general trend for the quadratically

optimised amplitude of each control force to decrease for an increasing total number of

control sources. As shown in the figure, there are exceptions to the trend; for example, in

the instance when the number of control sources increases from 3 to 4, the control force

amplitude for control source 2 rises from 0.2 N to 1.2 N. Thus in a practical context,

E_ reduction for 3 error sensors at 83 Hz, with two sensors

(2"A30 m, 249.0", 0.7728) and (0.649 m, 112.0o, 0.5069).
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increasing the number of control sources does not necessarily reduce the control force

amplitude required from a particular control source.

6.3 SIMTJLATIONS FOR RESONANT ACOUSTIC SPACE EXCITATION

FREQTJENCY

For the remainder of the simulations performed, an excitation frequency of 57 Hz was

used, which corresponds to resonant excitation of the (s1, 1) acoustic mode. For the

primary source located as in the previous tests, and of equivalent complex force, and a

single error sensor located at î" = (x",Q*r"la) = (1.7178 m, 63.0o, 0.4466)' a single

control source was utilised over a range of circumferential locations, 0., for a f,rxed

control source ærial location, xc = 1.323 m. Figure 6.22 shows the resultant reduction in

E,for the minimisation of. JO, obtained from dhe single error sensor. For this single error

sensor case, the pressure reduction at the error sensor is approximately 40 dB for all 0r.

At the control source location, 0., which yields the greatest level of reduction in EO for

the 57 Hz case, the level of reduction is less than that for the corresponding 83 Hz case.

At other control source locations the levels of reductionin E, are generally greater for an

excitation frequency of 57 Hz than for an excitation frequency of 83 Hz. AIso, for an

excitation frequency of 57 Hz, there are far fewer control source locations for which

minimisation of Jo results in an increase in Eo. This indicates that for resonant excitation

of an acoustic mode, the estimate of EO provided by a single error sensor is more

accurate than the estimate provided for off-resonant excitation. Thus, the accuracy of.J 
O

asanestimateof EOisalsoafunctionof theexcitationfrequency.Figure 6-22also shows

the levels of reductionin Eo with minimisation of. Eo as the error criterion, for different
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Figure 6.23
sensors with
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E, reduction as a function of 0. at 57 Hz for various numbers of error
1 ôontrol source.
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ßigare 6.22 Eo reduction as a function of 0" at 57 Hz for various numbers of
control sources.
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numbers of control sources. Again, as the number of control sources is increased the levels

of reduction in EO rise for all circumferential locations of control source 1.

Using the l0 control source case as an example, the minimum level of reduction \n EO

over the range of circumferential control source locations examined is around 17 dB. In

comparison, the same configuration of control sources produces a minimum reduction of 7

dB for the 83 Hz excitation case. Thus it appears from the cases examined that greater

levels of reduction in acoustic potential energy are achievable at frequencies corresponding

to resonant acoustic excitation. Figure 6.23 shows the levels of reduction in Ep for

minimisation of J o obtuned for different numbers of error sensors, with a single control

source. With comparison to Figure 6.22, as the number of error sensors is increased, the

acoustic potential energy estimate, Jp, increases in accuracy, with 3 error SenSorS

providing an estimate which produces almost equivalent levels of reductionin EO to those

theoretically achievable.

Figure 6.24 displays the increase in vibrational kinetic energy within the structute, Vy fot

the 1, 2 and 3 sensor configurations. The figure indicates that for the resonant excitation

case examined, a control source location for which the mode shape function is poorly

matched to the mode shape function at the primary source will not greatly increase the

vibrational kinetic energy in the structure. Also, an increased number of error sensors does

not significantly reduce the levels of Vo produced due to the application of active control'

Figure 6.24 also reveals that for a reduction in acoustic potential energy within the

acoustic space, the vibrational kinetic energy within the structure may rise. Hence, an error
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criterion based upon minimisation of the vibrational kinetic energy, VO, would not reduce

the acoustic potential energy, EO, for all circumferential control source locations, 0".
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Figure 6.24 V, increase as a function of 0. at 57 Hz for various numbers of enor

sensors with I ôontrol source.

Comparing the acoustic modal response for a single error sensor and a single control

source located ât 0, = 42o, shown in Figure 6.25, with that for a control source located at0.

= 48o, shown in Figure 6.26, it can be seen that, for a 6o change in the control source

circumferential location, the mechanism by which a reduction of pressure at the error

sensor is achieved has altered. In addition, the ability of the single error sensor to estimate

Eo has also altered. Figure 6.25 shows that the amplitude of the f,rrst acoustic mode has

been reduced to provide the reduction at the error sensor, whereas Figure 6.26 shows an

increase in the amplitudes of all of the modes displayed, because modal re¿ìrrangement is

the mechanism by which a reduction has been achieved at the error sensor. Thus for an
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Figure 6.25 Acoustic mode response at 57 Hz for I control source at 0" = 42o and

minimisation of .Io from 1 error sensor.

I pnmary

controlled

zto



,l

iri

ü

r

Chapter 6. Effect of sensor/source configuration on cylinder with floor

relative modal phase

pnmary

controlled

primary

I controlled

0
12345678

acoustic mode
Figure 6.26 Acoustic mode response at 57 Hz for I control source 0c = 48o and

minimisation of Jo from 1 error sensor.
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Chapter 6. Effect of sensor/source configuration on cylinder with floor

excitation frequency corresponding to acoustic resonance, modal realTangement may still

be the control mechanism by which the pressure at the error sensors is minimised, leading

to increased levels of acoustic potential energy in the enclosure. This is because the

coupling between the structural modes and the acoustic modes is not highly selective for

the test structure examined here, which directly incorporates the influence of the cabin

floor. This non-selective coupling results in a large number of acoustic modes contributing

to the acoustic response, even at a frequency corresponding to an acoustic mode

resonance, hence allowing the possibility of modal reaffangement as a control mechanism.

Examination of the modal responses for the same control source locations for an error

criterion of minimising Eo, shown in Figures 6.27 and 6.28, reveals that modal amplitude

reduction is the control mechanism for both control source circumferential locations. This

indicates that if an accurate estimate of Eo is provided to the controller, the mechanism

by which a reduction in E, is achieved will generally be modal reduction, however, not

all acoustic modes will be reduced in amplitude. Figures 6.27 and 6.28 reveal that even

though modal amplitude reduction is the control mechanism, only the amplitude of the

dominant acoustic mode has been signif,rcantly reduced and other acoustic modes have

actually increased in amplitude, to produce a resultant decrease in the acoustic potential

energy. This indicates that an error criterion based upon reducing the acoustic modal

amplitudes would not necessa¡ily reduce the acoustic potential energy in the cabin.

Figure 6.29 shows the control force required of a single control source to achieve 40 dB

reduction in pressure at a single erïor sensor located in the acoustic space. The figure
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Figure 6.29 Required control force amplitude as a function of 0. fot 57 Hz and 83

Hz excitation with 1 control source.

reveals that for the circumferential control source locations examined, the control force

required is generally much less for the resonant acoustic excitation case than for non-

resonant acoustic excitation. This again confirms that the control source location and force

required to achieve a level of control are a function of frequency.

6.4 CONCLUSIONS

A number of simulations were conducted to determine the influence of a number of

different e1¡or sensor and control source configurations upon the effectiveness of active

control applied to a test structure consisting of a finite length cylinder with a structurally

integral longitudinal floor partition. The measure used to determine the effectiveness of the

source/sensor configurations was the acoustic potential energy, Eo, in the region enclosed
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by the structure. The vibrational kinetic energy, Vp, associated with out-of-plane

displacement of the structure was also monitored. The error sensors used in the

simulations measured acoustic pressure at a point. Control was applied via point forces

input to the structure and the primary excitation was a harmonic point force input. The

simulations were performed at two frequencies: 83 }Jz, corresponding to off-resonant

excitation of the acoustic space; and 57 Hz, corresponding to an acoustic mode resonance.

The simulations performed indicate that the accuracy of the estimate of the acoustic

potential energy, provided by the sum of the acoustic pressure amplitudes at a number of

e¡¡or sensors, is not only a function of the number of error sensors but also the location of

the control sources relative to the primary source, and also the excitation frequency.

The level of reduction in acoustic potential energy was seen to be proportional to the

number of control sources, and it was also found that the sum of the quadratically

optimised control force amplitudes, in Newtons, is linearly related to the reduction in

acoustic potential energy, expressed in dB. The level of reduction in acoustic potential

energy was also dependent on the control source location. The level of reduction was

greatest for control source locations which were well matched to the primary source, in

that the control source could generate a structuraL/acoustic response closely approximating

that produced by the primary source acting alone. Thus, the degree to which the mode

shape functions at the control source location can match those at the primary source

location determines the level of control achievable. For control source locations which

were not well matched with the primary source, use of multiple effor sensors, generally
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three or more, improved the accuracy of the estimate of the acoustic potential energy, and

thus increased the likelihood that the acoustic potential energy would be decreased under

the application of active control. Multiple error sensors also reduced the amount by which

the vibrational kinetic energy would rise, as a consequence of minimising the acoustically

sensed error criterion.

The control mechanism by which minimisation at the error sensors was achieved, either

modal reduction or modal rearïangement, was found to be a function of the control source

location and number, and also the ellor Sensor location and number.

The level of reduction in acoustic potential energy, for a given configuration of control

sources and efïor sensors, was found to be greater for an excitation frequency

corresponding to resonant excitation of the acoustic space, than for off-resonance

excitation. Also, the control force amplitude required to achieve an equivalent level of

reduction in the error criterion is generally less for resonant acoustic excitation than off-

resonance excitation.

In summary, for the type of structuraVacoustic system examined, in which a large number

of non-selectively coupled structural and acoustic modes contribute to the response, the

factor of major importance is cha¡acterisation of the primary excitation' Accurate

cha¡acterisation of the primary excitation would enable a suitable ¿urangement of control

sources, well matched to the primary excitation, to be configured such that the control

sources could produce an equivalent structuraUacoustic response to the primary excitation
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acting alone. Use of multiple error sensors, generally three or more, located within the

acoustic space, would ensure that the acoustic potential energy is minimised under the

application of active control, and would also limit the amount by which the vibrational

kinetic energy of the structure increases.

Increasing the number of control sources increases the level of reduction in acoustic

potential energy in the cabin, provided a sufficient number of error sensors are used to

estimate the acoustic potential energy error criterion.
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Chapter 7. Conclusions

CHAPTER 7. CONCLUSIONS

The application of active control, and in particular the effect of the control source and

error sensor conf,rguration, has been examined for two physical systems; one a modally

discrete system and another a modally continuous system.

The first physical system examined, a rigid walled duct of rectangular cross-section, is a

discrete modal system because the number of propagating acoustic modes is determined by

the duct geometry and the excitation frequency. Hence, for a given frequency, a f,rnite

number of modes a¡e able to propagate, and the system is thus modally discrete. The

second physical system examined, a. simplifìed model of a light aircra.ft fuselage,

consisting of a finite length cylinder with a structurally integral longitudinal floor partition,

and the acoustic space enclosed by the structure, forms a system which is modally

continuous because all structural and acoustic modes contributé to the interior sound field

to varying degrees, with a finite number of dominant modes contributing most to the

enclosed sound field at any particular frequency.

A model was developed for the acoustic response within an arbitrary length hard-walled

duct in terms of the termination impedance conditions, and was shown to be appropriate

for both plane wave and higher order mode propagation. Agreement between the

theoretical values and experimental data was demonstrated for terminations ranging from

totally reflective through to anechoic. Accurate determination of the source volume

velocity using the method employed here was shown to be a problem for frequencies at
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which higher order modes propagate. Methods of improving the accuracy of this technique

will need to be investigated in future. Accurate prediction of the impedance functions for

the case of a flanged duct radiating into free space was verified using a modal

decomposition technique based upon the measurement of transfer functions between an

appropriate number of locations in the duct.

The duct analytical model was used to evaluate hve different elror sensor strategies for the

active control of plane wave and higher order mode propagation in a hard-walled

rectangular duct with various termination conditions. These strategies were: minimisation

of the squared pressure amplitude at a point; minimisation of the sum of the squared

pressure amplitudes at a number of locations throughout the duct; minimisation of the sum

of the squared pressure amplitudes at a number of locations downstream of the control

source; minimisation of the total real acoustic power output of the primary and control

sources; and a newly proposed technique of minimisation of the acoustic power flow

downstream of the control source, as determined by modal decomposition of the duct

sound field. From the results obtained using the five different elror sensor strategies, the

most appropriate strategy for minimising the sound field downstream of the control source

was found to be minimisation of the downstream power flow, because an estimate of

downstream power flow obtained from modal decomposition of the duct sound field was

the most robust technique in terms of varying excitation frequency and varying termination

conditions. The downstream power flow estimate technique yielded levels of power flow

reduction equal to or greater than the other error sensor strategies for all of the tests

conducted.
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For excitation frequencies at which the contribution of evanescent modes to the overall

sound field in a duct was negligible, and for a sensor/source configuration consisting of a

number of control sources and a number of error sensors equal to the number of

propagating acoustic modes, it was found that minimising the sum of the pressures at the

enor sensors was equivalent to minimising the downstream power flow for a duct with

any arbitrary termination conditions. This is provided that the effor sensors are located in

the same cross-sectional plane. If they are not located in the same cross-sectional plane,

then minimisation of the sum of the pressures at the error sensors is equivalent to

minimisation of an estimate of the acoustic potential energy in a region downstream of the

control sources, which is not equivalent to minimisation of the downstream acoustic power

flow. For excitation frequencies at which evanescent modes are significant, a modal

decomposition can be used to eliminate the effect of evanescent modes from the error

signal.

The modally continuous physical system consisting of a finite length cylinder with a

structurally integral longitudinal floor partition, and the acoustic space enclosed by the

structure, was also examined. A model describing the response of this system to harmonic

point force excitation rwas presented. The system was modelled theoretically using modal

coupling theory between the structure and the interior acoustic field. The structural mode

shapes were determined using component mode synthesis, which combines the mode shape

basis functions for the plain cylinder and the floor to obtain a mode shape function for the

total structure. Good qualitative agreement was found between the theoretical structural

mode shapes and those found experimentally by modal analysis. The theoretical resonance
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frequencies of the structural modes were found to differ slightly from those obtained

experimentally, with the theoretical analysis tending to overestimate the frequencies. This

is thought to be due to the joint between the shell and floor not being completely rigid, as

modelled in the theory. Inhomogeneities in the test structure, introduced by the welding

process used for construction, caused the theoretical and experimental axial structural

mode shape functions to differ slightly. The structural imperfections also appeared to have

an effect upon the acoustic response for point force excitation of the structure.

The two-dimensional acoustic mode shape functions were found using a f,rnite difference

implementation of the Helmholtz equation, while the axial acoustic mode shape function

was made equal to that of a rigid-walled one-dimensional enclosure. Experimental work on

a test structure was presented and the results compared with a number of theoretical

predictions. The agreement between the theoretical and experimental acoustic mode

resonance frequencies was excellent. The acoustic mode shapes determined by experiment

and theory were found to be in qualitative agreement, for excitation of the acoustic space

by an acoustic Source, and for point force excitation of the structure.

Experimental and theoretical results wete presented for the application of active noise

control to the coupled structuraL/acoustic system. Comparison of the theoretical and

experimental results for point force excitation of the structure revealed that the theory

underestimated the amplitude of the acoustic response for both the primary and controlled

cases. The theory was able to predict the relative levels of reduction and the general trends

for the effect of each of the source/sensor configurations examined.
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The error sensor criteria used in this study for the two physical systems were different.

For the duct case the objective was to minimise the acoustic power propagating

downstream of the control sources. This reduction downstream of the control sources may

result in increased levels of acoustic pressure in the region between the primary source

and the control source; however, this was not included in consideration of the

effectiveness of the error criterion. Thus, as the whole of the acoustic field is not

minimised, but only the portion of interest, the error criterion can be considered a local

criterion. For the cylinder with an integral floor the objective was to minimise the acoustic

potential energy in the enclosure, and thus the whole of the acoustic field was given

consideration when determining the effectiveness of the application of active noise control.

Examination of the results from the study of error sensor strategies for the modally

discrete duct case revealed that it was possible to sense all acoustic modes, with a suitable

affangement of error sensors and processing of the sensor signals, for any number of

control sources and control source locations. For the modally continuous cylinder with

floor case it generally was not practical to sense all of the acoustic modes. An estimate of

the total response was determined from a finite number of error sensors rather than a

modal criterion. In contrast to the duct case, the estimate provided by the error sensors

was found to be a function of the number and location of the error sensors, the location of

the control sources relative to the prima¡y source, and the excitation frequency.

The work on the modally discrete physical system indicates that there is a particular

number of control sources, equal to the number of propagating acoustic modes, for which
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the amount of attenuation in downstream acoustic power flow is constant for all control

source locations. The amount of attenuation for this particula¡ number of control sources is

greater than that for a lesser number of control sources, and the system is also more robust

in terms of placement of the control sources. Having a number of control sources greater

than the number of propagating acoustic modes does not yield greater levels of reduction.

For the modally continuous physical system, the level of reduction in the error criterion is

much more a function of the control source location relative to the primary source. In

addition, as the number of control sources is increased, the level of reduction in the

minimisation criterion is also increased.

For the modally discrete system, with the number of control sources less than the number

of propagating acoustic modes, the results obtained for semi-infinite ducts revealed that

the reduction in total acoustic power is dependent upon the relative location of the primary

and control sources, both laterally across the wall of the duct and axially along the duct.

The reduction in total acoustic power was found to be a maximum at axial source

separation distances corresponding to multiples of half-wavelengths of the propagating

modes, and at relative lateral locations such that the primary and control source mode

shape function values were equivalent. Thus, the degree to which the mode shape

functions at the control source location can match those at the primary source location

determines the level of control achievable. Similarly, for the modally continuous system,

the degree to which the mode shape functions at the control source location match those at

the primary source location will determine the level of control, especially for a small

number of control sources. For multiple control sourcss, the level of matching between the
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mode shape functions at the prima¡y and control source locations is determined by the

degree to which the confrguration of control sources can excite the system to produce a

response equivalent to that for single control source, located such that the mode shape

function is equal to that at the primary source location.

The nature of the duct system examined, which has a finite number of propagating

acoustic modes with a repetitive ærial structure, implies that generally there are a number

of control source locations which have mode shape functions equal to those at the primary

source location. In the modally continuous physical system, the large number of structural

and acoustic modes, and the non-selective coupling between them which causes the

majority of the acoustic modes to be coupled with the majority of the structural modes to

some degree, generally results in there being relatively few control source locations which

have mode shape functions equal to those at the primary source location. Thus, for the

modally discrete case, with a number of control sources less than the number of

propagating acoustic modes, characterisation of the primary source is an important

consideration, as the locations of the control sources relative to the primary source will

determine the levels of reduction. Similarly, for the modally continuous system

cha¡acterisation of the primary source is of major importance for determining the optimal

control source locations, as the degree to which the mode shape functions at control source

locations are matched to those at the primary source location determines the level of

reduction achievable, and may also affect the accuracy of the estimate of the error

criterion obtained from the enor sensors.
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If the number of control sources used in the modally discrete duct case is equivalent to the

number of propagating acoustic modes, characterisation of the primary source is no longer

important, as the number of control sources ensures that the control configuration is

effectively well matched with the primary source for all control source locations. The

control sources and primary source are well matched because the control source

configuration having a number of sources equal to the number of propagating acoustic

modes is able to provide a response which is equivalent to that for a single control source,

located such that the mode shape function of each propagating mode is equal to that at the

primary source location. As it is generally not feasible to have a number of control

sources equal to the number of structural modes for the modally continuous case, the level

of reduction achievable is generally limited by the number of control sources used in the

error sensor and control source configuration.

It is recommended that future work on the active control of higher order modes in ducts

be concentrated upon implementing the modal decomposition determination of downstream

power flow error strategy. In a practical system, the signals from the microphones used for

the modal decomposition would need to be processed at some stage to obtain an error

signal proportional to the downstream power flow. This may be performed digitally within

a feedforward adaptive controller, or prior to the controller input by a separate circuit.

For the f,rnite length cylinder with a structurally integral longitudinal floor, a number of

simulations were conducted to determine the influence of a number of different error

sensor and control source configurations upon the effectiveness of active control applied to
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such a test structure. The measure used to determine the effectiveness of the source/sensor

configurations was the acoustic potential energy in the region enclosed by the structure.

The vibrational kinetic energy associated with out-of-plane displacement of the structure

was also monitored. The error sensors used in the simulations measured acoustic pressure

at a point. Control was applied via point forces input to the structure and the primary

excitation was a harmonic point force input. The simulations were performed at two

frequencies: 83 Hz, corresponding to off-resonant excitation of the acoustic space; and 57

Hz, corresponding to an acoustic mode resonance.

The simulations performed indicate that the accuracy of the estimate of the acoustic

potential energy, provided by the sum of the acoustic pressure amplitudes at a number of

enor sensors, is not only a function of the number and location of the enor sensors but

also the location of the control sources relative to the primary source, and also the

excitation frequency.

The level of reduction in acoustic potential energy was seen to be proportional to the

number of control sources, and it was also found that the sum of the quadratically

optimised control force amplitudes, in Newtons, is linearly related to the reduction in

acoustic potential energy, expressed in dB. The level of reduction in acoustic potential

energy was also dependent on the control source location. The level of reduction was

greatest for control source locations which were well matched to the primary source, in

that the control source could generate a structural/acoustic response closely approximating

that produced by the primary source acting alone. Thus, the degree to which the mode

227



Chapter 7. Conclusions

shape functions at the control source location can match those at the primary source

location determines the level of control achievable. For control source locations which

were not well matched with the primary source, use of multiple error sensors, generally

three or more, improved the accuracy of the estimate of the acoustic potential energy, and

thus increased the likelihood that the acoustic potential energy would be decreased under

the application of active control. Multiple error sensors also reduced the amount by which

the vibrational kinetic energy would rise, as a consequence of minimising the acoustically

sensed error criterion.

The control mechanism by which minimisation at the error sensors was achieved, either

modal reduction or modal rearrangement, was found to be a function of the control source

location and number, and also the efror Sensor location and number.

The level of reduction in acoustic potential energy, for a given configuration of control

sources and error sensors, was found to be greater for an excitation frequency

corresponding to resonant excitation of the acoustic space, than for off-resonance

excitation. Also, the control force amplitude required to achieve an equivalent level of

reduction in the error criterion was generally less for resonant acoustic excitation than off-

resonance excitation.

For the type of modally continuous structural/acoustic system examined, in which a large

number of non-selectively coupled structural and acoustic modes contribute to the

response, the factor of major importance is characterisation of the primary excitation.
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Accurate characterisation of the primary excitation would enable a suitable a:rangement of

control sources, well matched to the primary excitation, to be configured such that the

control sources could produce an equivalent structuraUacoustic response to the primary

excitation acting alone. Use of multiple enor sensors, generally three or more, located

within the acoustic space, would ensure that the acoustic potential energy is minimised

under the application of active control, and would also limit the amount by which the

vibrational kinetic energy of the structure increases.

Increasing the number of control sources increases the level of reduction in acoustic

potential energy in the cabin, provided a suff,rcient number of error sensors are used to

estimate the acoustic potential energy error criterion.

For the finite length cylinder with a structurally integral longitudinal floor, it is

recommended that stiffening in the form of ring frames and stringers be incorporated into

the theoretical model, and the effect of the stiffening on the application of active control

be investigated, both by simulations and experimental work. The addition of stiffening

would make the model more representative of a real aircraft fuselage. The inclusion of

stiffening would also decrease the modal density of the structural modes, allowing the

effect of resonant and non-resonant structural excitation on the performance of active

control to be examined more easily than for the unstiffened structure examined in this

thesis.

Incorporation of a propeller noise excitation model into the theoretical analysis would
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enable examination of the effectiveness of the application of active control to an aircraft

fuselage, and is also recommended for future work. The reduction in acoustic potential

energy in the cabin region enclosed by the f,rnite length cylinder and the floor was used in

this thesis as a measure of the effectiveness of active control applied to the simple aircraft

fuselage model. It is recommended that future work be directed toward investigation of

other error sensor criteria, such as minimisation of the acoustic pressure in a region of the

cabin, for example, a¡ound the pilot and passengers seated position, and also applying

some small weighting to minimisation of fuselage vibration levels so that these do not

unduly increase as a consequence of the application of active control.
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APPENDIX A

The stiffness matrix for the shell, for a particular ædal mode number ffi, l*r*1,

determined from Love's shell theory. This stiffness matrix can be partitioned as

rs
nl

I

ü,$

,l

iJ

ii
i
t'

V,*

I *ruu
I

] = | rrsuvlr
t^
lxsuw)'

KSUV

KSVV

(KSVW)r

KSUW

KSVW

KSWW

G rh,+-
o2

d0dx

(A1)

(43)

(44)

(A5)

For a shell of radius ø, length L, and thickness h", with material properties characterised

by Young's modulus E' density Ps, and Poisson's ratio V, the constants

KJ
E rh, (Aiz)

( t -v2)

Es
Gs

and

2(1 +v)

Erh
3
.t

D s 2I2(l -v )
¡

can be defined. The sub-matrices * K.] are given by

I

I

I

ri

2nL
KSUU =;li"[,*),

23t



Appendix A

KSUV = a
2nL''iTu*, a, ò, *Grh, òu ðu d'd*
¿f, a ð0âx a â0ðx

2nL
KSUv="ll

00

d0dx

(A6)

(A7)

(A8)

(Ae)

(A10)

(A11)

v Krw ¿u

T-a* d0dx

K s v v = .i il*. :lË)' . 

þ,,, 
. 
:,-JG*)' 

o' o.

I

I

ii
'I

2nL

"lï00

1ðv
7æ

KSVW =
Grh

æE
J
sâv ð" oro*

ðxð0

ò2w v D, ð2w

-+
ð*2 o2 aez

KSWW =

* t ð2r(rr-ð'r* P, a2rl*
o2 ag2 [ " ,"' "2 aez )

G,h?( ar,

-t
,oz [âxð0

2

The mass matrix for the strel, [Mr-], is a diagonal matrix with non-zero elements given

by

Ms

2nL

^ii= P,h,a I lf,o'o'00

\
i

I

I.

I
r

rì

¡.

,*'
T
.f

rt

'l

-{
r
i
t-

232



Appendix B.

APPENDIX B

The stiffness matrix for the plate, for a particular ærial mode number m,

determined from classical plate theory. This stiffness matrix can be partitioned such that

l*oÀ, ^

The constants Ko, Go and DO are defîned simitarly to those of the shell, for plate

thickness ho, length Z, Young's modulus Eo, densitY Pp, and Poisson's ratio v. The

sub-matric.r of þ.] are given by
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APPENDIX C
Table C.l

Control source locations used for multiple control source simulations

Control Source Location ycl0c xc

I

)

J

4

5

6

7

8

9

10

shell

shell

floor

shell

floor

shell

shell

floor

shell

shell

15.0'

107.2"

0.154 m

69.2"

-0.163 m

297.7"

283.7'

0.150 m

168.1 "

56.5"

1323 m

2.103 m

2.711 m

0.384 m

0.814 m

0.841 m

1.953 m

2.271 m

0.508 m

1.179 m

TabIe C.2

Error sensor locations used for multiple elror sensor simulations

Error Sensor e rola xe
e

I

2

3

4

5

6

7

8

9

10

63.00

249.0"

r\z.0"

14.3"

155.9"

20.7"

159.6'

116.9'

191.1'

15 1.1'

0.466

0.7728

0.5069

0.7822

0.0378

o.6336

0.860r

0.2245

0.2309

0.8651

1.718 m

2.430 m

0.649 m

1.461 m

0.851 m

2.894 m

0.632 m

0.572 m

2.030 m

1.018 m
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APPENDIX D
Table D.l

Microphone locations used for estimate of ,Io throughout duct

x 7v zlL

0.r71

0.090

0.078

0.055

0.120

0.055

0.028

0.031

0.102

0.151

0.198

0.158

t.977

2.932

2.840

o.654

1.108

1.1 13

o.62

0.92

0.89

0.20

0.35

0.35

Table D.2

Microphone locations used for estimate of Jrín the region downstream of the control
source located at zJL = O.4l

ilLx 1v

o.r7r

0.090

0.078

0.055

0.120

0.055

0.028

0.031

o.toz

0.151

0.198

0.158

2.607

2.454

1.981

1.501

1.796

r.766

0.82

0.77

o.62

0.47

0.56

0.55
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