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Abstract 

The propagation of waves in coupled structures, and the interaction between structural 

waves and the sound field in the surrounding fluid is an area of increasing importance for 

engineers. For example, noise and vibration problems arise when a reinforcing rib on a 

panel effectively scatters the structural waves, resulting in the transmission of vibrational 

energy as well as the radiation of sound. 

In a coupled beam-plate system, the transmission of the plate flexural waves 

through the reinforcing beam is related to the coupling between the plate flexural waves 

and the flexural and torsional waves in the beam. The maximum energy transmission 

through the beam occurs at the optimal coupling between the plate flexural waves and the 

beam flexural or torsional waves. Active control is applied to the beam to attenuate the 

far-field flexural energy transmission in the plate. Using information on the physical 

system, the control system is optimised to achieve the best control performance. 

The scattering of the subsonic structural waves also gives to supersonic 

wavenumber components of the plate vibration, which subsequently leads to sound 

radiation into the far-field of the fluid medium. The effect of the structural waves at both 

off-coincidence and coincidence on the radiating sound waves is examined. The 

maximum transfer of energy from the structure to the fluid occurs at the optimal coupling 

between the plate flexural waves and the acoustic waves in the fluid. Active structural 

acoustic control techniques are applied to the beam to attenuate the far-field sound 

pressure and sound power. 

Furthermore, the effect of various fluid loading conditions on structures also 

affects both the structural and acoustic responses. The primary responses associated with 

a line-force driven plate under both heavy and light fluid loading conditions is analytically 

investigated, and active control techniques are applied to the plate to attenuate the 

structural and acoustic responses. 

Control experiments are conducted on a semi-infinite, simply-supported ribbed 

plate to attenuate the plate wave transmission through the reinforcing beam. 
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Chapter 1 

General Introduction 

1.1 Introduction 

The interaction between structural and acoustical waves is an area of increasing 

importance for engineers. The characterisitics of many structures of practical interest can 

be understood by modelling rectangular, uniform, flat plates. Some examples include 

walls and floors of buildings, factory machinery casings, parts of vehicle shells, and hulls 

of ships and aircraft. Vibrations primarily exist in these panels due to mounted machinery 

or engines. For the purpose of estimating the structural vibration and sound radiation 

characteristics, it is advantageous to have a fundamental understanding of the wave 

propagation in structures and its coupling with the surrounding fluid medium. Structural 

discontinuities such as a rib on a plate further affect the structural and acoustic fields 

associated with a vibrating panel. The scattering of the structural wave field impinging on 

a discontinuity generates different wave types that may subsequently result in efficient 

radiation of sound into the adjacent fluid medium. 

Simple beams and plates, and coupled beam-plate systems are represented in the 

physical world as continuous systems. These continuous systems can be modelled with 

distributed mass, stiffness and damping. In order to properly describe the wave motion in 

a continuous structure, partial differential equations are used, resulting in expressions to 

describe the propagation of waves. A detailed discussion on waves in simple structures is 

given in a variety of texts including Fahy (1985), Cremer, Heckl and Ungar (1988), 

Wang (1953), and Junger and Feit (1986). The coupling of structural waves with the 

l 



surrounding fluid field and the propagation of waves in fluids can also be described by 

partial differential equations, force and displacement conditions and the coupling 

boundary conditions. These equations have been well established in texts such as 

Crighton et al (1992), Junger and Feit (1986), and Morse and Ingard (1968). 

The attenuation of the sound fields radiating from such structures is also an area of 

increasing importance. For example, noise and vibration problems arise when a 

reinforcing rib discontinuity on a panel effectively scatters the structural vibration, 

resulting in the transmission of structural energy as well as the radiation of sound into the 

surrounding fluid. Although there has been considerable research on the dynamic 

response of beam-reinforced plates, there has been very little work on the active 

attenuation of the waves in these structures, or their associated sound radiation. 

This thesis is primarily concerned with the analytical modelling of both infinite and 

semi-infinite ribbed plates. Infinite structures are represented in the physical world by 

those structures with sufficient absorption at the boundary edges. Semi-infinite plates are 

modelled with simply supported boundaries in one direction, and total absorption in the 

other. The effect of different surrounding fluid mediums on the structural response and 

sound radiation is considered. Fluid-loading on structures is also becoming the focus in 

areas of research in marine engineering, where the sound radiation of ships and other 

marine vessels is significant. The nature of the fluid-loading (e.g. heavy or light) on the 

structure can affect both the structural and acoustic responses. There is very good 

impedance match between the bending waves in thin plates and the surrounding fluid, that 

is, bending vibrations in thin plates are very efficient radiators of sound. In this thesis, 

only flexural waves in plates are considered, since those wave types are excited easily by 

mounted machinery and provide the most efficient mechanism for sound radiation. Active 

control applications are then investigated in order to attenuate the structural and acoustic 

responses. The control systems are optimised using information on the physical system 

to both simplify the control application and also to achieve the best control performance. 
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This thesis will address the following: 

I. Vibration and sound radiation associated with an infinite ribbed plate. 

(i) The effect of the beam discontinuity on the structural fields associated with the 

primary excitation of a ribbed plate under light fluid-loading conditions. 

(ii) Application of an optimally designed active control system to the reinforcing beam 

of the ribbed plate to attenuate the far-field transmitted propagating plate waves. 

(in) The effect of the structural coincidences on the sound fields radiating from the 

ribbed plate under light fluid-loading. 

(iv) Application of an optimally designed active structural acoustic control (ASAC) 

system to attenuate the far-field sound pressure and radiated sound power from the 

ribbed plate. 

(v) The effect of heavy and light fluid-loading conditions on both the structural and 

acoustic responses of a plate with discontinuities. 

(vi) Active control of the far-field structural and acoustic responses of the plate with 

discontinuities under heavy and light fluid-loading conditions. 

II. Waves in a semi-infinite ribbed plate. 

(vii) The dynamic response of a semi-infinite beam-reinforced plate. 

(viii) Application of an optimally designed active control system to attenuate the 

transmitted flexural energy in the ribbed plate. 

(ix) Experiments on a semi-infinite ribbed plate to actively attenuate the transmitted 

plate waves through the reinforcing beam. 

In the analyses of the primary structural vibration field, the entire ribbed plate system is 

modelled by a continuous system, using equations of motion to describe the plate in 

flexure, and the reinforcing beam in both flexure and torsion. Special attention is given to 

the wave coupling at the boundary interfaces between the beam and the plate, thereby 

resulting in an understanding of the plate flexural transmission, reflection and near-field 

effects observed at the beam-plate interconnections. The effect of the beam discontinuity 
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on the radiating sound fields is also examined. For example, an acoustically slow wave at 

low frequencies travelling in the plate does not radiate energy into the surrounding fluid 

medium. However, when it is incident on the beam discontinuity, the scattered structural 

wave field gives rise to both subsonic and supersonic wavenumber components in the 

vibrational response, which subsequently leads to radiating sound waves into the 

surrounding fluid field. In this example, all structure-borne sound radiation is due to the 

scattering of the structural wave field at a rib discontinuity. 

To study the active attenuation of the primary vibration and sound fields, active 

control techniques are employed to attenuate the: (i) far-field plate flexural wave 

transmission through a reinforcing beam; (ii) the far-field radiating sound pressure and 

sound power of a ribbed plate under light fluid-loading; (iii) the far-field structural and 

acoustic responses of a line-force driven plate under both heavy and light fluid-loading 

conditions. Attenuation of the acoustic responses are achieved using active structural 

acoustic control methods, where the control inputs are applied to the structure, and the 

error sensors are located in the far-field of the surrounding fluid. Using feedforward 

control techniques, cost functions are developed for the minimisation of the far-field 

flexural energy in the plate, the far-field local sound pressure, and the radiated sound 

power. 

For practical application of a control system, it is desirable to make the control 

system as simple and effective as possible. The approach to the design of the active 

control system involves using information on the dynamic nature of the physical system. 

Combining both passive and active control results in a simplified and optimal control 

system design to maximise the control performance. 

1.2 Objectives 

The objectives of this thesis are as follows: 
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1. T o achieve the optimal design of an active control system to attenuate the plate flexural 

wave transmission in the far-field of an infinite ribbed plate. At the structural 

coincidences corresponding to the optimal trace wave matching between the plate 

flexural waves and the beam flexural or torsional waves, the beam acts as an ineffective 

attenuation device. Using the beam as a passive controller, an active control system is 

applied to the beam to attenuate those waves corresponding to the maximum 

transmission through the beam at the structural coincidences. 

2. To investigate the acoustic fields generated by the scattering of a subsonic structural 

waves across the reinforcing beam in a ribbed plate system. The sound fields are 

evaluated by numerical integration of the wavenumber spectrum. The effect of the 

structural coincidences on the radiating sound fields is examined in detail. In doing so, 

it is possible to identify exactly those structural waves at both structural coincidence 

and off coincidence that contribute to the radiating sound fields. 

3. To design an active structural acoustic control system to attenuate the structure-borne 

sound radiation from the ribbed plate. The ASAC system is both optimised and 

simplified by identifying and attenuating only those waves that contribute to the 

radiating sound fields. 

4. The effect of various fluid-loading conditions on a line-force driven infinite plate is 

investigated, and the results compared with the structural and acoustic responses in the 

absence of fluid-loading. Using this information, active control systems are optimally 

designed to attenuate the far-field structural and acoustic responses. 
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5. T o examine the m a x i m u m plate flexural energy transmission through a finite 

reinforcing beam of a semi-infinite ribbed plate system. The dynamic nature of the 

semi-infinite ribbed plate can be determined using information on the beam-plate 

coupling of the infinite ribbed plate system. Maximum transmission occurs at flexural 

and torsional resonance conditions corresponding to when the plate modal 

wavenumber matches the beam's natural flexural and/or torsional wavenumbers. 

Using this information, the active control system applied to the beam is optimally 

designed to attenuate the maximum transmitted waves at the resonance conditions. 

6. Experiments are conducted on a semi-infinite simply supported beam-reinforced plate. 

The feasibility of attenuating the plate response by actively modifying the beam 

response is investigated. Active control of vibration at both single and band-limited 

frequencies are conducted and compared. 

1.3 Layout of the thesis 

Chapters 2, 3, 4 and 6 have their own literature review. In this way, the literature reviews 

correspond directly to the work in that Chapter. The literature review in Chapter 2 

includes beam-reinforced plates of both infinite and finite extent, although the work on 

finite ribbed plates can be found in Chapter 5. Chapter 2 reviews both infinite and finite 

ribbed plates in order to obtain a direct comparison between the two physical systems, 

which results in a better understanding of their dynamic responses. 

The work in Chapter 2 begins with a review of the analytical work done by Ungar 

(1961) on the coupling and dynamic response of a plate symmetrically stiffened by a 

single rib. With a complete understanding of the dynamic response of the ribbed plate 

due to the scattered structural wave field at the rib discontinuity, it is then possible to 



design an optimal control system to locally attenuate the propagating plate waves at their 

maximum transmission. 

Chapter 3 examines the structure-borne sound fields radiating from the ribbed 

plate. Active structural acoustic control techniques are employed to optimally design a 

control system to attenuate the radiating acoustic fields. The literature review of Chapter 3 

includes analytical work on active control of the sound fields radiating from homogeneous 

structures such as single beams and plates, as there is very little work related to ribbed 

plates. Review of the experimental work on the acoustic fields radiating from beam-plate 

structures can be found in Chapter 6. 

Chapter 4 examines the structural and acoustic responses of a thin elastic plate 

with a line discontinuity and under various fluid-loading conditions. An active control 

system is optimally designed to attenuate the far-field propagating plate waves, and an 

ASAC system is optimally designed to attenuate the far-field radiating sound pressure and 

radiated sound power. 

Chapter 5 investigates the dynamic response of semi-infinite ribbed plates. Active 

control is applied to attenuate the maximum transmitted plate flexural waves. 

Chapter 6 presents some experimental work on a semi-infinite ribbed plate. Two 

sets of control experiments corresponding to single and band-limited frequencies are 

presented. The literature review of Chapter 6 discusses the experimental work related to 

the vibrational response and active control of ribbed plates. Chapter 6 also reviews 

experimental work on active control of the acoustic fields radiating from single beam and 

plate structures. However, experimental work on the dynamic response and active control 

of sound fields radiating from ribbed plates is beyond the scope of this thesis. 

Finally, Chapter 7 is a summary of the work presented in this thesis, and also 

outlines the scope for future work in this field of study. 

7 



Chapter 2 

Active attenuation of the plate flexural wave 

transmission through a reinforcing beam 

2.1 Introduction 

The effect of a reinforcing rib attached to a plate on the structural response is fundamental 

in the study of noise and vibration problems in aerospace and marine industries. The 

scattered structural wave field at the beam discontinuity can produce vibrations problems, 

as well as the efficient radiation of structure-borne sound. It is desirable to attenuate the 

structural fields associated with ribbed plates, and the possibility using active control 

techniques to achieve this is investigated in this Chapter. 

The study of stiffened plates has been given serious consideration, and can be 

classified into three categories: (i) a single reinforced beam on a thin elastic plate, (ii) 

multiple periodic ribs attached to a plate, and, (iii) arbitrary located stiffeners attached to a 

plate. The proceeding literature review will discuss all of these categories, including 

structures of both infinite and finite extent. The acoustic responses of ribbed plates is 

dealt with in Chapter 3. Furthermore, the application of active control to attenuate the 

structural fields associated with ribbed plates will be discussed. 

2.2 Literature Review 

2.2.1 Dynamic response of infinite and finite ribbed plate systems 
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Previous works conducted on plates reinforced by a single rib have examined in great 

detail the interaction between the beam and the plate, by concentrating on the dynamic 

stresses and couplings at the beam-plate boundaries (Ungar, 1961; Cremer, Heckl and 

Ungar, 1988). However, most work on periodically stiffened structures tend to 

approximate the rib stiffeners in a variety of ways such as exerting line forces and/or line 

moments at the rib location (Rumerman, 1975), adding mass and stiffness discontinuities 

in the plate at the beam location (Eatwell and Butler, 1982), or even replacing the beam as 

a line impedance operator (Maidanik, Tucker and Vogel, 1976). By understanding the 

dynamic nature of ribbed plate systems, it is possible to optimally design an active control 

system using a combination of passive and active control to attenuate the structural fields. 

For a symmetrically reinforced infinite beam-plate system, the stress resultants 

corresponding to the shear forces, bending moments and twisting moments per unit length 

of beam at the boundary interfaces between the beams and plate are summarised by 

Cremer, Heckl and Ungar (1973). Ungar (1961) presented a comprehensive analytical 

study of a symmetrically reinforced infinite beam-plate system, considering a plate in 

flexure and the beams in both torsion and flexure. At the beam boundary there is a 

discontinuity of both force and moment, which gives the driving term for the bending and 

torsional vibrations of the beam. Ungar developed expressions to describe the 

transmitted, reflected and near-field waves across the rib, due to scattering of the plate 

bending plane waves at the beam discontinuity. In an novel approach, he discussed the 

amount of plate flexural wave transmission in terms of 'trace-wave matching' between the 

flexural waves in the plate, and the flexural and torsional waves in the beams. The trace-

wave matching or 'coincidence' phenomenon causes an unattenuated propagation of the 

plane bending waves impinging at certain angles on the beam. These angles are also 

known as the structural coincidence angles. Away from the coincidences, there is very 

little transmission. Ungar presented valuable insight into a beam-plate system, showing 



that a beam may provide stress and vibration isolation of one portion of the plate from the 

other. 

Heckl (1961a) extended the analyses by Ungar to consider systems of finite 

extent, consisting of a plate finite in one direction and infinite in the other, and reinforced 

by a finite length of beam. The plate and beam edges are simply supported. Expressions 

for the transmitted and reflected plate flexural waves are given in terms of travelling waves 

along the infinite direction, and summation of the modes in the finite direction. Heckl 

found that the heavier the beam is, the more the transmitted energy is concentrated in the 

vicinity of the resonance frequency of the beam, where there exist many more bending 

wave resonances of the beam than torsional wave resonances. This phenomenon is also 

described in detail in this thesis in Chapter 5, on finite beam-plate systems. In his 

analysis on periodically stiffened plates, Heckl considered the beam to beam distance to be 

greater than at least one wavelength on the plate, and hence the structure cannot be 

analysed by orthotropic approximations (Huffington and Hoppmann, 1958). Heckl 

obtained the response of the wave propagation in periodically stiffened plates by adding to 

a propagation wave of a plate with a single rib all the reflections and transmissions it 

acquired along the way. Heckl showed that the bending wave propagation on a periodic 

beam plate system is characterised by 'stopping bands', where the propagation is 

attenuated, and by 'passing bands', where no attenuation occurs. The passing bands can 

be divided into two classes. One class lies near the resonance frequencies of the plate, 

and the second class lies near the frequencies of total transmission for a plate with a single 

beam. For a section of the plate excited by a point force, the mechanical power 

transmitted into the adjacent sections is concentrated mainly near the frequencies of total 

transmission, and the second and third beams give nearly no attenuation. In other words, 

the beams act like filters with the same frequency characteristic, and hence the addition of 

beams does not result in more attenuation in the total transmission band. Heckl concluded 

that the overall attenuation between the first and last section of the plate is not dependent 
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on the number of beams. Also, changing the distance between two beams should only 

influence those parts of the plate that lie between the two beams, but the overall 

attenuation should be unaffected. However, if beams of different shape are attached to the 

plate, the overall attenuation should be increased, because the beams are acting as different 

filters. These results are only valid for heavy beams. Light beams result in a mass 

controlled attenuation and do not give a filter effect. Therefore, the use of light beams of 

different shapes but the same weight does not influence the overall attenuation. Changing 

the shape of a beam (by simply turning it if it is not square in shape) gives a measurable 

increase in attenuation. Heckl also compared his results with some simple experiments, 

and these are further reviewed in Chapter 6. 

Lamb (1961) analytically obtained an expression describing the input impedance 

of a beam coupled to a plate. He considered the flexural vibration of an infinite beam 

reinforced plate, where the beam is excited by a localised harmonic driving force. The 

localised point force excites flexural waves in the beam, and only flexural beam and plate 

motions are considered. In his analysis, Lamb transformed the partial differential 

equation governing the flexural displacement of the plate into an integral equation. This 

was done by means of a two-dimensional Green's function, which incorporated the 

boundary conditions resulting from the presence of the beam. Integral transform 

techniques were then employed to solve this equation simultaneously with the differential 

equations governing the beam displacement. Lamb introduced a coupling parameter to 

describe the frequency dependent degree of coupling between the beam and plate. This 

was described in terms of the flexural rigidities of the beam and plate, and his results are 

based on the requirement that the beam stiffness is substantially greater than the plate 

stiffness. In the results of his mathematical analysis, Lamb found that as the frequency 

increases, the input impedance of the beam attached to the plate approaches that of a free 

beam. At lower frequencies, the plate adds an added stiffness to the input impedance of 

the beam attached to the plate, and hence the beam is able to vibrate less freely. 
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Kovinskaya and Nikiforov (1973) used integral transforms to analyse the flexural 

wave fields in an infinite plate reinforced by one, two and three parallel beams. In the 

first case, they consider an infinite plate and a reinforcing beam attached to it under the 

action of a point force applied to the beam. In this case, only beam and plate flexural 

motions exist. Fourier transforms applied to the equations of motion result in integral 

expressions to describe the wave propagation in the plate on either side of the beam. The 

integrals are approximated in the far-field using the method of steepest descent. They 

determined that the energy radiated in the plate due to the beam excitation is in the 

direction determined by the relation: q> = sin-1 (kB/kp), where kB and kp are respectively 

the flexural wavenumbers of the beam and plate. This defines the direction determined by 

the projection of the plate flexural wave vector with the beam flexural wave vector, and 

corresponds to the flexural coincidence condition. These results confirm the trace wave 

matching phenomenon initially introduced by Ungar (1961). In the next case of two 

parallel reinforcing beams, the structure is driven by a force applied to the plate and 

midway between the two beams. The flexural vibrations of the plate induce both flexural 

and torsional motions in the beams, which also follows the logic of Ungar. In this case, 

the far-field plate flexural wave energy now propagates in the direction of two angles 

which are determined by the flexural coincidence condition, (pB = sin~
l(kB /kp), and the 

torsional coincidence condition, (pT = sin~
l (kT/kp), where kT is the torsional 

wavenumber of the beam. In the third case, Kovinskaya and Nikiforov considered a 

more complex structure consisting of three parallel reinforcing beams on an infinite plate, 

with a point force applied to the middle beam. Once again, the far-field plate flexural 

waves propagate at the angles corresponding to the coincidence conditions. Hence, in 

their studies, Kovinskaya and Nikiforov found that increasing the number of identical, 

equally spaced beams attached to the plate did not affect the directivity of the far-field 

propagating flexural wave motion in the plate. 



Fahy and Lindqvist (1976) examined the far-field wave propagation of a beam 

stiffened plate. They investigated the attenuation of structural wave propagation in beam 

stiffened plates by the addition of damping. The plate motion is confined to pure flexure, 

and the beam is in both bending and torsion. Damping was incorporated into the 

theoretical models by the inclusion of the damping loss factor in the complex Young's 

modulus and shear modulus for the materials. Fahy and Lindqvist analysed three cases: a 

single beam-plate infinite system; two parallel beams on an infinite plate; and two finite 

parallel beams which bound a plate of finite width. Fahy and Lindqvist developed 

analytical expressions to describe the complex amplitudes of the wave propagation on 

either side of the reinforcing beam. They concluded that damping treatment was 

ineffective in the attenuation of energy propagation, and that the effect of applying 

damping treatment heavily depends on the excitation frequency. They presented a 

significant conclusion in that waves in a beam stiffened structure may result in much less 

attenuation due to damping treatment than in an unstiffened plate, due to the 'passing 

band' phenomenon described by Heckl (1961a). 

Lamb (1958) and Heckl (1961b) developed formulae to describe the input point 

impedance of a beam attached to a plate. Lamb analysed an infinite beam-plate system, 

and Heckl extended the analysis to consider a semi-infinite beam-plate system. These 

compendium of formulae provide valuable insight into both the continuity at the beam-

plate coupling, and the backward reaction of the plate to the beam due to a point driving 

force located on the beam. The main difference between their works is that a summation 

of the modes in the finite system (Heckl) replaces the integral of the spatial wavenumber 

spectrum in the infinite system (Lamb). The impedance formulae show that if the beam is 

much stiffer than the plate, as the frequency increases the force impedance of the beam-

plate system approaches that of the impedance of the beam alone. On the other hand, at 

lower frequencies and if the beam stiffness is not significantly greater than that of the 

plate, the impedance of the beam-plate system approximates the impedance of the plate. 
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These insights provide invaluable information for the analytical modelling of the response 

of a ribbed plate in which the beam is driven by a point force. 

Goyder and White (1980) investigated the wave propagation and power flow due 

to force and moment excitation at both the driving point location and in the far-field of an 

infinite plate with a single line stiffener. All the external excitation was applied to the 

beam, and they considered external torque excitation of the beam as well as flexural 

excitation. The plate was considered to be in pure bending, while the beam may carry 

both flexural and torsional waves. Goyder and White extended the studies by Lamb 

(1961), Kovinskaya and Nikiforov (1973) and Fahy and Lindqvist (1976) to investigate 

the power flow in the beam and plate as well as the wave propagation. The power flow 

was supplied by a point force applied to the beam, where the power flow in the beam 

decays with distance, and power was also radiated from the beam into the plate. The 

point force excitation of an infinite beam stiffened plate results in an integral expression, 

and was approximated using the method of steepest descent, in the same way as presented 

by Kovinskaya and Nikiforov (1973). The theoretical analysis of a beam stiffened plate 

considered the excitation applied to the beam to generate flexural waves in both the beam 

and plate. The transmitted power flow into the plate was initially controlled by the beam, 

but at very large distances from the point source location, the power flow in the beam was 

negligible compared with the power in the plate. The direction of maximum power flow 

was approximately given by the angle of wave propagation corresponding to the optimal 

trace wave matching between the beam and the plate. That is, under point force 

excitation, the direction of maximum power flow into the plate corresponds to the flexural 

coincidence angle, (p = sin_1(fcB Skp)- Goyder and White also considered point torque 

excitation of the beam in an infinite beam-stiffened plate, which generated only torsional 

waves in the beam. It was found that at low frequencies, the beam radiated energy more 

freely into the plate. This is due to the fact that at low frequencies, the free torsional wave 

speed in the beam, which is independent of frequency, is greater than that of the free 
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flexural wave speed in the plate (which is proportional to the square root of the 

frequency). As the excitation frequency increases, the beam torsional stiffness relative to 

the plate bending stiffness increases, thereby requiring a larger torque to generate the same 

amount of power flow in the plate as that at low frequencies. 

Maidanik, Tucker and Vogel (1976) investigated the transmission of free waves 

across a rib on a singly ribbed panel. For a normal flexural wave propagating in the 

panel, the transmission of the incident wave across the rib is obtained using the impulse 

response function. The characteristics of the rib were defined in terms of a line impedance 

operator. The surface impulse response function of the singly ribbed panel was expressed 

in terms of the surface impulse response function of an unribbed panel, and the line 

impedance operator of the rib. Expressions for the transmission and reflection 

coefficients of a rib to normally incident waves were derived from the surface impulse 

response function. Due to the complexity of the analytical expressions, the results were 

only discussed qualitatively. Maidanik and Dickey (1988b) extended the analysis of the 

singly ribbed panel described by the impulse response function to derive that of a 

regularly ribbed panel, where the ribs were described by both a line force impedance and a 

line moment impedance. 

Eatwell and Butler (1982) investigated the response of a fluid-loaded elastic plate 

which was stiffened by an array of equally spaced parallel beams. Results were given for 

both the far-field structural and acoustic responses for point and line force excitations of 

the plate. The beam stiffeners were considered to exert line forces on the plate, and were 

modelled as line discontinuities in the mass and stiffness of the plate. The equations of 

motion for the plate and fluid were solved in terms of the Green function and using 

standard Fourier transform techniques. Eatwell and Butler derived an expression to 

describe the line input impedance of the stiffened plate, excited by a point force on the 

beam. Their results showed that the displacement of a plate with a single beam decreased 

in amplitude relative to an unstiffened plate as the frequency of excitation increased, where 
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the decrease in displacement was matched to an increase in the line input impedance of the 

stiffened plate. Introducing additional beams produced resonances in the system. The 

response was split into alternate frequency bands that gave either a much smaller response 

than an unstiffened plate, or a response of about the same level. These bands were termed 

'stop' and 'pass' bands respectively, and is dependent of the beams being identical and 

equally spaced. In their results, Eatwell and Butler also showed that the preferred 

direction for the plane waves in a singly ribbed plate to propagate occurred at the 

coincidence angle corresponding to q> = sm~l(kB /kp). Waves travelling at this angle 

passed through additional identical beams with the same ease. Hence, the pass band for a 

given plane wave depends not only in the frequency but also on the direction of 

propagation. These results describe the structural coincidence condition that have been 

previously presented by Ungar (1961), Heckl (1961a), Kovinskaya and Nikiforov (1973) 

and Goyder and White (1980). Eatwell and Butler also examined the far-field plate 

displacement of a periodically stiffened plate, and compared the results with the far-field 

displacement of a finitely stiffened plate. It was found that the two results differ because 

for the periodically stiffened plate, the error sensor will always be close to the beam, and 

therefore close to a line of force, which introduced near-field effects in the response. 

Evseev (1973) considered an infinite fluid-loaded plate subject to pure bending 

and stiffened by equidistant beams. The beams were modelled as a mass-impedance line-

support. The plate was driven by a point force acting at the midspan between two 

reinforcing beams. The problem of the dynamics involved with the beam attachments was 

simplified by assuming that the reinforcing beams were small in comparison with the 

wavelength in the acoustic fluid, and that the beams were attached to the plate in a hinged 

mode. As a result, the beams were replaced by a reaction force which was related to the 

beam impedance, the plate vibration amplitude, and the beam location. Expressions for 

the plate displacement in terms of the periodical stiffener locations were obtained using 
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wavenumber transformation. Evseev also examined the acoustic fields radiating from the 

periodically reinforced infinite plate, and this is reviewed in Chapter 3. 

Rumerman (1975) presented a general solution for the forced vibration of an 

infinite thin plate, periodically stiffened by identical, uniform ribs. The ribs were 

idealised as parallel line attachments capable of exerting line forces and line moments upon 

the plate. The flexural properties of the plate were described by a spectral impedance, and 

the ribs were defined by spectral bending and torsional impedances. Rumerman obtained 

a general solution to describe the spectral velocity response of the ribbed plate due to plane 

wave excitation in the plate. Analytical expressions for the free and forced response were 

presented, although no interpretation of the expressions were made. 

Mace (1980a) considered the response of an infinite fluid-loaded plate stiffened 

periodically by line supports, where the supports exert both forces and moments on the 

plate. The plate was excited by a convected harmonic pressure. The fluid-loading effects 

on the structural response are reviewed in Chapter 4. In an accompanying paper, Mace 

(1980b) examined the same system subject to a line force excitation acting parallel to the 

stiffeners and a point force. The respective responses were given by a single and double 

integral. Mace (1980b) discovered that at low frequencies, where the separation distance 

of the stiffeners was less than one third of wavelength in the plate, the stiffened plate can 

be approximated as an orthotropic plate. Mace also found that when fluid loading effects 

were ignored and the excitation was applied to the plate, at low frequencies the mobility of 

the stiffened plate approached that of the homogeneous plate. For the excitation applied to 

the beam, the mobility at high frequencies tended towards that of the stiffener alone. 

Mead (1975) investigated the wave propagation and natural modes of a uniform 

plate reinforced by identical, equally spaced stiffeners. The stiffeners were approximated 

as providing elastic constraint to the transverse displacement and rotation of the plate at the 

lines of attachment. Mead (1990) considered the free response of an infinite periodically 

stiffened plate excited by a plane harmonic pressure field. 
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Keltie (1993) derived the structural response of a semi-infinite fluid-loaded plate 

which was simply supported along two edges with arbitrary attached rib stiffeners. The 

ribs were modelled as simple inertial reactions, that provided transverse forces to the plate 

structure, thereby neglecting any moment or in-plane reactions. Keltie described the plate 

displacement as an expansion of the in vacuo vibration modes. Fourier transforms of the 

acoustic pressure and plate displacement were then performed in order to determine the 

pressure expansion coefficient in terms of the displacement expansion coefficient. The 

analysis by Keltie allowed for arbitrary stiffener locations and arbitrary stiffener sizes, 

although in his results he only considers uniformly spaced identical ribs. Keltie 

concluded that the presence of uniformly spaced ribs on a finite plate resulted in a 

'beating' phenomenon between closely spaced modes, which in turn produced regions on 

the plate with dramatically reduced vibration levels. 

Wah (1964) presented an analytical procedure for calculating the natural 

frequencies of rectangular plates reinforced by identical and equally spaced elastic beams 

which were simply-supported at their ends, and arbitrary boundary conditions were 

permissible on the other two edges of the plate. Wah's results concluded that for the 

lowest natural frequencies of ribbed plates, the natural frequencies were comparable with 

those obtained by using the orthotropic plate approximation (Huffington and Hoppmann, 

(1958)). Kirk (1970) used the Ritz method to determine the natural frequencies of a plate 

reinforced by a single stiffener, and the results compared closely with those obtained 

using the exact solution of the plate partial differential equation. Wu and Liu (1988) 

examined the vibrations of stiffened plates with elastically restrained edges using the 

Rayleigh-Ritz method. They calculated the first four natural frequencies for some 

examples, and the results agreed closely with those of Leissa (1973). Laura and Gutierrez 

(1981) used a Ritz method to study the fundamental frequencies of a rectangular plate with 

one full length stiffener. Gutierrez and Laura (1985) studied the fundamental frequencies 

of rectangular plates with varying stiffener lengths. 
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Another widely used approximate method is the finite element method, applied to 

plates with discrete stiffeners by Olson and Hazell (1977) and Gupta et al. (1986). Mead, 

Zhu and Bardell (1988) examined vibrations in a flat plate with an orthogonal array of 

rectangular stiffeners using this method. Nair and Rao (1984) used a finite element 

method to investigate the variation of the natural frequencies with the length of a stiffener 

of a square plate. Aksu and Ali (1976) used the finite difference method for the free 

vibration analysis of a rectangular plate with a single stiffener. Cheng and Dade (1990) 

investigated the dynamic response of stiffened plates with various constraint conditions 

using a spline Gauss collocation method. 

2.2.2 Active control of the structural response of ribbed plates 

The idea of active control has intrigued scientists and engineers in many countries for over 

five decades. The early efforts at active noise control, prior to the mid-1960's, were 

unsuccessful. This was due to a poor understanding from an acoustic and control 

systems point of view. Also, there were limitations in technology to be able to deal with 

the main problems associated with the design of active noise systems. Advances in 

technology in recent years have made both structural and acoustic active control much 

more feasible and attractive. Advances in control system technology include the 

development of adaptive algorithms; improved understanding of the physics of structural 

and acoustic systems; and the development of electronics, which makes active control 

realisable and inexpensive. 

There has been much work on the active control of single beams. This includes 

using various control methods such as modal control (Meirovitch and Bennighof, 1986), 

control of the wave amplitude (Mace, 1987), and attenuation of the power flow (Pan and 

Hansen, 1991; Fuller and Gonidou, 1988). Active control of beams has been examined 

for different types of control actuators (Pan, Hansen and Snyder, 1992; X. Pan and 
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Hansen, 1994), and error sensors (X. Pan and Hansen, 1993a). The location of the 

control system and the beam boundary type have also been shown to affect the control 

performance (X. Pan and Hansen, 1993a, 1993b). A control strategy termed 

'biologically inspired' control was introduced by Fuller and Carneal (1993), and involved 

the application of multiple control actuators to a vibrating structure to attenuate the 

vibrational energy of the structure. In their analytical study, Fuller and Carneal 

considered a simply-supported beam harmonically excited by a point force and controlled 

using multiple piezoelectric elements bonded to the beam. One actuator was the 'master' 

driving actuator under the direction of the controller, and the other 'slave' actuators 

obtained their control inputs by a localised relationship with the adjacent actuators. The 

main control input and the slave control inputs have the same constant magnitude. The 

slave control inputs are driven from the main control input by a localised relationship 

based upon some phase variation with each other (Carneal and Fuller, 1995). This type 

of control approach greatly reduced the complexity of the multi-channel control system. 

Active control of the structural vibrations and power flow in homogeneous plates 

has also been studied (Dimitriadis, Fuller and Rogers, 1991; X. Pan and Hansen, 1995). 

However, it is only in more recent years that there has been some research towards the 

active control of the structural vibrations in stiffened plates, although it is still very 

limited. The analytical papers associated with the active control of the structural vibrations 

in stiffened plates are reviewed in this Chapter, and those papers concerned with 

experimental work are reviewed in Chapter 6. 

In his PhD thesis, Young investigated the feedforward active control of the 

harmonic flexural vibration in beam-stiffened structures using piezoceramic actuators as 

the control source, which were located between the stiffener flange and the plate surface. 

In his literature review, Young presented a detailed history on the active control of 

structures, including beams, plates and shells. He also described a detailed overview on 

active vibration control, including the origins of active noise and vibration control. Young 
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discussed the development of control actuators for vibration control of single beams and 

plates, as well as the development of error sensors which are used to measure the 

structural vibrations. 

Hansen and Young (1994) investigated the application of a new type of actuator 

which provided both a control force and moment, for the control of the flexural vibrations 

in a semi-infinite plate. Their approach was to replace the conventional actuators which 

are usually in the form of piezoelectric crystals, by using a stack of piezoceramic actuators 

placed between the stiffener flange and thin plate. These stack actuators generated a point 

force, a line force and a line moment to minimise the flexural vibration in the plate at the 

error sensors. The error sensors were located on the opposite side of the stiffener flange 

to the primary excitation. They used the travelling wave approach to determine the 

flexural displacement at any location in the plate, and the stiffener flange was modelled as 

lumped mass and stiffness with constant values. 

Dickey and Maidanik (1991) presented an analytical model to actively control the 

response of ribbed panels based on an impulse response function. The impulse response 

function was used to describe the structural response, and the control system was 

described by an external control drive. The analytical model was simplified to a one-

dimensional system, and they used a finite number of ribs which are described by a 

lumped-mass approximation. 

The literature review reveals that there has been little research on the active control 

of ribbed plates. Furthermore, existing active control applications to attenuate the 

response in ribbed plates do not use information on the dynamic response of the structure. 

This Chapter analytically investigates the design of an active control system to attenuate 

the propagating transmitted structural waves associated with an infinite beam-reinforced 

plate. Infinite structures are represented in the physical world by structures with sufficient 

absorption of the structural waves at the boundary edges. This Chapter gives an initial 

insight into the theoretical modelling of infinite ribbed plates, with an approach to the 
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application of an active control system. The entire ribbed plate system is modelled as a 

continuous system, using equations of motion to describe the plate in flexure and the 

beam in both flexure and torsion. The approach to the design of the active control system 

involves using the dynamic nature of the physical structure to achieve the best 

combination of both passive and active control, in order to optimise the attenuation of the 

flexural vibration in the plate. In this Chapter, the analysis of the dynamic nature of the 

beam-reinforced plate pays special attention to the wave motion at the boundary interfaces 

of the beam and plate, resulting in an understanding of the transmission, reflection and 

near-field effects observed at the beam-plate interconnections. It is shown that the 

maximum energy transmission through the beam occurs at the coincidence or optimal trace 

wave matching conditions between the flexural waves in the plate and the flexural and 

torsional waves in the beam. The coincidence conditions occur when the trace wavelength 

of the plate flexural waves matches the natural spatial wavelength of the flexural waves in 

the beam (flexural trace matching), and similarly, when the trace wavelength of the plate 

flexural waves matches the natural wavelength of the torsional waves in the beam 

(torsional trace matching). 

When a point control force is applied to the beam of the infinite system, the far-

field propagating waves in the plate is contributed by the supersonic wavenumber 

components of the radiating secondary flexural waves from the beam to the plate. If the 

beam stiffness is much greater than that of the plate, then the secondary waves are 

dominated by a single wavenumber component corresponding to the beam flexural 

wavenumber component at the excitation frequency of the point control force. Similarly, 

the greatest amount of flexural wave radiation from the beam by a point control moment 

corresponds to the beam torsional wavenumber component at the excitation frequency. 

These characteristics of the wave radiation from the beam driven by point force and point 

moment indicate that control forces and moments may result in effective attenuation of 

plate flexural wave transmission at the coincidence conditions. 
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2.3 Beam-Plate Interconnections 

An extensive analysis on the behaviour of the wave motions in an infinite beam-reinforced 

plate has already been developed by Ungar (1961) and Cremer, Heckl and Ungar (1988). 

It is useful to review the analysis for a better understanding of the active control strategy. 

The beam-plate structure consists of an infinite uniform plate symmetrically reinforced by 

two identical uniform narrow straight beams of rectangular cross-section. The attachment 

between the plate and beams is assumed to be perfect and continuous. For the 

mathematical modelling, the structure can be divided into three sub-systems: plate 1, beam 

and plate 2; with the centroidal axis of the system lying in the midplane of the plate and 

coinciding with the beam centre of twist. The geometry and co-ordinates of the sub

systems may be visualised in Fig. 2.1. The incident flexural wave, Win, travelling in the 

x-y plane at an angle (p, is also shown in Fig. 2.1. 

Figure 2.1 Three sub-systems of the beam-plate model: plate 1, beam and plate 2, 

showing the plane flexural wave incident at the beam boundary. 
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Qx, M^ and M^ represent the shear forces, bending moments and twisting moments 

acting along the unit length of the plates in the y -direction respectively, and are described 

by the following classical relations: 

Q=-D 
dfd2W d2w} 
dx dx2 dy2 ) 

MXX=D 
rd2W d^ 

i, dx2 dy2 

M*=-D(1-V)^ay-

J 

(2.1) 

(2.2) 

(2.3) 

where D = Eft /12(1 - v2) is the flexural rigidity of the plate, and h, Ep and v are 

respectively the thickness, Young's modulus and Poisson's ratio of the plate. The 

internal distributed damping in the structure is included in the complex Young's modulus 

by Ep = Ep(l + jt]), where 77 is the structural loss factor. W(x,y,t) is the plate flexural 

displacement in the z -direction. The flexural displacement of the beam in the z -direction 

is denoted by u(y,t) and the rotation of the beam about its y-axis is described by the 

torsional angular displacement 6(y,t). 

Figure 2.2 Co-ordinate system and dimensions of the beam system. 
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W h e n flexural motion in plate 1 impinges on the beam boundary, it induces both flexural 

and torsional motions in the beam, and subsequently radiates flexural motion in plate 2. 

Ignoring rotary inertia and using the sign notation corresponding to Figs. 2.1 and 2.2, the 

equations of motion for the beam flexure and torsion are derived as: 

Ed 
d4u 

dy* 
+ PbA 

cfu 

dt2 
( 

Qx 
dM\ 

xy 

dy 

( dM^ 

x=0+ 
dy 

'x=Q~ 

GJltf~PbIp~dF = (Mxx>)*--0+ ~(M^*=°-

(2.4) 

(2.5) 

where EbI and GJ are the flexural and torsional stiffness of the beam respectively, and 

pbA, pbIp are respectively the beam mass and polar mass moment of inertia per unit 

length of beam. 

The plate flexural displacements are governed by the plate classical equation of 

motion: 

DV4W + pBh^- = 0 
p dt2 

(2.6) 

where V = 2 d2 d2 . 
is the Laplace operator, and p is the density of the plate. 

dx2 dy2 "r *""""' ~" rp 

For the displacement continuity of the three sub-systems at the boundary 

interfaces, the beam flexural displacement is equal to the plate flexural displacements, and 

the torsional displacement of the beam is equal to the rotation of the plates about the y-

axis. The following coupling equations correspond to the sign notation in the equations 

of motion: 

u(y,t) = witey.oU-= w2^yAx^ (2.7) 

0(y,t) = -
dx x=Q-

dW2 
dx 

(2.8) 
*=o+ 
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2.4 Primary Flexural Wave Motion in the Plates 

2.4.1 Plate flexural plane wave incident on the beam discontinuity 

Consider a plane flexural wave propagating in the positive x -direction in plate 1, where 

the direction of the propagation is inclined at an angle (p to the jc-axis. This incident 

plane wave of frequency co and wavenumber kp in the direction of its propagation 

impinges on the beam boundary as shown in Fig. 2.1, and can be described by: 

WJx, y, t) = Apf«*^*e«^yei°* (2.9) 

where Ap is the amplitude of the incident wave. The plate wavenumber kp is related to 

the plate parameters by: 

( n /JV/4 

kp=^{Pz-\ . (2.10) 

Wh e n the incident wave impinges on the beam boundary, the scattering of the structural 

wave field generates both reflective and transmitted waves. For an infinite plate, no 

waves are reflected from the infinities; the resulting primary plate displacement in plate 1 

(on the same side of the boundary as the incoming wave) consists of three components 

along the x-direction; the incident wave, the reflected propagating wave and the near-field 

reflection: 

Wf(x, y, t) = (Ape-
jk*x + Rpe

jk>* + Rne
k"x)ejk'y+jcot (2.11) 

where kx = Jk
2 - k2 = kpcos<p and ky = kp sin (p are respectively the wavenumber 

components of the incident wave in the x- and y-directions, and 
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K ~ V^P + tf = k p ^ l
 + sm2 <P is tne decay constant of the near-field wave component. 

The coefficients Rp and Rn are the amplitudes of the reflected and near-field waves 

respectively. 

Similarly, the total primary flexural displacement in plate 2 can be described by 

two components - the transmitted propagating wave and the near-field transmission: 

W>(x,y,t) = (Tpe-
ik>x +Tne'

k'x)eik>y+ia' (2.12) 

where Tp and Tn are the amplitudes of the transmitted propagating and near-field waves 

in the x -direction on the 'right' side of the beam boundary in plate 2. For the continuity 

of the plane waves in the y -direction, both plates have the same periodicity of motion 

along the y -direction. 

The induced primary beam flexural and torsional vibrations are described by: 

up(y,t) = u0e
}k^jm (2.13) 

dp(y>t)=ey
k^<* (2.14) 

where u0 and 60 are the amplitudes of the primary flexural and torsional motions in the 

beam respectively. 

2.4.2 Coincidence conditions 

The relationship between the wavenumber k and the wavelength X {k = 2nl X) allows 

the explanation of the coincidence or optimal trace wave matching conditions. The plane 

wave in plate 1 at a frequency CD has wavelength Xp as determined by Eq. (2.10), while 

the wavelength of the flexural wave in the beam XB at frequency co is determined by 
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In 

4(0 

o 

1/4 

X and XB are not necessarily equal. If the intercepts of the 

incident wave on the y-axis Xy -Xpl sin cp equals the natural flexural wavelength of the 

beam XB, as shown in Fig. 2.3, then optimal flexural trace wave matching between the 

plate flexural waves and the beam flexural waves occurs. We call this phenomenon 

flexural coincidence. Similarly, if X matches the natural torsional wavelength of the 

beam, XT, where X = 
T 

2n ' GJ^ 
1/2 

CO 

, then optimal trace wave matching occurs between 

W P J 
the plate flexural waves and the beam torsional waves. This is called torsional 

coincidence. It is at these coincidence conditions that the greatest coupling between the 

plate and beam motions occurs, resulting in the maximum transmission of the flexural 

wave motion through the reinforcing beam. 

From Ungar's work, solutions for the coefficients T , Rp, Tn, and Rn have been 

determined by making use of the equations of motions and the boundary conditions, and 

that the beam-plate structure is constructed entirely of the same material, resulting in the 

following expressions: 

Tp=Ap(l-{tors + flex)), (2.15) 

R = A (tors - flex), (2.16) 

Tn=AD 
n p 

coscp 
J— — 
•J\ + sm2(p 

flex - tors (2.17) 

Rn = Tn-2Ators, (2.18) 
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wavefront 

Xy = X/m<p 

= An 

m. X J-

Figure 2.3 Flexural coincidence conditions showing the optimal trace wave matching 

between the plate flexural waves and the beam flexural waves. 

where: 

( 1 > 
tors = 

KI+JPJ 

(2.19) 

flex = 

o _ U4X + sin2 (P~4 

Ucoscp 

(2.20) 

(2.21) 

>\ 

a = 
S «Jl + sin2 (p 

cos(p, (2.22) 
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Akt (c ^ 
—sm<p 

Kcp J 

-1 (2.23) 

h 
1- —sm(p 

KCP J 

(2.24) 

where cp is the bending wave speed of the plates and cB, cT are the bending and torsional 

wave speeds of the beam respectively. From Eqs. (2.21) - (2.24) it can be shown that the 

symbols tors and flex indicate the amount of torsional and flexural trace wave matching 

respectively (Ungar, 1961). 

To investigate the flexural wave transmission in the far-field of plate 2, it is 

sufficient to only obtain the solution for the coefficient Tp in Eq. (2.15). If the amplitude 

of the incident wave is unity (Ap = 1), then TpT*p represents the energy transmission 

coefficient, where TpT*p is the ratio of the transmitted kinetic energy density to the incident 

kinetic energy density, and can simply be described by: 

TT* = 1 - tors(tors)* - flex(flex)* + tors(flex)* + flex(tors)* 
p p 

(2.25) 

where T* denotes the complex conjugate of Tp. 

For flexural trace wave matching only the above expression reduces to: 

Tr = l-flex(flex)* 
p p 

(2.26) 

that is, the far-field flexural wave transmission in plate 2 is a direct result of the optimal 

coupling between the plate flexural waves and the beam flexural waves. Since the trace 

wavenumber of the plate, k , and the natural bending wavenumber of the beam, kB, vary 

with frequency the same way, this coincidence condition becomes frequency independent, 

and occurs for a single angle of incidence only (cpB = sin~
l(kB /kp)). For torsional trace 

wave matching only, the expression for the wave transmission reduces to: 
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TT = 1 - tors(tors)* 
p p (2.27) 

where the energy transmission is solely due to the trace matching between the plate 

flexural and beam torsional waves. This coincidence condition is dependent on both angle 

and frequency, that is, the angle at which this coincidence condition occurs increases with 

the corresponding coincidence frequency ((pT = sin
_1(^r /kp))-

2.5 Active Control of the Plate Flexural Wave Transmission 

The active control of the flexural wave transmission in plate 2 may be realised with the 

application of point control forces and point control moments to the reinforcing beam, as 

shown in the Fig. 2.4. The point forces are arranged to excite only flexural motion in the 

beam, and similarly, the point control moments excite only torsional motion in the beam. 

M, 
z 

— X 

M, 

Figure 2.4 Application of a single point control force and a single point control 

moment to the reinforcing beam. 

2.5.1 Point force control 

For simplicity, w e initially consider single channel control with the application of a single 

point force only to the beam. The total force acting on the beam consists of two parts; the 
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force FBR which is a result of the backward reaction from the plates on either side of the 

beam. 

The equation of motion for the secondary flexural displacement of the beam, us, to 

the point control force and backward reaction force is (Lamb, 1958): 

EbI^- + PbA^ = FBR + FsS(y-yf) (2.28) 

FBR is the net vertical shear force acting at the boundaries between the beam and the 

plates, that is: 

where the secondary shear forces Qx and twisting moments M^ are described by Eqs. 

(2.1) and (2.3), and are a result of the secondary flexural displacement in the plates. 

Due to the symmetry under the control force application, the secondary flexural 

displacements in plates 1 and 2 should be symmetric (Heckl, 1961b). At the boundary 

interfaces between the plates and beam, the secondary coupling conditions can be 

described by Eqs. (2.7) and (2.8), with the rotation of the beam and in the plates about the 

y-axis equal to zero for beam flexural excitation only. Using the wavenumber 

transformation of Eq. (2.29) in the y-direction into the yys -domain, Eqs. (2.1) and (2.3) 

to describe the plate motions, and the boundary conditions to describe the coupling 

between the plate and beam motions, it is possible to describe FBR in wavenumber space 

in terms of the beam secondary flexural displacement us(yys) by: 

Fm(r„) - -UD(k; - r',t )({ep - y\ )'"
2
 +j{K + rl )~">r„;, dM) 
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dM^ 

r=0+ dy 
r=(T 

(2.29) 



where yy> is the secondary wavenumber in the y-domain. The wavenumber 

transformation of Eq. (2.28) involves multiplying by e'JYys>' and integrating over the range 

f-oo <y<oo). Using Eq. (2.30) and the Fourier transformation of Eq. (2.28) results in 

the following spectral expression for the beam secondary flexural displacement: 

*s(ryJ = j^Hf(yys)e-
j^' (2.31) 

where: 

Hf(YyJ~ 2 y D / 4 W / , 2 2ri/2 , 2 2ri/2V
 ( 2 3 2 ) 

vl ~ki+-jj[K-<)[(kP-fy.) + J(K + rl) ) 

It was mentioned earlier that although the coupling conditions between the plates and the 

beam are the same as those described in Eqs. (2.7) and (2.8), for secondary structural 

displacements due to point force application, the angular displacements at the plate and 

beam boundaries are zero. This allows an expression for the secondary displacement of 

plate 2 in the wavenumber space described by: 

-Hk\-r\,* .A/v \-K+rl* W'2(x, yy) = \ \(yyt)e
 J^ '»* +A2(yys)e * > "• ujyys) (2.33) 

^ ^ - ^ ^ - ^ n ^ , <2-34) 
are respectively the amplitudes of the secondary travelling waves and near-field decay 

waves. The resultant secondary displacement response can be obtained by the following 

wavenumber integration: 
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m-,y) = ̂ ]{\(7je-'^^-' + A,(rJi^^-yi(yJe-'-''-''--''dr y,' 
(2.35) 

If the error sensors are located in the far-field of the transmitted waves (e.g. at x = 1 0 A P ) , 

then the only portion of the wavenumber spectrum which contributes to the far-field 

propagating waves is the supersonic wavenumber component of the spectrum, where the 

wavenumber component 7^ has magnitude less than the plate wavenumber kp, (that is, 

7Vj < kp). Therefore the limits of the integral can be reduced to the range from - kp to kp, 

where the real part of kp is approximately 35ra
-1 at an excitation frequency of 500Hz, 

and hence the flexural wave motion in the far-field of plate 2 due to the point control force 

on the beam can be approximated as: 

Ws2(*>y) = ̂ y \\(7y,)e-
J^xHf(yys)e-

jr^-y)dyys. (2.36) 

? 

Initial examination of the supersonic wavenumber spectrum of the radiated flexural waves 

in plate 2 found that the waves are dominated by the wavenumber component which is 

determined by the pole location of Hf(y ) in the range of yy <kp. If the plate-to-beam 

flexural stiffness ratio D/EbI is small, (that is, the beam is considerably stiffer than the 

plate), the dominant component will be in the vicinity of kB, where kB =1.2m~
x, as 

illustrated in Fig. 2.5. This coincides with the results of the primary wave transmission, 

where for beam flexural motion, the maximum plate flexural wave transmission occurs at 

the flexural coincidence condition, corresponding to when the wavenumber component of 

the plate in the y -direction ky, is equal to the beam natural flexural wavenumber kB. 

The single point force is located at a position yf = 0 on the beam. The 

corresponding secondary flexural waves in the beam generated by the single control force 

have a decaying magnitude after a distance of approximately 0.3 XB from the origin along 

the ±y-directions. 
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Figure 2.5 Pole location of Hf in the supersonic wavenumber spectrum. 

Therefore, in order to achieve global attenuation of the transmitted primary plane waves, it 

is necessary to generate a secondary plane wave with a non-decaying magnitude along the 

y-direction. As a result, multiple channel control was employed where multiple point 

control forces are used to excite the beam. For 2N +1 point forces equally spaced in the 

y-direction by a distance A, the superimposed secondary flexural displacement in plate 2 

can be expressed as: 

w>(x>y) = ̂ Fi !±(r,y,^XHf<ry,*tF's 
Lnt,hl k n=-N 

-iM-rlxjj ,, , v /,•*„•"•,"" y)dy (2.37) 

The determination of the magnitudes and phases of the point control forces poses a 

minimisation problem with multiple variables to optimise. To gain the initial physical 

insight of the control feasibility, the control forces are arranged to have the same 

magnitudes and pre-fixed phases as follows: 
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F„S = V , n = -N,....,N. (2.38) 

For example, if <pn = 0, a uniform amplitude of the radiated secondary waves along the y-

direction can be generated by the control forces, but the spatial phase in the region of 

interest does not match that of the primary transmitted waves. 

From the observation of the flexural wave transmission through the beam, it has 

been shown that the transmitted primary plane waves are generated by the non-decaying 

flexural and torsional vibrations in the beam as described by Eqs. (2.13) and (2.14). If 

the phases of the point control forces are arranged to have the same spatial phase variation 

to that of the primary flexural waves in the beam, as shown in Eq. (2.13), it is expected 

that the beam secondary flexural response to the control forces will also have the same 

spatial phase variation in the spatial range where the forces are located. Hence the 

secondary flexural waves in plate 2 from the beam vibration will have a wave feature with 

spatial phase in the y -direction determined by that of the primary flexural waves in the 

beam. Also, we know that the primary flexural waves in the plates have their maximum 

transmission at the flexural coincidence (that is, at ky = kB), and if the control forces are 

arranged to have the spatial phase relationship at the flexural coincidence, then the radiated 

secondary flexural waves in plate 2 will have the optimal spatial phase match with 

transmitted primary waves at the flexural coincidence. For this case, the phases of the 

control forces in Eq. (2.37) become: 

0„=VA, n = -N,....,N (2.39) 

where A = 0.3AB for this analysis and XB = O.Sim for / = 500Hz. This arrangement is 

similar to the biologically inspired control strategy, where a group of actuators are 

connected together with certain phase and amplitude relationship, and only one control 



signal is needed to drive them (Carneal and Fuller, 1995). Using this spatial phase 

relationship and the following expression (Crighton et al, 1992): 

£ imA sin(co(2N + \)A/2) 

nfN sin((ad/2) 

Eq. (2.36) becomes: 

W2
s(x,y) = FsGf (2.41) 

where: 

i *: . p — r sin((yv -*„)(2Ar + l U / 2 ) . 
G ^ j ^ > - ' ^ ^ *<'-*.)*„) e"dy"- (242) 

•(K-^W2) 

For an infinite number of control forces, that is, 2N + 1 —» 00, and using the following 

expressions: 

lim^^L = K8(x) (2.43) 

Urn— = 1, (2.44) 

the expression for Gf in Eq. (2.42) can be simplified to: 

AfM^M^^V*" (245) 
' 2V 

where: 
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A.(kB) = 
•^k2p+k

2
B _ i 

1/2̂  

A uniformly distributed magnitude of Gf corresponding to Eq. (2.45) along the y-

direction in the far-field of plate 2 is now attained. Also, the spatial phase variation of Gf 

matches with the phase variation at the flexural coincidence condition (at eik"y), as the 

wavelength between each consecutive wave in the y-direction X , matches the natural 

flexural wavelength of the beam, XB, as shown in Fig. 2.6. 

in 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 

y/Ai 

Figure 2.6 Spatial phase variation of Gf along the y-direction. 

The displacement at the error sensor locations is the superposition of the primary 

transmitted waves and secondary flexural waves generated by the control forces, that is: 
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W2°'(x, y) = W
p
2(x, y) + W

s
2(x, y) (2.46) 

where the primary transmitted wave in the far-field of plate 2 is approximated as: 

W2>(x,y) = Tpe-
J(k>cos*>x+i(k>sin,p>y. (2.47) 

The cost function used for the control optimisation is the spatially averaged squared plate 

flexural displacement JF at the error sensor location xe = \0Xp, and at M discrete 

locations along the y-direction: 

JF = ̂ 1 *T(*., y,)(W?(xe, y,)) . (2.48) 

By standard methods, the cost function can be expressed as a quadratic function of the 

control force F (Pan and Hansen, 1991): 

JF = FsAfF*s + BfF*s + FsB*f + Cf (2.49) 

where: 

1 * 

^=^ZG/(^y.X G/(^»))- (2-50) 

1 M * 

Bf=±%Tpe-
J<k'™)x'ei<k'*")7'(Gf(xt,yl)) (2.51) 

M i=l 

and Cf = TpT*p. (2.52) 

The optimal control force can be obtained by differentiating the cost function with respect 

to the real and imaginary components of the control force. The optimal force corresponds 
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to the force value when both derivatives are zero. The solution for the optimal control 

force for the minimum averaged plate flexural displacement can therefore be obtained as 

(Pan and Hansen, 1991): 

I - Bf 
s\opt ~ J^ 

(2.53) 

The corresponding maximum attenuation level can be expressed (in dB) by taking the 

ratio between the controlled and uncontrolled averaged plate displacements, that is: 

latten 
= -lOlog 10 = -lOlog 10 

! BfBf 
CfAf 

(2.54) 

2.5.2 Point moment control 

Similar arrangements can be applied to the point moment control to achieve large 

attenuation of the flexural wave transmission in the far-field of plate 2 at the torsional 

coincidence. With the application of a single point moment to the beam, the total moment 

acting on the beam also consists of two parts: the exciting moment Ms acting at a location 

ym on the beam, and a moment MBR to include the backward reaction from the plates. 

The equation of motion for the beam secondary torsional displacement 6S becomes: 

GJ^r - pbIp ̂ r = MBR- Ms8(y ~ y j -
dy2 dt2 

(2.55) 

MBR is the net bending moment acting at the boundaries of the plates and beam, that is: 

M-=KU-KL- (2.56) 
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where the secondary bending moments, M„ , result from the secondary flexural 
xxs 

displacements in the plates as described by Eq. (2.2). 

Due to the symmetry of the applied control moment, the secondary vibrations in 

both plates are also symmetric. At the boundary interfaces, the rotation in the plates about 

the y-axis are equal to the beam secondary torsional displacement. However, for beam 

torsional excitation only, the secondary flexural displacements in both the plates and beam 

are equal to zero. Using this information, MBR can be obtained in wavenumber space in 

terms of the beam secondary torsional displacement 0s(yyi) as: 

tf.fr*)=24/^rT+Hkl-vl)w,J- (2-57> 

Using Eq. (2.57), the wavenumber transformation of Eq. (2.55) gives rise to: 

6,(ry,) = §HJrJe-»»>- (2.58) 

where: HJr, ) = on, , , -• <2-59) 

Under point moment application the structural flexural displacements are equal to zero. 

Using this information and the boundary conditions defined by Eqs. (2.7) and (2.8), it is 

possible to obtain an expression for the secondary flexural displacement response of plate 

2 due to the point moment only, described by wavenumber integration in the yy$ -domain: 

2TCGJ J^ v / 

where: Bx(yy)= , • • - - (
2-61) 

A/*F^-A/^I 
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and Bx is the amplitude of both the travelling and near-field secondary waves in the plate 

under the point moment application. By similar analysis for the point force application, 

the radiated flexural waves in the far-field of plate 2 due to the point control moment on 

the beam are found to be directly contributed by the supersonic wavenumber spectrum, 

and therefore the limits of the integration in Eq. (2.60) can be limited to the range from 

-k„ to k„: 
p p 

M. w 2 ^ y ; = ^jAry,>" , v *'" r f t Xfr, I>'
/ r a f '-' 3 r > dy, < 

V*/-rJ,*; 
2nGJ 

(2.62) 

Examination of the pole location of HJyyJ in Fig. 2.7 in the relevant wavenumber 

spectrum, ( 7}lj <kp) and at 500Hz, reveals that if the plate flexural-to-beam torsional 

stiffness ratio DIGJ is small, then the dominant wavenumber component of y is in the 

vicinity of kj., where kT = 1.4m"
1. This confirms the torsional coincidence phenomenon 

where the maximum primary transmission occurs when kx = kT. 

H_ 

7V, (m ) 

Figure 2.7 Pole location of Hm in the supersonic wavenumber spectrum. 
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Multiple point moments, equally spaced along the y-direction by a distance A, are used 

to generate a non-decaying secondary wave in plate 2 along the y-direction. Biologically 

inspired control is employed where the array of moments are arranged to have the same 

magnitudes and pre-fixed phases. For optimal results, the phases of the control moments 

are arranged to have the same spatial phase variation to that of the primary torsional waves 

in the beam. As a result, the beam secondary torsional response will have the same spatial 

phase variation as the primary torsional motion in the beam. Also, we know that for beam 

torsional motion, the primary flexural waves in plate 1 have their maximum transmission 

at the torsional coincidence, that is, at ky=kT. Therefore, if the control moments are 

arranged to have their spatial phase relationship at the torsional coincidence, then the 

secondary flexural waves in plate 2 will have the optimal spatial phase match with the 

primary transmitted waves. For this case, the phases of the control moments become: 

(j)n=kTnA. (2.63) 

Using 2iV + l control moments separated by a distance A, and the expressions in Eqs. 

(2.40), (2.43) and (2.44), the secondary flexural wave displacement for point moment 

control becomes: 

Ws2(x,y) = MsGm (2.64) 

where: 

BMHJKk'^'e*" (2.65) 
2GJ 

md "•"*>-jfiPv-K+f HJkT>=%(jw+J^) 
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The optimal distance between the point control moments was found to be A = 0.5Ar, 

where XT = 4Am at 500Hz. Using A = 0.5Ar in this simulation, a uniformly 

distributed magnitude of the radiated secondary plate waves along the y-direction is 

attained. The spatial phase variation along the y-direction matching that at the torsional 

coincidence (at ejkry), that is, for this spatial phase arrangement, the wavelength of the 

secondary plate waves along the y-direction is equal to the natural torsional wavelength of 

the beam, XT. 

Now it is only necessary to optimise a single variable Ms in order to minimise the 

total flexural displacement in plate 2 at the error sensor locations. The total displacement 

at the error sensor locations (also at xe = 10AP for point moment control) is the 

superposition of the primary transmitted waves and the secondary flexural waves 

generated by the control moments: 

W?(x, y) = Wi(x, y) + Ws2(x, y) (2.66) 

where W^(x.y) represents the primary transmitted wave as in Eq. (2.47) and W2(x,y) 

represents the secondary flexural waves generated by the control moments as in Eq. 

(2.64). Using the same cost function for the control force application, and at M discrete 

locations along the y-direction, we can express the cost function as a quadratic function 

of the control moment: 

JM = MsAmM; + BJA] + MsB*m + Cm (2-67) 

where: 

^ = ̂ IG„( W,)K(^))" <2-«8> 
IVl ,_j 
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1 M * 

^^I^'^'^^l^f^j,.)) (2.69) 

and Cm = Cf = TpT*p. (2.70) 

The solution for the optimal control moment for the minimum averaged plate displacement 

is obtained as: 

Ml =-5=. (2.71) 
p A_ 

and the corresponding maximum attenuation level is: 

PM\ -lOlog, 
\atten 

1 BR (2.72) 

2.6 Numerical Results and Discussion 

2.6.1 Primary flexural wave transmission 

As the theoretical analysis in this paper is based on the requirement that the beam-plate 

system is constructed of the same material throughout, the properties of aluminium were 

selected for the materials parameters, using p = 2700kg/m3, E = 6.9xl0l0N/m2, 

u = 0.33 and 77 = 0.001. The beam parameters are listed in Table 2.1, where the 

torsional rigidity GJ of the beam was calculated using the analysis of Wang (1953). The 

regions of the maximum transmission occur at the coincidence conditions, and can be 

described in terms of the stiffness of the structure. In his analysis on the input impedance 

of a beam coupled to a plate, Lamb (1961) introduced a coupling parameter, D/EbIkB, 

which describes the frequency dependent degree of plate-beam coupling in terms of the 

flexural rigidities of the plate and beam. For beam stiffness which is significantly greater 
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than the plate stiffness, the regions of the m a x i m u m transmission of the plate flexural 

waves through the beam become more clearly defined, as the beam increases its ability to 

act as an effective passive device. These regions of maximum transmission correspond to 

the coincidence conditions determined by the trace wave matching phenomenon described 

earlier. 

Table 2.1. Wave parameters of the reinforcing beams. 

Moment of inertia of cross-section of 

beam around the x-axis (m4) 

Shear modulus of elasticity of beam 

(N/m2) 

Torsional constant of a rectangular 

beam (m4) 

(Wang, 1953) 

Polar moment of inertia of beam 

cross-section (m4) 

Cross-sectional area of rectangular 

beam (m2) 

j _ XbZb 

12 

c-
 E 

2(1+uj 

x\zb 64x4b ytanh(kjZb/2) 

3 K5 £0 (2j + \f 

v _(2j + l)7l 

j _xbzb(x
2
b+z

2
b) 

p 12 

A = x
bzb 
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In Figs. 2.8(a)-(c), the characteristics of the transmission of the plate flexural waves 

through the reinforcing beam are illustrated for a frequency range up to 2000 Hz, and for 

a relevant range of angles of the incident waves from 0° to 30°. Using a plate thickness 

of 1.6mm and reinforcing beams of both width and height of 2cm (that is, xb = 0.02m 

and zb = 0.0416m), results in a very small coupling parameter D/EbIkB of 4.4 x 10"
4 at 

an excitation frequency of 500Hz. Figure 2.8(a) corresponds to the wave transmission 

due to the flexural coincidence condition only, as described by Eq. (2.26). The flexural 

coincidence condition is independent of frequency and occurs for a single incident angle 

corresponding to <pB = sin
_1(fcB /k ), where q>B = 11.5° for this beam-plate model. As 

the beam stiffness decreases, the incident angle for flexural coincidence increases, and 

also the region of maximum transmission increases as the beam loses its ability to act as a 

passive control device. 

Figure 2.8(b) shows the flexural wave transmission for the torsional trace wave 

matching condition only, as described in Eq. (2.27). It demonstrates that the angle of 

incidence at torsional coincidence increases with the corresponding coincidence 

frequency. Similarly, as the beam stiffness decreases, the angle of incidence at torsional 

coincidence gradually increases, and the region of maximum transmission surrounding the 

coincidence angle is also increased. 

The total flexural wave transmission in plate 2 through a reinforcing beam, as 

described by Eq. (2.25), is shown in Fig. 2.8(c). It can be observed that the maximum 

transmission occurs at the coincidence conditions. Away from the coincidences, there is 

very little transmission which concludes that the beam itself acts as an effective passive 

attenuation device. The contribution of the interference terms in Eq. (2.25) displays no 

extra information to the general shape of the total wave transmission in Fig. 2.8(c). 

In the regions of maximum transmission, the spatial phase of the plate flexural 

waves in the y-direction is controlled by the corresponding coincidences, that is, at elk*y 

for flexural coincidence, and eJkry for torsional coincidence. 
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Figure 2.8(a) Flexural wave transmission in the far-field of plate 2 for flexural 

coincidence only. 
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Figure 2.8(b) Flexural wave transmission in the far-field of plate 2 for torsional 

coincidence only. 
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Figure 2.8(c) Total flexural wave transmission in the far-field of plate 2. 

2.6.2 Active attenuation of the wave transmission 

Figure 2.9 shows the flexural wave attenuation level at the error sensor location 

(xe = 10AP), and for 401 discrete locations along the y-direction corresponding to the 

range (-2XB,2XB). Examination of a relevant range for the incident angle from 0° to 

20° at excitation frequencies of 500Hz and 1000Hz shows that a significant attenuation 

level of approximately 14.3dB has been achieved at the flexural coincidence angle of 

cpB = 11.5°. The level of attenuation at both frequencies is the same. Due to the nature of 

the arranged control force excitation, the radiated secondary flexural waves have poor 

spatial phase correlation with the transmitted primary waves away from the flexural 

coincidence angle, which results in poor global attenuation. However, away from the 

coincidence, the beam itself acts as an effective passive device, as shown in Fig. 2.8(a). 

Changing the frequency of excitation has no effect on the attenuation level attained or the 

angle at which attenuation is achieved, as the flexural coincidence condition is independent 
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of frequency. Figure 2.10 shows the corresponding dimensionless magnitude of the 

optimal control force Fs\ , for an amplitude of the incident wave Ap of lO^m, where a 

large force is required at the flexural coincidence angle. At lower frequencies, the plate 

adds an additional stiffness susceptance to the input impedance of a beam-stiffened plate 

excited by a point force applied to the beam (Lamb 1961). As the frequency increases, the 

beam is able to vibrate more freely, and the primary flexural energy level in the beam 

slightly decreases. Hence, at higher frequencies, a smaller amplitude of the control forces 

is required in order to generate secondary vibrational levels in the beam to match the 

primary energy level in the beam. 

The plate flexural attenuation level under the control moment application is 

achieved for the same number of discrete locations along the y-direction as for the point 

control force arrangement, corresponding to the range (-2XT, 2XT). Figure 2.11 shows 

the attenuation levels of the flexural wave transmission using point control moments at 

excitation frequencies of 500Hz and 1000Hz. The peaks of the attenuation levels occur 

at the corresponding torsional coincidence angles of 1.5" and 3.0° respectively. Although 

significant attenuation levels at the torsional coincidence angles have been achieved, the 

amount of attenuation is not as significant as for the control force application. Shown in 

Fig. 2.12 are the dimensionless magnitudes of the optimal control moments, Ms\g t, 

which occur at the corresponding torsional coincidence angles for the frequencies of 

500Hz and 1000Hz respectively. Figure 2.12 shows that at higher frequencies, the 

magnitudes of the control moments required for the same level of attenuation increases. 

Also, as the frequency increases, the primary energy level in the beam due to torsional 

displacement is increased at the corresponding torsional coincidence angle. This is 

because at higher frequencies, the beam torsional stiffness relative to the plate bending 

stiffness increases (Goyder and White, 1980). As a result, a larger magnitude of the 

control moments is required in order to generate the sufficient displacement to match that 

of the primary transmitted waves. 
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Figure 2.9 Attenuation levels of the flexural wave transmission at excitation 

frequencies of 500Hz ( ) and 1000Hz ( ) using point 

control forces. 

(p (degrees) 

Figure 2.10 Dimensionless magnitudes of the optimal control forces, Fs, for an 

amplitude of the incident wave, Ap, of 10^m at 500Hz ( ) and 

1000#z( ). 
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Figure 2.11 Attenuation levels of the flexural wave transmission at excitation 

frequencies of 500Hz ( ) and 1000Hz ( ) using point 

control moments. 
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Figure 2.12 Dimensionless magnitudes of the optimal control moments, Ms, for an 

amplitude of the incident wave, Ap, of lO^m at 500#z ( ) and 

1000#z( )• 
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2.7 Effect of the Active Control on the Beam Vibration 

and Near-Field Plate Distribution 

For the application of multiple point control forces to the reinforcing beam, it is of interest 

to investigate the total beam flexural energy and the near-field distribution of the plate 

vibration, to determine whether there has been significant increase in the vibration levels 

in these areas. For the same control force arrangement used earlier in the analysis, the 

beam flexural energy under control and the primary and secondary beam flexural energies 

are shown in Fig. 2.13 as a function of the incident angle and at 500Hz. The flexural 

energies are obtained from the averaged beam displacements over the given number of 

discrete locations along the y-direction corresponding to the range (-2XB,2XB). The 

beam secondary flexural displacement is obtained using the solution for the optimal 

control force derived in the minimisation of the flexural energy transmission at the error 

sensor locations (xe = lOA^) in the far-field of plate 2 as shown in Fig. 2.10. The results 

in Fig. 2.13 show that around the flexural coincidence angle, the primary and secondary 

beam flexural energies are almost equal, and at a maximum of -11 dB at the flexural 

coincidence angle of <pB = 11.5°. The corresponding beam flexural energy under control 

at the flexural coincidence angle is -91dB, resulting in a 14dB reduction of the beam 

flexural energy at the flexural coincidence angle. Similar results are found in examining 

the beam torsional energy distributions for the application of point control moments to the 

beam, where the primary and secondary beam torsional energies are both a maximum and 

are equal at the torsional coincidence angle, and the corresponding beam torsional energy 

under control at the torsional coincidence angle is attenuated. 

In order to investigate the near-field distribution in plate 2 for the control force 

application, the primary and total squared plate displacements were averaged over the 

given number of discrete locations along the y-direction, and then examined as a distance 

away from the beam along the x -direction. The expressions for both the primary and 
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secondary flexural plate displacements include the terms describing the near-field waves. 

The primary flexural energy distribution was obtained for an incident angle at the flexural 

coincidence condition, and the secondary flexural energy was determined using the same 

optimal control force obtained at the error sensor locations as shown in Fig. 2.10. Figure 

2.14 shows the primary and controlled energy distributions along the x-direction 

beginning at JC = 0 at the boundary interface between the beam and plate 2, up to the error 

sensor locations at JC = 10Ap. At the boundary interface (x = 0), the primary flexural 

energy in the plate is equal to -11 dB, corresponding to the primary flexural energy in the 

beam, and the attenuated flexural energy in the plate is -91dB, which confirms the results 

obtained for the beam flexural energies in Fig. 2.13. 

In Fig. 2.14, it can be seen that the near-field region for the primary vibrations in 

the plates is significant for x < 0.5AP, after which the propagating waves dominate the 

response. The near-field decay waves increase the primary and controlled flexural energy 

levels in the plate by as much as 3dB. Attenuation of the total flexural energy 

transmission in the far-field of plate 2 also attenuates the near-field energy distribution in 

the plate. For the control arrangement described in this paper, active control of the far-

field flexural energy transmission results in a global attenuation level of the total plate 

flexural energy distribution of approximately 14dB. Investigation of the near-field 

flexural energy distribution due to the control moment application also results in global 

attenuation in both the near-field and far-field regions of plate 2, although the level of 

attenuation achieved is not as significant as for the control force application. Mechanisms 

of the global control of the plate vibration are due to the significant reduction of the beam 

flexural vibration by using point control forces. Similarly, global control of the plate 

flexural energy transmission can be achieved with the application of point control 

moments to the beam, which reduces the beam torsional energy level. 
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Figure 2.13 Total beam flexural energy ( ) showing the contributions by the 
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Figure 2.14 Primary (- -) and controlled ( ) flexural energy distributions 

along the x- direction in plate 2, for the optimal control force obtained at 

the error sensor locations (xe = 10/1^). 
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2.8 Conclusions 

The active attenuation of the plate flexural wave transmission through a reinforcing beam 

has been investigated for an infinite beam-plate system. It has been shown that the 

maximum flexural wave transmission occurs at the optimal trace wave matching between 

the flexural waves in the plate and the flexural and torsional waves in the beam, described 

as flexural and torsional coincidence respectively. At incident angles away from these 

coincidence conditions, the wave transmission is not significant as the beam itself acts as 

an effective attenuation device. The active control was realised with the application of 

point control forces and moments to the reinforcing beam. The control forces were 

arranged to excite only flexural motion in the beam, to match the flexural waves generated 

in the beam by the incident wave at the flexural coincidence condition. Similarly, the 

control moments were arranged to excite only torsional motion in the beam. It was 

possible to optimise the attenuation results with the arrangement of the control forces and 

moments using information at the coincidence conditions. It was shown that with the 

application of multiple point forces, arranged so as to have the same spatial phase 

variation as the flexural waves in the beam at the flexural coincidence condition, the 

resulting secondary waves in the far-field of plate 2 generated by the control forces had 

the optimal spatial phase match with the primary transmitted waves. Hence, maximum 

attenuation of the flexural wave transmission was achieved for the transmission occurring 

at flexural coincidence, making use of both active and passive control techniques. 

Similarly, the arrangement of point control moments so as to have the same spatial phase 

variation as the torsional waves in the beam at the torsional coincidence, resulted in the 

secondary flexural waves in the far-field of plate 2 having the optimal phase match with 

the primary transmitted waves, and thereby achieving maximum attenuation of the flexural 

wave transmission at torsional coincidence. However, if the phases of the control 

actuators are not adjusted to have a phase relationship with each other corresponding to 
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the relevant coincidence condition, then maximum attenuation of the transmitted waves 

was not achieved. Also, optimum spacing between the control actuators corresponding to 

A=0.3XB for point force control and A = 0.5XT under point moment control is required 

in order to improve the control performance. Global attenuation of the plate flexural wave 

transmission is achieved in both the near-field and far-field regions of plate 2. The error 

sensor location does not affect the attenuation results, as long as they are located in the 

far-field of plate 2. Mechanisms of the global control of the plate vibration are due to the 

significant reduction of the beam flexural vibration by using point control forces. 

Similarly, global control of the plate flexural energy transmission can be achieved with the 

application of point control moments to the beam, which reduces the beam torsional 

energy level. 
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Chapter 3 

Active structural acoustic control of the sound 

fields radiating from a beam-reinforced plate 

3.1 Introduction 

An understanding of the vibration in plate-like elastic structures is essential in order to 

attenuate the sound radiation from such structures, such as the noise radiation from 

submarines and mechanical equipment noise in buildings. Noise control problems arise 

when rib discontinuities such as reinforcing beams scatter the structural vibrations that 

primarily exist due to mounted machinery or engines, resulting in the transmission of 

unwanted structural energy, as well as sound radiation into the surrounding fluid. For 

example, an acoustically slow subsonic vibrational wave at low frequencies travelling in 

an infinite panel does not radiate energy into the surrounding fluid field. However, when 

it is incident on a reinforcing beam discontinuity, the scattered structural wave field gives 

rise to both subsonic and supersonic wavenumber components in the vibrational 

response, which subsequently leads to propagating sound waves into the fluid field. 

Hence, for frequencies below the critical frequency, which is that frequency at which the 

in vacuo speed of the flexural waves in the plate, cp, coincides with the speed of sound in 

the adjacent fluid, c0, a bending propagating wave in the plate radiates no sound energy, 

and it is only the existence of the scattered waves at a structural discontinuity that cause an 

energy transfer from the plate to the fluid. 

In the last few decades, the acoustic fields radiating from ribbed plates for both 

structural and sound incident waves have been widely researched. However, many of the 
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analytical models have been simplified using approximating methods, and the discussion 

of the analytical models has been limited mainly due to difficulties associated with 

computation of the numerical results. Also, there has been very little consideration given 

to the attenuation of the sound radiation from ribbed plates using active control. At low 

frequencies, passive control techniques give poor control performances, and hence active 

control techniques are more effective in the low frequency range. A relatively new 

approach to actively attenuate the structurally radiated sound fields is called Active 

Structural Acoustic Control (ASAC). It is achieved by the more practical approach of 

applying control inputs to the structure, instead of in the surrounding fluid field. 

Reduction of the far-field sound radiation is then achieved by modifying the structural 

response. 

3.2 Literature Review 

3.2.1 Sound radiation from ribbed plates 

A review on the literature associated with the sound fields radiating from ribbed plates can 

be categorised by the structural configurations. Lyon (1962) and Lin and Hayek (1977) 

examined the sound radiation from a symmetrically reinforced ribbed plate, whereas the 

sound radiated by a plate with several beams has been studied by Romanov (1971) and 

Eatwell and Butler (1982). The acoustic fields radiating from periodically stiffened plates 

has been considered by Plakhov (1968), Evseev (1973) and Mace (1980a, 1980b). 

Lyon (1962) investigated the radiated sound power from a beam-plate system 

generated due to the scattered structural field when a plate flexural wave is obliquely 

incident on the reinforcing beam. In his analysis, Lyon ignored the effect of fluid-loading 

on the beam-plate dynamics and subsequent sound radiation, and he used the equations of 

the beam-plate interaction developed by Ungar (1961). Lyon initially discovered that 
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there is a critical incident angle of the plate flexural wave, (pc = sin
-1(Ap /X0j, where X0 

is the acoustic wavelength of the fluid. Above this critical angle, the trace wavelength of 

the plate along the beam is less than the acoustic wavelength, resulting in no radiation of 

sound. Lyon evaluated the radiated power from the beam-reinforced plate when the 

original vibration field is diffuse, thereby considering all possible angles of incidence of 

equal intensity. Due to difficulties associated with evaluation of the integrals, there is no 

interpretation of the analytical solutions. In a similar paper, Lyapunov (1969) examined 

the scattering of the structural wave field at a clamped line discontinuity. Two types of 

structural wave fields were considered: a flexural plane wave propagating at an angle (p to 

the discontinuity, and a diffuse field of incident flexural waves. Lyapunov found that for 

incident angles (p > sin-1(fc0 /kp), no acoustic energy was radiated. 

Lin and Hayek (1977) presented an analytical solution for the acoustic radiation 

from a symmetrically reinforced ribbed plate with a time harmonic point force applied to 

the beam. Their work was to show that reduction in radiated noise can be achieved when 

a vibrating machine is attached to the reinforcing beam rather than the plate. Only flexural 

motion in the beam-plate system was considered. The integral expression describing the 

radiated acoustic pressure was approximated using the method of steepest descent, and the 

radiated acoustic power was evaluated by integrating the square of the radiated far-field 

pressure over a large spherical surface. Lin and Hayek examined excitation frequencies 

above and below the critical frequency. Below the critical frequency, both the radiated 

sound pressure and sound power were reduced by the presence of a beam. This was 

attributed to the fact that the large reinforcing beam required more power to drive it 

compared with driving the plate, and hence less power was radiated into the surrounding 

fluid medium. 

Evseev (1973) considered the radiation of sound from an infinite fluid-loaded plate 

subject to pure bending and stiffened by equidistant beams. The plate was driven by a 

point force acting at the midspan between two reinforcing beams. The problem of the 
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dynamics involved with the beam attachments was simplified by assuming that the 

reinforcing beams were small in comparison with the wavelength in the acoustic fluid, and 

that the beams are attached to the plate in a hinged mode. As a result, the beams were 

replaced by a reaction force which is related to the beam impedance, the plate vibration 

amplitude, and the beam location. Evseev derived an integral expression for the pressure 

in spectral form due to the plate driven by the external force. He observed that only those 

components of the wavenumber spectrum that lie inside the disk represented by 

yl + y2= k20 contribute to the far-field radiation, where yx, yy are the structural 

wavenumbers in the x- and y-domains respectively, and k0 is the acoustic wavenumber 

of the fluid. Likewise, the near-field sound pressure is represented by the integration over 

the wavenumber spectrum minus the disk y2 + yy<k^. The far-field sound pressure 

was approximated using the stationary phase method. Evseev recognised that for a plate 

with periodic inhomogeneities, the radiated acoustic energy is not only associated with the 

supersonic components of the wavenumber spectrum, but also with the subsonic 

components which do not radiate in the case of the homogeneous plate. Hence, there is a 

considerable increase in the sound radiation from the ribbed plate compared with a 

homogeneous plate, owing to the transfer of energy from the non-radiating regions of the 

wavenumber spectrum into the radiating regions. 

Romanov (1971) investigated the influence of two reinforcing ribs on the radiation 

of sound by an infinite plate driven by a field of random forces between the two beams. 

He developed expressions for the square of the sound pressure by using Green's 

function, which in turn was determined by the solution of the differential equation for the 

plate vibration and the Helmholtz equation in the fluid. The beams were replaced by 

transverse force and moment impedances per unit length of the beam acting at the location 

of the beams, where the mechanical impedances of the beams are much larger than the 

mechanical impedances of the plate. Romanov showed that the presence of the beams 

yielded a significant increase in the radiation of the infinite plate at low frequencies. 
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Romanov also included the influence of the structural loss factor in the plate in his 

analysis, where the structural losses are taken into account by the introduction of the 

complex Young's modulus of the plate. In a later paper, Romanov (1977) considered the 

radiation of sound from an infinite plate driven by a point force, which was bounded on 

both sides by a fluid and periodically stiffened by reinforcing beams. Using similar 

analytical models to his previous paper, Romanov evaluated the far-field sound pressure 

using the method of steepest descent. In his results, Romanov discovered that each beam 

was an acoustic radiator, where the sound pressure created by the beam depended on the 

degree of proximity of the driving point to the beam. If the driving force on the plate was 

located close to the beam, then the radiating pressure decayed spherically, otherwise the 

pressure radiated cylindrically. Romanov concluded that increasing the number of beams 

on the plate did not alter the radiation of the previous beams, and the directivity of the 

sound radiation was almost the same for all beams. 

Howe and Heckl (1972) investigated the sound radiation from infinite plane 

plates, with density and stiffness discontinuities in the material of the plate. They 

recognised that if the plate bending wave is propagating at frequencies below the critical 

frequency, then there is no transfer of energy from the plate into the surrounding fluid 

medium in the form of sound waves. It is only the existence of the scattered waves at a 

structural discontinuity that cause an energy transfer from the plate to the fluid. 

Eatwell and Butler (1982) analytically studied the response of a fluid-loaded plate 

with a finite number of equally spaced reinforcing beams. The equations of motion for 

the plate and fluid were solved in terms of the Green function and using standard Fourier 

transform techniques. The integral expression for the far-field sound pressure was 

evaluated using the stationary phase wavenumber approximation method. Eatwell and 

Butler also examined a periodically stiffened plate, where the pressure was shown to 

depend upon the input impedance of the system and the phase of the displacement at 

adjacent beams. The far-field radiated sound pressure of the periodically stiffened plate 
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was found to be similar to that of a finitely stiffened plate. This is due to the fact that at 

low frequencies, the system is dominated by the fluid-loading, and so the addition of any 

number of beams has little effect on the acoustic response. 

Plakhov (1968) investigated the sound radiation by an infinite plate driven by a 

point force and reinforced with an infinite array of beams. The mechanical impedance of 

the beam stiffeners were considered to be large relative to the driving forces. In his 

results, Plakhov showed that resonant peaks in the response of the far-field sound 

pressure occurred when the wavelength in the plate was greater than the separation 

distance between the supports. These peaks in the acoustic response were greater than 

those radiated from an infinite homogeneous plate of the same thickness, that is, the effect 

of the reinforcing beams was to increase the radiated sound pressure. 

Maidanik and Dickey (1988a) expressed the acoustic behaviour of a ribbed panel 

in terms of an impulse response function. The impulse response function of the ribbed 

panel was described in terms of the impulse response function of the homogeneous plate 

and the properties of the ribs. The rib properties were defined in terms of their locations, 

their line force impedances, and when appropriate, their line moment impedances. 

However, there are no interpretations of the derived expressions. 

Crighton and Maidanik (1981) presented an analytical study of the interaction 

between incident wave fields and a single rib on an infinite fluid-loaded panel. Both 

structural and acoustic incident plane waves were considered at normal and oblique 

incidence on the rib. Crighton and Maidanik investigated the structural wave field 

transmitted across the rib and the generation of the sound field in the transmission 

process. In some qualitative discussion, they discussed the effect of fluid-loading on the 

transmission of structural waves incident obliquely on the rib. They found that at each 

frequency, a certain direction of incidence corresponds to resonance of the rib, where the 

natural wavenumber of the rib was matched by the incident wavenumber parallel to the 

rib. This describes the structural coincidence phenomenon described by Ungar (1961). 
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At the coincidence condition, Crighton and Maidanik conclude that perfect transmission of 

the oblique waves occurs regardless of fluid-loading effects, although there is no 

discussion on how the structural coincidence condition affects the acoustic responses. 

Mace (1980a) examined a plate excited by a point force acting midway between 

two stiffeners. The structural wave generated by the point force was acoustically slow 

and propagated without attenuation across the plate. Mace found that when the fluid-

loading effects were negligible, the radiated sound pressure was similar to that of an 

unstiffened plate, but with a reduction in amplitude due to the added mass of the 

stiffeners. The scattering of the structural wave field at each stiffener location was not 

considered. 

Leppington (1978) examined the scattered acoustic field by a plane sound wave 

incident on an infinite line constrained panel. From his exact solution for the far-field 

radiating pressure, Leppington found that the grazing angles close to the surface of the 

plate of the sound directivity greatly affected the response, although it was not discussed 

in any depth. Other researchers in the field of the acoustic responses radiating from beam-

reinforced plates include Garrelick and Lin (1975) and Feit and Saurenman (1971). 

The literature review appears to show that the fundamental work of the structure-

borne sound fields radiating from ribbed plates has been thoroughly undertaken by many 

researchers in the field of acoustics, and that there is very little work left for future 

significant work. However, a closer look at the references suggests that the following 

areas are still remaining to be examined: (i) the effect of the transmitted and reflected 

waves in a beam-reinforced plate on the structure-borne radiating sound fields; (ii) the 

effect of the structural coincidences on the far-field sound pressure and radiated sound 

power. 
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3.2.2 Active control of the acoustic fields radiating from a ribbed 

plate 

Sound radiating from vibrating structures have always been a problem in industry. In the 

low frequency region, passive control techniques give poor control performances, making 

active control more effective at low frequencies. A relatively new approach to actively 

attenuate the structurally radiated sound fields is to directly modify the response of the 

structure. This can be achieved by adding control inputs to the structure rather than a 

distribution of acoustic control sources in the surrounding fluid. This control technique is 

commonly known as Active Structural Acoustic Control (ASAC). The control inputs may 

be either point forces or piezoelectric elements applied directly on the vibrating structure 

surface, and the acoustic error sensors are microphones located in the fluid medium. 

Many control system applications are based on some understanding of the physical 

system. For example, a control force located at a modal node cannot control that mode. 

Hence, it is necessary to ensure that all vibration modes contributing to the radiation must 

be controllable by the control forces. Similarly, the error sensor location is important to 

ensure that the vibrational waves are observable by the error sensors. While most ASAC 

systems are designed using feedforward control techniques, active control of the radiated 

sound pressure from a simply supported plate has also been investigated using feedback 

control (Meirovitch and Thangjitham, 1990). 

Previous work concerned with the active control of sound radiating from 

structures have mainly dealt with homogeneous structures such as beams (Burdisso and 

Fuller, 1992) and plates (Fuller, 1990; Pan etal, 1992) in which fluid-loading effects on 

the structure were neglected. However, structural discontinuities such as a reinforcing 

beam or end condition has a significant effect on the structure-borne sound radiation. 

More recently, ASAC techniques have been employed to attenuate the structure-borne 

sound fields generated by subsonic wave scattering at a structural discontinuity, where the 
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discontinuity can be modelled as a structural boundary (Guigou and Fuller, 1993b) or a 

line discontinuity (Gu and Fuller, 1991). Very little work has been done on the active 

control of the structure-borne sound fields radiating from ribbed plates. 

Vyalyshev et al. (1977) examined the sound radiation from a plate which was 

driven by line forces at frequencies below critical. The forces were represented as 

discontinuities that affected the homogeneity of the velocity distribution of the flexural 

vibrations in the plate. By assuming that the contribution by the fluid-loading was 

negligible, the radiated acoustic power was then described in terms of the structural 

velocity, where the velocity itself corresponded to the summation of the spatial 

wavenumber spectrum. Vyalyshev et al. recognised that it was only the supersonic 

wavenumber components of the structural response in the interval —k0 <k<k0 that 

contribute to the far-field radiated sound power. These supersonic wavenumber 

components were generated by the line inhomogeneities in the plate. They then suggested 

a method for compensating the radiated sound field by applying forces to the vibrating 

plate, in order to change the spatial distribution of the plate velocity and to thereby 

minimise the power spectrum. This technique of compensation is more commonly 

referred to nowadays as active structural acoustic control. A reduction in the sound power 

was achieved by a compensating line force applied parallel to the primary force. 

However, in order to achieve global reduction of the radiated sound power, it was 

necessary to apply the compensating force to the plate surface in such a way that there was 

a redistribution of the energy in the radiating interval of the wavenumber spectrum of the 

velocity -k0 <k<k0 into the non-radiating interval k>k0. In their results, Vyalyshev et 

al. showed that if the energy in the supersonic wavenumber spectrum was reduced but the 

amplitude of the non-radiating vibration modes increased, then even though the radiated 

sound field has been compensated, the vibrational plate velocity has increased. Vyalyshev 

et al. also recognised that the effectiveness of the control system depends on an 

understanding of the structure-fluid coupling, and therefore on an understanding of the 
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physical system. The discussions and results presented by Vyalyshev et al. are very 

significant for the future work on ASAC systems to attenuate the structure-borne sound 

radiation at low frequencies. 

Fuller and Burdisso (1991) discussed the feasibility of designing a feedforward 

controller in the wavenumber domain. By minimising only the supersonic wavenumber 

components of the structural wavenumber spectrum, it is possible to minimise the far-field 

sound radiation. Their design approach not only optimised the control system, but also 

eliminated the use of an error microphone in the far-field of the fluid. However, this 

design approach requires knowledge of the system wavenumber transfer functions a 

priori. As a result, the control approach is limited to simple plate structures. 

Guigou and Fuller (1993a) investigated the influence of the flexural near-field 

decay waves generated at the input and control force locations on the sound radiation from 

a simply supported beam. It was found that although the near-field waves can be 

neglected in terms of the structural response, they significantly contribute to the sound 

radiation from the structure. Active control was applied to minimise the sound field using 

a single point force applied to the beam. Using feedforward ASAC techniques, the 

optimal control force amplitude was derived by minimising the radiated sound pressure at 

a single location in the surrounding fluid. In a similar approach, Guigou and Fuller 

(1993b) also used ASAC techniques to actively attenuate the sound radiation due to 

subsonic wave scattering at a clamped edge discontinuity on a semi-infinite beam. In this 

work, active control was achieved by applying either control forces or paired control 

moments which were considered to approximate a piezoelectric actuator bonded on the 

beam, and the radiated sound pressure was minimised at one point located in the far-field. 

In both papers, the fluid-loading on the beam was considered negligible, and the total 

flexural response of the beam subject to the input and control forces was expressed in 

terms of propagating and near-field waves. Attenuation of the radiated sound pressure at 

the error sensor location was related to a decrease of the supersonic wavenumber 
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spectrum in the vibrational response of the structure. By minimising the sound pressure 

field at one specified point in the fluid field, the complexity of the control system was 

greatly reduced compared to minimising the sound power, which would require multiple 

error sensors located in the surrounding fluid. 

Burdisso and Fuller used feedforward ASAC techniques to control the sound 

radiated by simply supported beams (1992) and plates (1994). In both papers, the 

eigenstructure of the physical system was modified to result in a system response 

consisting of the weakest radiating modes. The design approach was based in finding the 

optimum actuator and sensor locations that resulted with eigenfunctions with the lowest 

radiation efficiency. 

Pan, Snyder, Hansen and Fuller (1992) presented an analytical and experimental 

paper for the active control of the radiated sound fields from a simply supported 

rectangular panel. In their analysis, Pan et al. considered the panel vibration to be 

generated by either an incident sound wave or by structural vibrations, and the fluid-

loading on the panel was considered to be negligible. Minimisation of both the local 

sound pressure and total sound power were achieved by using either acoustic or vibration 

sources. For acoustic source control, the far-field sound was attenuated by altering the 

radiation impedance observed by the panel. In the case of using ASAC techniques, the 

panel response was modified to decrease the amplitudes of the offending structural 

modes, which in turn altered the total radiated sound power from the panel. 

Gu and Fuller (1991) investigated the active control of sound radiation due to 

subsonic wave scattering from discontinuities on fluid-loaded plates. In their analytical 

study, they represented the structural discontinuity by a line force constraint or by a 

uniform reinforcing rib. The rib was assumed to act as a lumped mass, and was 

approximated as both a line force and a line moment acting on the plate. The radiating far-

field sound pressure was solved in the spectral domain, and then approximated using the 

stationary phase approach. Feedforward ASAC techniques were used to reduce the 
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radiated pressure field by locating two control forces near the discontinuity. In their 

results, Gu and Fuller found that the control performance was strongly dependent upon 

the frequency and the location of the control forces. At higher frequencies, the radiated 

sound field increased in amplitude due to the increase in the plate mobility, resulting in a 

reduction of sound attenuation. 

The use of piezoelectric actuators bonded to the surface of the structure in order to 

control the structure-borne sound radiation is becoming increasingly popular (Fuller, 

Hansen and Snyder, 1989; Wang, Fuller and Dimitriadis, 1991). Wang, Fuller and 

Dimitriadis (1991) analytically studied the potential of using multiple piezoelectric 

actuators to control the sound radiated from a simply supported plate. Their results show 

that careful selection of the size, number and location of the actuators can result in 

significant reduction in the radiated sound power. The improvement in the control 

performance using multiple actuators over single actuators was due to reduced spillover 

effects. Wang, Burdisso and Fuller (1991) investigated the optimum location of 

rectangular PZT actuators with fixed microphones as error sensors to minimise the sound 

radiation from a simply supported plate. The far-field structure-borne sound was 

minimised by optimising the location of the piezoelectric actuators on the surface of the 

structure. In a similar way, Clark and Fuller (1992b) also studied the optimisation of the 

location of PZT actuators and both the size and location of PVDF structural error sensors. 

In this novel approach, the structure is equipped with a sensor bonded to the surface, 

instead of using microphones located in the acoustic far-field. However, using PVDF 

sensors in order to implement structural sensors for ASAC applications, it is necessary to 

have an efficient design procedure due to the inability of the structural sensors to directly 

measure the acoustic response. The optimal design and location of the structural PVDF 

error sensor for structural-acoustic control resulted in a sensor whose dimensions and 

position were such that the spatial window created by the sensor resulted in a supersonic 

wavenumber filter. Both Wang, Burdisso and Fuller (1991) and Clark and Fuller 
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(1992b) used the mean square value of the sound pressure as the cost function to 

minimise. 

Fuller (1990) analytically investigated the effectiveness of feedforward ASAC 

control of the sound transmission/radiation from a circular thin plate. The plate was 

subject to an acoustic incident wave, and the analysis was presented for the in vacuo case. 

Fuller was able to show that global reduction in the radiated sound levels could be 

achieved using one or two properly located point control forces. Dimitriadis and Fuller 

(1991) theoretically investigated the use of piezoelectric actuators bonded to the surface of 

a circular clamped plate to actively attenuate the sound transmission/radiation. In their 

study, Dimitriadis and Fuller show that the effect of actuator size and location strongly 

affects both control performance as well as the control spillover, which reduces the 

control performance. 

In this Chapter, the radiating acoustic fields due to subsonic wave scattering at a 

reinforcing rib on an infinite, thin plate is investigated. In order to examine the effect of 

the structural coincidence conditions on the structure-borne sound radiation, the acoustic 

loading on the panel is neglected in the dynamics of the structural response, 

corresponding to those structures under light fluid-loading conditions. With considerable 

computational analysis, it is possible to illustrate exactly how the structural waves at both 

structural coincidence and off-coincidence conditions contribute to the radiating acoustic 

fields. The beam-plate system is modelled as a continuous system, with the plate in 

flexure and the beam in both flexure and torsion. The sound pressure is evaluated by the 

full integration of the Fourier wavenumber transformation, and the results are not affected 

by assumptions and range constraints. In this Chapter, it is shown that the structural 

coincidences result in a reduction of the radiating sound pressure and sound power. 

An active structural acoustic control system is designed to attenuate the radiating 

structure-borne sound fields. The ASAC system consists of multiple control forces 

applied to the reinforcing beam in order to modify the structural response. The control 
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application is firstly simplified using biologically inspired control techniques, and then 

optimised by using information of the structural coincidences. It is shown that significant 

reduction of the far-field sound pressure and sound power can be achieved by directly 

modifying the structural waves that contribute to the far-field sound radiation. The 

effectiveness of the control system is evaluated by comparing the control performance due 

to an arbitrarily located error sensor with that of an optimally located error sensor. 

Although it is generally more desirable to reduce the total sound power radiated by a 

vibrating structure rather than the sound pressure at one or two locations, it is much more 

impractical as there must be a sufficient number of error sensors in the fluid field in order 

to observe the total radiated sound power. In this Chapter, it is shown that optimally 

locating the error sensor for the minimisation of the local sound pressure results in 

significant reduction of the radiated sound power, and thereby reducing the complexity of 

the control system. The effect of the control system on the structural response and near-

field sound pressure is also investigated in this Chapter. 

3.3 Analysis of the Physical System 

3.3.1 Structural response of a fluid-loaded beam-plate system 

The beam-plate structure is the same system analysed in Chapter 2, and consists of an 

infinite thin elastic plate which is symmetrically reinforced by two identical uniform 

narrow beams of rectangular cross-section. The ribbed plate is considered to be loaded 

with an acoustic fluid of density p0 and speed of sound c0 on the upper side of the plate, 

(z > 0), and in vacuo on the other (z < 0). A subsonic flexural plane wave in the x-y 

plane of frequency GO and wavenumber kp in the direction of its propagation (p impinges 

on the beam boundary as shown in Fig. 3.1. The flexural motion in the plate induces 

both flexural and torsional motions in the beam. 
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Figure 3.1 Beam-reinforced plate separated into three sub-systems: plate 1, beam 

and plate 2, showing the subsonic flexural plane wave incident at the beam 

boundary. 

It is well known that an incident wave propagating in the low frequency range 

corresponding to frequencies well below critical, where the in vacuo phase speed of the 

flexural waves in the plate (cp) is less than the speed of sound in the fluid (c0), is a 

subsonic wave and it does not radiate energy into the far-field of the surrounding fluid. 

When the subsonic flexural wave is incident on the beam discontinuity, the scattering of 

the structural wave field generates both supersonic and subsonic wave types in the 

structural response, resulting in sound radiation into the surrounding fluid field. Crighton 

and Maidanik (1981) have shown that fluid loading on a ribbed plate has no effect on the 

structural coincidence conditions occurring at the optimal trace wave matching between the 

flexural waves in the plate and the flexural or torsional waves in the beam. That is, for 

flexural plane waves in the plate obliquely incident on the reinforcing rib, there is perfect 

transmission at a coincidence condition regardless of the fluid loading effects. However, 

it is necessary to understand how the structural coincidences affect the acoustic responses. 

In this Chapter, in order to investigate the effect of the structural coincidences on 

the radiating sound fields, the effect of the fluid loading on the structural dynamics is 
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neglected. There are three frequencies of interest that define the nature of the fluid-loading 

(Crighton et al, 1992): the critical frequency fc, the null frequency /„, and the structural 

frequency fs. The critical frequency occurs when c =c0, and is defined by: 

/2%. The null frequency is the parameter used when examining the fc = 
V D J 

P c 
acoustic response of fluid-loaded plates, and is defined by: / = ° ° . For f>f„, the 
2npph 
fluid-loading is considered to be 'light', and the effect of the fluid-loading on the acoustic 

response is negligible. The structural frequency defines the nature of the fluid-loading 

when examining the structural response, and is defined in terms of the critical and null 

f 
frequencies by: /, = — . For f>fs, the fluid-loading is considered to be light, and the 
J c 

effect of the fluid-loading on the structural response is also negligible. The choice of the 

acoustic fluid and structural material also affects the nature of the fluid-loading. For 

example, choosing air to represent the fluid medium surrounding a thin aluminium plate 

results in very low values for the null frequency /„, and negligible values for the 

structural frequency fs. Hence, air is considered as light fluid-loading on the structure 

for all frequencies. However, choosing water and steel as the fluid and structural 

mediums leads to higher values for both fs and fn, resulting in defined frequency ranges 

for which the plate is under the light fluid-loading condition. This frequency range is 

defined by those frequencies well below critical, but greater than both the null and 

structural frequencies. In this Chapter, air is chosen to represent the acoustic medium, 

and hence the structural response is not affected by the fluid loading. 

The mathematical modelling of the structural response is the same as that in 

Chapter 2, where the structure is separated into three sub-systems: plate 1 (on the same 

side of the beam as the incoming incident wave), beam and plate 2 (on the 'right' side of 

the beam), with the centroidal axis of the system lying in the mid plane of the plate and 

coinciding with the beam centre of twist. The primary flexural displacement in plate 1 is 

described from Eq. (2.11) by: 
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W[(x, y, t) = (Ape-
i(k^)x + R / " ^ * + R/*yk**-»+i« x < 0; (3.1) 

and similarly, the primary flexural displacement in plate 2 is described by Eq. (2.12): 

WJ (x, y, t) = [T^™** + THe-
k*yk'*')y+Jm x>0. (3.2) 

The coefficients Tp and Rp are generally described as the amplitudes of the subsonic 

propagating waves, and also Tn and Rn are the amplitudes of the supersonic near-field 

waves. Solutions for the coefficients Tp, R , Tn and R„ have been previously 

determined and are described by Eqs. (2.15) to (2.24). 

Flexural and torsional coincidences occur when kpsin(p = kB and kpsin(p = kT 

respectively (see section 2.4.2), and results in the maximum transmission of the plate 

flexural wave motion through the reinforcing beam. Away from the structural 

coincidences, there is a large amount of reflection, as the beam passively attenuates the 

transmission of the plate flexural motion. 

3.3.2 Primary sound pressure field and radiated sound power 

The acoustic wave equation for the sound pressure field is (Junger and Feit, 1986): 

V2p(x,y,z)-\^r = 0 (3.3) 
Co ^ 

~\2 32 32 

where V 2 = —-z + -—5- + -r-5- is the Laplace operator. 
dx dy dz 

For sound waves radiating into the half-filled fluid space (z > 0), and taking a double 

Fourier transform of the pressure in the JC- and y-directions into their respective 

wavenumber domains, yields: 

74 



P(yx,yy;z)=o (3.4) 

where yz=4y
2
x + y2,-k20 is the acoustic wavenumber of the pressure field in the z-

direction, k0 = co/c0 is the acoustic wavenumber of the fluid, and yx, yy respectively 

represent the structural wavenumbers in the x- and y-domains. Equation (3.4) leads to a 

general solution for the sound pressure field in wavenumber space of the form: 

Hyx, yy;z) = P(yx, yy;z = 0)e~
r>z z > o. (3.5) 

The boundary condition at the surface of the structure requires that the surface velocity of 

the plate equals the acoustic particle velocity of the fluid, vf, at the surface of the plate, 

that is, at z = 0: 

vf(x,y,z = 0)=
dW(

d
X
t'

y). (3.6) 

The pressure field acting on the plate can be described in terms of the acoustic velocity by 

the following momentum equation (Junger and Feit, 1986): 

t-f-
From Eqs. (3.6) and (3.7), and taking a double Fourier transform of the result in 

wavenumber space yields the following expression for the pressure field at the plate 

surface: 

2 

P(yx,yy;z = 0) = - ^ - W ( y x , y y ) . (3.8) 
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For the beam discontinuity at x = 0, the wavenumber transformation of the primary plate 

flexural displacement in the x-y plane can be described by: 

oo 0 oo oo 

W(yXp,yyp)= J \w?(x,y)e~irx'xe~ir''ydxdy+ J \wZ(x,y)e~fr''xe~irj'ydxdy, (3.9) 
—oo—oo 

where yx and yy are the primary structural wavenumbers in the x- and y-domains. 

The structural waves have the same periodicity of motion along the y-direction in both 

plates 1 and 2. Since the wavenumber spectrums are separable in x and y, the 

wavenumber transformation of the structural displacement can be described by: 

W<r*,- ?yP > = {™?(V*P >
 + W2(7Xp ))w

p(yyp) (3.10) 

and now substituting in Eqs. (3.1) and (3.2) results in: 

W[(yXp) = J( V**'"""* + i?/^ + Rne
k"xyir^dx (3.11) 

W!(yXp) = ~j(Tpe-
i(k>C0S9)x + Tne-

k"xyi7x>xdx (3.12) 
o 

W'(y,r)= "je^^V^dy. (3.13) 
—oo 

Using the following standard expressions: 

oo 

jeJkxdx = 27td(k) (3.14) 
—oo 

oo « 

\eikxdx = n8(k) + { (3.15) 
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reduces the spectral expressions in (3.11) - (3.13) to a combination of delta functions and 

imaginary parts: 

w?(yx) = Af 

+R. 

n8(-kcos(p-yx ) + 

7t8(k coscp-yx )-

k cos(p + y} 
p J 

kcos(p-y} 
p) 

+K 7cS(-jkn-yx ) + — 
n /x> JK + r. p J 

( 

w?(rx)=TP 7t5(-kcos(p - yx )• 
k coscp + yx 

+ r„ 

p J 

(3.16) 

7c8(jk - y_ ) + — 
n Xp JK-r. XP J 

(3.17) 

Wp(yy ) = 27t8(ksm(p-yy ). 
y? 

(3.18) 

These expressions are similar to those obtained by Lyon (1962), although the delta 

function components are omitted from his expression. 

Using Eqs. (3.5) and (3.8) results in a spectral expression for the primary sound 

pressure field in terms of the plate spectral response: 

pjrx..ry;z)=-^
£L™ P' »x ' ly. w(yx.>ryJ

e~w'> (3.19) 

where y is the acoustic wavenumber of the primary sound pressure in the z -direction. 
zp 

The primary sound pressure field can be obtained by taking the double inverse Fourier 

transform of Eq. (3.19): 
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P^=-^ r-
r^'wv ̂, (2K)1 yP 

(3.20) 

which results in an expression for the primary sound pressure field in terms of a non-

integral and an integral component: 

PP(x,y,z) 
_ oo-poe 

2„ J(k.smip)y-(kl-kZ)V2z 

2 ,2 A/2 
2(kt-K) 

/A -J(kpcos<p)X „ j(kpcosq>)X j, -j(kpc 

knX J. T a~
knx +Rne

K"x+Tne-
,c°x) 

:^.>2„ J(kpsin<P)y 
]<Qp0e 

P T* J OO 

2K 

AJkco&cp -yxJ- RJkcoscp + yx)- TJkcosy - yXn) 
p\ p P\ P 

k2Dcos
2(p-y2x 

Rn(JK-yx) + Tn(jkn + y x ) ^ »«*-** 
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K + y. 

dyx (3.21) 

where yz now becomes: yz =Jyl -(k2 -klsin2(p). For periodic distribution of the 

sound pressure in the y-direction, the sound pressure field is evaluated in a cylindrical co

ordinate system defined by jc = rcos0, z = rsin0 and y = 0 as shown in Fig. 3.2, and 

the resulting expression for the primary sound pressure field in cylindrical co-ordinates is: 

t2_t2lW. *2„ ^-(ki-ktrrsinO 

mi P„(r,e) = <»P0e 
-k2J'2 ^ 

-j(kpcosy)KQsO r> j(kpco$(p)rxxis0 ̂ _rp ^-j(kpcos<p)nos8^ 

}e + Kpe 
+ Tpe'

J 

2 „ -(kl-kl)mnme 
a>P0e 

2(k2p-k
2
0r 

.(Re
k"rcose + T e~knrcos6} 

jco2pn j Ap(kpcos(p-yXp)-Rp(kpcos(p + yXp)-Tp(kpcoscp-yXp) 

2K — k2pcos
2(p-y2x 

KUK - Yj + TJjk. + y^^e-r^e ^ ^ 

-2 • y 2 K+y; 
(3.22) 
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The far-field radiated sound pressure is directly contributed by the supersonic components 

of the wavenumber spectrum in the integral part of the expression for the sound pressure 

field. The supersonic wavenumber spectrum is defined by: yx <Jk
2-k2sin2(p, 

resulting in imaginary values for the acoustic wavenumber in the z-direction: 

Yz = Jvko -kjsin2(p- y2x . As previously discussed by Lyon (1962), the supersonic 

wavenumber spectrum is further restricted by a limiting range for the incident angle, 

where q> must be less than a critical incident angle (pc, which is defined by 

<pc = sin
-1(fc0 /kpy At an angle of incidence corresponding to critical, optimal structure-

fluid coupling occurs, resulting in the greatest sound radiation from the plate into the 

fluid. 

P(r, 9) 

z 
A 

• x 

~i r 

Figure 3.2 Sound pressure field evaluated in a cylindrical co-ordinate system in the 

x-z plane. 

The structural waves of coefficients A , Rp and Tp cannot now be accurately described as 

subsonic, and similarly the structural waves of coefficients Rn and Tn cannot be described 

as supersonic. This is due to the fact that the inverse transformation of the sound pressure 

from wavenumber space was obtained for a continuous range of x, that is, -°° <x<°°. 

In the proceeding section, it is shown that all the structural waves contribute to the far-

field radiating acoustic fields. 



A n expression for the radiated sound power is obtained by the integration of the far-field 

acoustic intensity over a semi-cylindrical surface centred at the beam discontinuity in the 

half-filled fluid space. The acoustic intensity IK, is related to the square of the sound 

pressure by ln = \p\ /2poc0, and therefore the sound power radiated per unit length in the 

y-direction is expressed as (Junger and Feit, 1986): 

K | |2 

n= \^p—rdd. (3.23) 

The above expression is valid only for far-field distances. 

3.4 Results and Discussion of the Physical System 

3.4.1 Radiated primary sound pressure field 

The material properties and dimensions of the beam-plate structure are the same as those 

used in Chapter 2. Air is chosen to represent the acoustic fluid in the half-filled fluid 

space, where p0 = 1.21kg/m
3 and c0 = 343m/s. The relevant frequencies that define the 

nature of the fluid-loading become: the critical frequency, fc=1510Hz; the null 

frequency, fn =15Hz; and the structural frequency, fs, is negligible. Choosing a 

frequency of 500Hz corresponds to a frequency well below critical, but greater than both 

the null and structural frequencies, and the light fluid-loading condition on the structure is 

satisfied. 

The structural coincidence angles have been previously determined in Chapter 2 

for the same system physical parameters and dimensions, and for an amplitude of the 

incident wave of A = 10^m. The flexural coincidence condition is independent of 

frequency, and corresponds to an incident angle of (pB = 11.5° for this beam-plate model. 

For a frequency of 500Hz, the angle of incidence corresponding to the torsional 
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coincidence conditions is cpT = 1.5°. The critical incident angle is (pc = 15°. Both 

coincidence angles correspond to incident angles less than critical and therefore contribute 

to the supersonic wavenumber spectrum of the sound pressure field. 

To give a full description of the far-field sound pressure, three incident angles 

were chosen to illustrate the different behaviour patterns of the radiation directivity and 

level of the sound pressure field. The incident angles chosen are (p = 5° corresponding to 

an off coincidence condition, (p = 11.5° corresponding to the flexural coincidence 

condition, and q> = 14.5° which corresponds to an angle of incidence close to critical. 

The sound field was evaluated after considerable computational analysis with the 

numerical integration of the sound pressure described by Eq. (3.22). 

Figures 3.3-3.5 display different information on the radiation directivity and level 

of the sound pressure at a far-field dimensionless radius of k0r = 10. Each figure is 

separated into (a), (b) and (c) to respectively compare the radiation directivities at the 

incident angles of 5°, 11.5° and 14.5". Figure 3.3 shows the total sound pressure level, 

and the integral expression of Eq. (3.22) separated into the subsonic and supersonic 

wavenumber spectrums. The true representation of the supersonic wavenumber spectrum 

is defined by yx <Jk
2-kjsin2(p and q)<s,m~l{k0/kpj. At this far-field range, the 

wavenumber spectrum is dominated by the pole corresponding to the zero of yz , that is, 

yx =Jkl -k
2sm2(p. This is located in the supersonic wavenumber spectrum and 

contributes to the majority of the total sound pressure response. However, the subsonic 

wavenumber spectrum dominates and dramatically increases the sound pressure level at 

the grazing angles close to the surface of the plate (0° < 6 < 2° and 178° < 9 < 180°). 

This is due to the fact that even at a far-field radius, regions close to the surface of the 

structure correspond to the near-field. In the near-field, the wavenumber spectrum is 

dominated by the pole located in the subsonic wavenumber spectrum corresponding to 

y = k cos©. Hence, the subsonic wavenumber spectrum dominates the response of the 

near-field sound pressure. These results are not new, but are presented to give a complete 
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picture. N o w the individual components of the structural waves are examined to establish 

exactly those waves that contribute to the radiating sound pressure at both the structural 

coincidence and off coincidence conditions. 

Figure 3.4 shows the radiating sound pressure at a far-field range of k0r = 10, and 

me contributions by the propagating structural waves of coefficients Ap, Rp and Tp, and 

the near-field decay waves of coefficients Tn and Rn. Figure 3.4 shows that for all 

incident angles, the propagating structural waves have similar contribution to the far-field 

sound pressure level as the near-field structural waves, which confirms that all structural 

wave types are contributing both supersonic and subsonic wavenumber components. 

This is due to the fact that when the incident plane wave impinges obliquely on the beam 

interface, there is an imbalance in the structural vibrations along the ;c-direction. This 

imbalance is magnified for incident angles away from the structural coincidences, due to 

the large amount of reflection and very little transmission. As a result, the propagating 

waves in plates 1 and 2 (of coefficients Ap, Rp and Tp) are non-uniformly distributed 

along the X-direction about the beam. This non-uniform distribution of the propagating 

waves in the JC-direction contributes components to the supersonic wavenumber 

spectrum, and subsequently to the far-field radiating sound pressure. However, it is the 

propagating waves of coefficients Ap, Rp and Tp that dominate the response of the sound 

pressure in the near-field, and thereby result in the dramatic increase in the sound pressure 

level at the grazing angles. 

Figure 3.5 shows the radiating sound pressure at a far-field range of k0r = 10, and 

the contributions of Eq. (3.22) separated by the structural waves in plate 1 of coefficients 

A , R and Rn, and in plate 2 of coefficients Tp and Tn. It is observed that only at the 

coincidence condition in Fig. 3.5(b) there is significant contribution by the structural 

waves in plate 2 (of coefficients Tp and Tn). At the off coincidence angles of <p = 5° and 

(p = 14.5° in Figs. 3.5(a) and (c) respectively, the structural waves in plate 1 are the major 

contributor to the far-field sound pressure. This is due to the large amount of reflection, 
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Figure 3.3 Radiation directivity of the far-field sound pressure, showing the total 

primary sound pressure level ( ) and the contributions by the 

supersonic ( — 0 — ) and subsonic ( — x — ) wavenumber spectrums. 

83 



£9 
^3 

3 

9 (degrees) 

(p = 5° 

(a) 

0 

90 

3. 

£ 

130 

125 

120 

115 

110 

105 

100 

120^-

/ r" ^ \ 

9 (c egrees) 

^60 

V 

(p = 11.5° 

(b) 

30 

0 

1 
§ 

134 
132 
130 

128 

126 

124 

122 
120 

9 (degrees) 

Figure 3.4 Total primary sound pressure level ( ), and the contributions by the 

propagating waves of coefficients Ap, Rp and Tp ( — x — ) , and the near-

field decay waves of coefficients Tn and Rn ( — o — ). 
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Figure 3.5 Total primary sound pressure level ( ), and the contributions by the 

structural waves in plate 1 of coefficients A , R and /^ (—x—), and 
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as the structural vibrations in plate 2 are naturally attenuated by the beam. At the flexural 

coincidence condition, the structural waves in plates 1 and 2 have similar contribution to 

the far-field sound pressure, due to the maximum transmission of the incident waves 

through the beam. 

Figure 3.6 compares the total primary sound pressure levels of the three incident 

angles. At the coincidence condition, the sound pressure level is reduced. This is due to 

a more balanced distribution of the structural energy along the x -direction, and hence less 

energy is radiated into the acoustic fluid. At the incident angle near critical, the sound 

pressure level has increased, as the critical condition corresponds to the greatest transfer 

of energy from the structure to the fluid. 

89 
^3 

g 

0 

9 (degrees) 

Figure 3.6 Comparison of the primary sound pressure levels of the three incident 

angles corresponding to q> = 5° ( — ), q> = 11.5" ( —x— ) and 

9 = 14.5" (—e—). 
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3.4.2 Radiated sound power 

Figure 3.7 shows the primary radiated sound power as a function of the angle of 

incidence at a frequency of 500Hz. In order to accurately represent the far-field sound 

power, the grazing angles were not included in the hemispherical surface in the fluid 

space, and the sound intensity was integrated over the range 5° < 9 < 115°. Including the 

grazing angles in the evaluation of the sound power does not give a true representation of 

the far-field sound power, as the sound pressure level at the grazing angles corresponds to 

the acoustic near-field. 

Figure 3.7 shows that only those incident waves with angles less than the critical 

incident angle contribute to the primary far-field sound power, as these angles correspond 

to the supersonic wavenumber spectrum. At incident angles greater than critical, there is 

very little sound power radiated into the far-field as the sound pressure is dominated by 

the subsonic wavenumber spectrum which only contributes to the acoustic near-field. An 

interesting feature in Fig. 3.7 is the effect of the structural coincidences on the far-field 

radiated sound power. At the structural coincidence conditions corresponding to <p = 15° 

and 11.5°, there is a decrease in the radiated sound power. This due to the fact that at a 

structural coincidence condition, there is the greatest transmission of the plate waves 

through the beam. As a result, the structural energy is more uniformly distributed in the 

plate and less energy is radiated into the acoustic fluid. As the incident angle approaches 

critical, the far-field sound power is a maximum. The critical condition corresponds to the 

optimal coupling between the structure and the fluid, with the greatest amount of energy 

transfer from the structure to the fluid. 
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Figure 3.7 Radiated sound power as a function of the angles of the incident wave. 

3.5 Active Structural Acoustic Control of the Sound Fields 

3.5.1 Secondary sound pressure field 

The relatively new active control technique known as active structural acoustic control 

(ASAC) is employed to attenuate the radiating structure-borne sound. The control inputs 

are located on the surface of the structure, while the error sensing devices are represented 

as microphones which are located in the surrounding fluid field. The control system 

consists of multiple point control forces applied to the reinforcing beam. As shown in 

Fig. 3.8, the point forces are equally distributed by a distance A, and generate secondary 

flexural waves in the beam. The complexity of this control application is initially reduced 

by grouping the actuators together to have the same amplitudes, Fs, and a certain pre

ss 

1 



fixed phase relationship with each other. This strategy is known as biologically inspired 

control (Carneal and Fuller, 1995). 

Fs 
1 n+l 

F* 
n 

PL , 

; AJ 

Z y 

Figure 3.8 A S A C using multiple point control forces applied to the reinforcing beam. 

In order to optimise the control performance, the control system is then further modified 

using information on the structural coincidences. The greatest transmission of the plate 

flexural waves through the reinforcing beam occurs at the structural coincidences. 

However, at the structural coincidences, the far-field primary sound pressure level is 

slightly decreased. This is due to the fact that at the coincidences, there is a more balanced 

distribution of the structural waves along the JC-direction. By applying the control forces 

to the beam, the secondary flexural waves generated by the forces radiate away equally in 

plates 1 and 2. This initially results in a uniform distribution of the secondary flexural 

waves in the plates along the x-direction. The phases of the control forces are then pre

fixed such that the forces have a spatial phase variation with each other at the flexural 

coincidence condition. Hence, the secondary waves generated by the control forces 

radiate away equally from the beam into plates 1 and 2 at an angle corresponding to the 

flexural coincidence angle (pB. Although the primary structural response may be either at 
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coincidence or off-coincidence, the secondary structural response is always generated by 

forces with the phase delay in the beam corresponding to that of the flexural coincidence 

condition. As a result, at coincidence the total far-field sound pressure due to 

superposition of the primary and secondary sound fields will be optimised. At angles of 

the incident wave corresponding to any off coincidence condition, the superposition of the 

primary and secondary sound fields will result in the least increase in the supersonic 

wavenumber components to be attenuated. 

This control approach was previously applied to the ribbed plate in Chapter 2, in 

order to achieve significant reduction of the flexural energy transmission in the far-field of 

plate 2. For 2N +1 forces, the control forces are described by: 

Fsn=f,Fse
ik»nA8(y-nA), (3.24) 

n=-N 

where Fs is the complex amplitude of the control forces. Using this control approach, the 

secondary flexural motion in the beam of the ribbed plate becomes: 

EJ^ + PbA^- = FBR+ j^FfWy-nA), (3.25) 
dy dt n=_N 

where FBR has been previously determined in Chapter 2 (Eq. (2.30)). Taking the Fourier 

transform of Eq. (3.25), and using Eq. (2.40) results in the following expression for the 

spectral response of the secondary flexural waves in the beam: 

u(y ) = — S — H(y ) , (3.26) 
My.> EbI < ? V sm[(yys-kB)A/2] 

(3.27) where H(yJ= y D -1/2 / „ „ \-l/2 

y', -H+f[(K - rl\{K ~ rl)' +Akl + f,.)' 

and 7 is the secondary structural wavenumber in the y-domain. 

90 



The spectral response of the total secondary flexural displacement in the plates can 

be obtained by taking a double Fourier transform, in terms of the secondary wavenumber 

spectrums in the x- and y-domains: 

ws(yXs, yys) = (w;(yXi)+w
s
2(yXs ))ws(yys) 

(o 
J ( A , ^ + V K J e-»*dx + ](Aie-

J^=^'+ A1e-^A e'^dx 

F sin/"Cyv -kB)(2N + l)A/2] 
x-^-H(yy ) h° B— -, (3.28) 
EbI ">'' sm[(y -kB)A/2] 

where yx is the secondary structural wavenumber in the ;t-domain. 

A = , ^ p f = and (3.29) 

Iff - y2 

^=-J m V .f:2 2 (3-3°) 
ikP+Yl-m-yl 

respectively represent the amplitudes of the structural propagating and near-field decay 

waves. Due to the symmetry of the control arrangement, A, and A1 are the same for 

both plates 1 and 2, and are obtained from the coupling conditions between the beam and 

plates at the beam-plate boundaries (Eqs. (2.7), (2.8)). Using Eq. (3.15) results in an 

expression for the total spectral response of the secondary flexural waves in the plates 

described by: 
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^^..^^{AHV^^-^J+^V^^^,)) 

-A 
fiFrT.-r*, WYI.+Y, 

+^[«ijj^-Y*yxijJ^+yx,)) 

+A, 
J^K+YI-Y*, HK + YI + YXS 

sm[(yyi-kB)(2N + l)A/2] 

EJ v / sm[(yys-kB)A/2] 
x^-H(y) (3.31) 

A general expression for the secondary sound pressure in wavenumber space can be 

obtained in a similar way to Eq. (3.19) where: 

H Yx.> 7y.;z) = -^W(yx., yT>-*' ^ ix,' iy, x,'' y* 
(3.32) 

and y = Jyl +yl -k2 is the acoustic wavenumber of the secondary sound pressure 

in the z -direction. The secondary sound pressure field can be obtained by taking a double 

inverse Fourier transform of Ps(yXs, yy,>z). For an infinite number of control forces 

(2N + 1-»<*>), and using Eqs. (2.43) and (2.44) in Chapter 2, yields the following 

expression for the secondary sound pressure described by a constant and a wavenumber 

integration in the x -domain: 
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ps(x,y,z) = -Fs^H(kB)e
jk°y 

2 EI 

( 

A1cos(Jk kBx) 
-(kl-klf'z 

\ iK k2 
P Ko 

+A2cos(^k
2
p+k

2
Bx)-

-j(k2p+k
2
0rz^ 

iK+ko 

-F^H(k^Byl ^'cP
+kBA2 j^jkp-kBA] 

K+kl + Yl~kl-kl-Yl 

JYxsx-Yzsz 

-dyx (3.33) 

zs 

where Ax, A^ and H(kB) now become: 

A = JK+K 
4kl+ki-j4kl-k2B' 

(3.34) 

A2=~j Mz± 
^k2p+k

2
B-^k

2
p-k

2
B' 

(3.35) 

#(V=o7 2jD 
j(K-kl)[(k2P-

klr1/2^j(k>k2Brm} 
(3.36) 

and 7Z becomes: yz =Jyl -{k2-k2B). The secondary sound pressure can also be 

evaluated in a cylindrical co-ordinate system, where x = rcos9, z = rsind and y = 0. 

It can be clearly observed in Eq. (3.33) that only the structural near-field decay 

waves (of coefficient AJ, and the secondary supersonic wavenumber spectrum 

(corresponding to yx < ̂ k2 - k\) will contribute to the far-field of the secondary sound 

pressure. There are also two pole locations in the wavenumber spectrum in Eq. (3.33), 

which are similar to those in Eq. (3.22) for the primary sound pressure field. The first 

pole is located in the supersonic wavenumber spectrum and corresponds to the zero of 7z 

(7 =Jk2 -k\). The second pole is contributed by the structural response, and 
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corresponds to yx^ = Jk
2 - k2B . This second pole lies in the subsonic wavenumber 

spectrum, and only contributes to the near-field sound pressure. 

3.5.2 Minimisation of the far-field sound pressure 

The cost function chosen for the minimisation of the far-field sound radiation from the 

ribbed plate is the square of the total sound pressure at an error sensor location. The error 

sensors are equally distributed along the y-direction in the far-field of the surrounding 

field. As the system response is independent of y, the acoustic responses are evaluated in 

a cylindrical co-ordinate system at a local error sensor location corresponding to (re, 9e). 

The total sound pressure ptot(r,9) becomes the superposition of the primary and 

secondary sound fields at the error sensor location: 

Pjr„ 9e) = pp(re, 9J + ps(re, 9e), (3.37) 

where p and ps are described by Eqs. (3.22) and (3.33) respectively. By rewriting the 

secondary sound pressure field as ps = FSGS, then the only variable to optimise is the 

complex amplitude of the control force. With this control arrangement, only the single 

optimised control signal is required to drive the control actuators. Using standard 

methods, the cost function can be expressed as a quadratic function of the control force 

amplitude Fs by (Nelson et al., 1987): 

\pjr. 0)f = FsAfF*s + BfF*s + F,B) + Cf (3.38) 

where A, = GSG*, Bf = G*pp, Cf = ppp*p, and (3.39)-(3.41) 
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<02Po 
2Ehl 

H(kB)e
ik'y Axcos(^k

2
p-k

2
Bx)-

-{k\-kirz 

V*F^ 
+ A2cos(^k

2
p+k

2
Bx)-

-jtki+ktrz^ 

i$r*< J 

<Q2Po 
2KEJ 

H(kB)e
Jk»y J 

V*,2+*J4 jK-klA ̂  e>y>s-y^ 

K+V+n, K-K-Y 
2 2 

v 'B ~ Yxs Y 
dYx (3.42) 

z* 

The solution for the optimal control force for the minimisation of the total pressure field 

squared can be obtained as: 

Bf 

= — - , resulting in: 
op, A v 

\P,O,(
re>0e)\ 

BfBf 
= Cf t-L 'f 

(3.43) 

(3.44) 
V 

3.5.3 Minimisation of the radiated sound power 

The total radiated sound power is obtained by the integration of the square of the total 

sound pressure (see Eq. (3.23)). Minimisation of the sound power increases the 

complexity of the control system as it requires multiple error sensors at any given re to 

observe the sound pressure for a range of directivity angles 6. The total sound power 

can also be expressed as a quadratic function of the secondary control force amplitude Fs 

as: 

ntot = FsAnF*s +FX+FX + cn (3.45) 

where: 

-. K 1 1 

An = — — \Afrd9, Bn = f Bfrd9 and Cn = \Cfrd9 
n On r J f " ?n r J f " 7n r J f 2p0c0

 J
0 

2P0c0 { 2PoC0 i 
(3.46)-(3.48) 
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Cn represents the primary sound power and is the same as Eq. (3.23). The optimal 

control force for the minimisation of the total sound power is: 

Fn\ =_BIL 
* \oPt ^ 

and the attenuated sound power becomes: 

77J . =cn-%&-. (3.50) 

3.6 Control Results and Discussion 

In section 3.4.1, it was shown that the radiation directivity of the primary sound pressure 

at a far-field dimensionless radius of k0r = 10 increases at the directivity angles close to 

the surface of the structure (0° < 9 < 5° and 175° < 9 < 180°). This is due to the fact that 

even at a far-field radius, directivity angles close to the surface of the plate correspond to 

the acoustic near-field, which is dominated by the structural propagating waves. 

Therefore, in order to accurately represent the far-field radiating sound power, these 

'grazing' angles were not included in the integration of the sound intensity. The radiating 

sound power was evaluated over the hemispherical range of 5" < 9 < 175°. 

The far-field sound pressure and sound power are analytically evaluated for the 

three incident angles less than critical: (p = 5° corresponding to an off coincidence 

condition, cp = 11.5° which corresponds to an incident angle at the flexural coincidence 

condition, and <p = 14.5° which corresponds to an incident angle close to critical. The 

primary radiated sound power is a minimum at the flexural coincidence angle, and a 

maximum at the incident angle near critical. 

Figures 3.9(a)-(c) show the normalised magnitudes of the optimal control forces 

for the minimisation of the local sound pressure as defined by Eq. (3.43), for the incident 
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angles of 5°, 11.5° and 14.5° respectively. The sound pressure was minimised at a far-

field error sensor location of k0re =10, and at each 9e. At the off coincidence angle of 

5°, the non-dimensional force magnitude is around 0.85, in a large range away from the 

grazing angles. At the flexural coincidence angle of 11.5°, a smaller control force 

amplitude is required, as the primary radiated sound pressure is decreased at coincidence. 

The non-dimensional optimal control force magnitude at (p = 11.5° is only around 0.33. 

Incident angles approaching critical result in the optimal coupling between the structural 

and acoustic fields, and hence a larger force amplitude is required to attenuated the 

primary sound pressure. At (p = 14.5°, the normalised force magnitude is dramatically 

increased to up to 1.95, as shown in Fig. 3.9(c). 

It is now of interest to select the optimal error sensor location that will result in the 

maximum global attenuation of the acoustic fields. This can be best achieved by initially 

investigating the total sound power resulting from the minimisation of the far-field sound 

pressure. Figures 3.10(a)-(c) respectively display the far-field attenuated sound power as 

a function of the error sensor location 9e for the three incident angles of 5°, 11.5° and 

14.5°. The curves in each figure compare the attenuated sound power resulting from the 

minimisation of the radiated sound power as described by Eq. (3.47), and the attenuated 

sound power resulting from the minimisation of the far-field local sound pressure for each 

local error sensor location in the range of 5° <9e< 175°. That is, the optimal control 

forces obtained in Figs. 3.9(a)-(c) are used to determine the total sound power for the 

corresponding local error sensor location, in a large range away from the grazing angles. 

Using the sound power as the cost function results in a constant value for the total sound 

pressure as a function of directivity angle 9. This is because the sound power is obtained 

from the integration of the squared sound pressure over a range of directivity angles. 

Optimising the sound power results in significant levels of attenuation of 23dB, 16dB 

and 36dB for the incident angles of 5°, 11.5° and 14.5° respectively. Similar levels of 

sound power attenuation can also be achieved by minimising the far-field sound pressure 
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at the error sensors located in the range of 45 < 9e < 55° and 125 < 9e < 135°, as shown 

in Figs. 3.10(a)-(c). The exact location for the optimal error sensor differs slightly for 

each incident angle of the incoming structural wave. In comparison, at an arbitrary error 

sensor location of 9e = 90° for the minimisation of the local sound pressure, the 

attenuation levels of the sound power are lSdB, 1 ldB and 32dB for the incident angles 

of 5°, 11.5° and 14.5° respectively. The curves shown in Figs. 3.10(a)-(c) also gives 

some initial insight into the effect of the reinforcing beam on altering the directivities of the 

radiating acoustic fields. 

The error sensor location for the minimisation of the local sound pressure can be 

optimised by choosing an error sensor location that results in the maximum attenuation of 

both the radiated sound power and local sound pressure. Figures 3.1 l(a)-(c) show the 

primary and controlled sound pressure fields using a localised control system for the 

incident angles of 5°, 11.5° and 14.5" respectively. The attenuated sound pressure field 

for the optimally located error sensors is compared with the control performance of an 

arbitrarily located sensor at 0^=90°. The optimally located error sensors are at 

9e =51°, 48° and 45° respectively for the incident angles of 5°, 11.5° and 14.5°. These 

error sensor locations are optimal as they result in the maximum attenuation of the sound 

power from the minimisation of the local sound pressure. Due to the symmetry observed 

in Figs. 3.9 and 3.10, optimally locating the error sensors at 129°, 132° and 135° for the 

incident angles of 5", 11.5" and 14.5° respectively, results in the same control 

performance. Figures 3.1 l(a)-(c) also show that the influence of the error sensor location 

on the attenuated sound fields is to alter the radiation directivity from a half dipole (at 

9e = 90°) to a half quadrupole (at the optimal error sensor location), which results in the 

reduction of the radiation efficiency. Hence, optimising the control system greatly 

improves the control performance in two ways: (i) maximum attenuation of the radiated 

sound power is achieved through the minimisation of the local sound pressure at an 



optimal error sensor location, and (ii) the radiation efficiency of the controlled system is 

decreased. 

In all Figs. 3.1 l(a)-(c), there is a large reduction in the sound pressure away from 

the grazing angles. At off coincidence (q> = 5") in Fig. 3.11(a), there is an increase in the 

total sound pressure level at the grazing angles mainly due to the imbalance in the 

propagating waves along the A:-direction. At flexural coincidence (9 = 11.5°) in Fig. 

3.11(b), significant global attenuation also results in a large range away from the grazing 

angles, and with very little change in the total pressure level at the grazing angles. At 

9 = 14.5° in Fig. 3.11(c), global attenuation of the far-field sound pressure level is 

achieved, although the reduction at the grazing angles is insignificant. For each case, the 

sound pressure level is completely minimised at the error sensor location, as well as 

symmetrically attenuated about the beam. 

Maximum attenuation of the acoustic fields can be achieved by using the far-field 

sound pressure as the cost function, and optimally locating the error sensor corresponding 

to a given angle of incidence. Optimally locating the error sensor for the minimisation of 

the local sound pressure improves the control performance by altering the radiation 

efficiency, and also achieves significant reduction in the radiated sound power. The 

complexity of the control system is also greatly reduced, as only a single error sensor in 

(r, 9) is required to attenuate the acoustic fields. 
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3.7 Effect of the A S A C System on the Structural Response 

It is of interest to investigate the effect of the ASAC system designed to minimise the 

radiating acoustic fields on the structural response. This is achieved by using the optimal 

control force Ff I obtained from the minimisation of the far-field sound pressure at the 
s \oPt 

optimal error sensor location, to determine the total structural response at the 

corresponding incident angle. The primary and total averaged flexural energy 

distributions along the JC-direction in plates 1 and 2 are evaluated, starting from a far-field 

location in plate 1 at x = -10Ap to a far-field location in plate 2 of x = 10Ap (where 

Xp=2K/kp). 

The primary flexural displacement in plate 1 is described by Eq. (3.1) and only 

corresponds to those values of x for x<0, and similarly, the primary flexural 

displacement in plate 2 is described by Eq. (3.2) for x > 0. The energy distribution in the 

plates is then obtained by averaging the square of the primary plate flexural displacements, 

where the square of the displacement is obtained by multiplying the displacement by its 

complex conjugate. The squared flexural displacement is averaged over M discrete 

locations along the y-direction in the range of (-2XB,2XB), where XB = 2K/kB. 

The total flexural displacement at a location (±x,y) in the plates is the 

superposition of the primary and secondary plate displacements at that location. The 

secondary flexural displacement in the plates can be analytically derived using the 

expressions in Eqs. (2.43), (2.44) and (3.31). The secondary flexural displacement in 

plate 1 can be expressed as: 

W{(x,y) = J^H(kB)Ue
j(k>-kl)mx+ V*'+*^ j*^ *^° (3-51) 

2EbI \ 

and similarly, plate 2 can be described by: 
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2EbI V / 

Due to the pre-fixed phase arrangement of the control forces, the secondary waves in the 

plates radiate away from the beam at an angle corresponding to that at the flexural 

coincidence condition. After superimposing the primary and secondary structural 

responses, the total energy distribution is obtained by the square of the total flexural 

displacement. The averaged total energy distribution is then obtained by averaging the 

square of the total flexural displacement over the M discrete locations along the y-

direction in the range (-2XB, 2XB), and is described by: 

i M 

jF = w X O C f r y>> + W'J*> yi))iW»t(x> Vi) + W'„(x, y,)) (3.53) 
M ;=i 

Figures 3.12(a)-(c) show the primary and total flexural energy distributions in the plates 

corresponding to the incident angles of 5°, 11.5° and 14.5° respectively, and for 

M = 401 discrete locations. The energy distribution in plate 1 can be observed for the 

range of -10 <x/Xp < 0, and similarly, the energy distribution in plate 2 corresponds to 

the range of 0 <x/Xp < 10. At the incident angle corresponding to off coincidence 

(9 = 5°) in Fig. 3.12(a), local control of the far-field sound pressure at the optimal error 

sensor location of 9e = 51° has the effect of increasing the total flexural energy in the 

plates. Previously at the off coincidence angle, there was very little transmission of the 

primary waves in plate 2. Superimposing the primary and secondary waves, results in the 

total structural energy in plate 2 dramatically increasing by as much as 9dB. The total 

flexural energy distribution in plate 1 exhibits unusual behaviour, with the energy 

oscillating about its slightly increased value. The energy oscillation is due to wave 

interference between the incident, reflected and control waves in plate 1. 

Figure 3.12(b) corresponds to the structural flexural coincidence condition 

(9 = 11.5°), at which there is maximum transmission of the primary plate flexural waves 
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through the reinforcing beam. Arrangement of the A S A C system using information on 

the flexural coincidence condition results in the secondary flexural waves in plate 2 having 

their optimal coupling with the primary transmitted flexural waves. Hence, attenuation of 

the local sound pressure results in a decrease in the transmitted energy distribution in plate 

2, although a even stranger phenomenon can be observed in plate 1. This phenomenon in 

plate 1 can be attributed to the fact that the secondary waves in plate 1 do not have the 

optimal phase match with the incoming incident waves, which carries most of the energy 

in plate 1. 

At 9 = 14.5° in Fig. 3.12(c), the total structural energy distribution due to the 

ASAC system shows only an increase in the transmitted energy in the positive x -direction 

in plate 2. The increase in the transmitted energy also arises from the fact that away from 

the structural coincidence, there is very little transmission of the flexural waves in plate 2. 

Hence, 9 = 14.5° also corresponds to an off coincidence angle, and the secondary 

flexural waves result in an increase in the total flexural energy in plate 2. The secondary 

waves also appear to have insignificant effect on the total energy distribution in plate 1, 

although close examination reveals that there is slight oscillation of the total energy 

slightly above its primary value, and hence parallels the phenomenon in Fig. 3.12(a). The 

decrease in the sound pressure level at 9 = 14.5° at the grazing angles in Fig. 3.11(c) may 

possibly be attributed to the more balanced distribution of the total structural waves 

propagating along the x -direction. 

It has also been observed for each incident angle that altering the location of the 

local error sensor by using an arbitrary error sensor location at 9e = 90° for the 

minimisation of the far-field sound pressure, has no significant effect on the total 

structural energy distribution in both plates 1 and 2. 
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Figure 3.12 Primary ( ) and total ( ) plate flexural energy distributions. 

3.8 Conclusions 

In this Chapter, the acoustic fields radiating from a ribbed plate under light fluid-loading 

have been investigated. For a subsonic incident plane structural wave impinging 

obliquely on the beam discontinuity, the scattered structural wave field resulted in sound 

waves radiating into the far-field of the surrounding fluid. The acoustic fields radiating 

into the far-field were not only restricted by the supersonic wavenumber spectrum of the 

sound pressure field, but also by a limiting range for the angle of incidence of the incident 

plane structural wave. Only those incident angles less than the critical incident angle 

contributed to the supersonic wavenumber spectrum. Incident waves impinging at the 

structural coincidence angles result in the optimal coupling between the plate flexural 

waves and the beam flexural or torsional waves. At the structural coincidences, a 

reduction in the far-field sound pressure level and radiated sound power were observed. 
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This is due to the fact that the structural waves are more uniformly distributed in the plates 

as the energy is transmitted from plate 1 to plate 2. At incident angles corresponding to 

off coincidence, the structural waves in plate 1 were the main contributor to the radiating 

acoustic fields due to the large amount of reflection from the beam. As the incident angle 

of the structural wave approaches critical, the radiating sound fields increase due to the 

optimal structure-fluid coupling, resulting in the greatest energy transfer from the plate to 

the fluid. At the grazing directivity angles, the sound pressure response is dominated by 

its subsonic wavenumber spectrum, which in turn is contributed by the propagating 

structural waves. The grazing angle phenomenon has the effect of dramatically increasing 

the sound pressure level in the acoustic near-field. Examining the radiated sound power 

gives a broader view of the acoustic fields radiating from a ribbed plate as a function of 

the angles of the incident waves. 

Active control was applied to the beam to attenuate the radiating sound fields. 

Using information on the structural and acoustic coincidence conditions, a feedforward 

ASAC system was designed to maximise the control performance. Optimisation of the 

control system was achieved in two ways: firstly, by pre-fixing the phases of the control 

forces to have a spatial phase variation with each other corresponding to the flexural 

coincidence condition, and secondly, by optimally locating the local error sensor in the 

surrounding fluid field. From the minimisation of the local far-field sound pressure, the 

following observations were made: 

(i) optimising the error sensor location altered the directivity of the attenuated sound field 

from a dipole to a quadrupole, reducing the radiation efficiency and thereby improving the 

control performance; 

(ii) significant reduction in the far-field sound pressure can be achieved for all incident 

angles in a large range away from the grazing angles; 

(iii) minimisation of the far-field sound pressure at an optimal error sensor location results 

in significant reduction of the radiated sound power; 
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(iv) the effect of the A S A C system on the structural response is to slightly increase the 

overall energy in plate 1, and dramatically increase the transmitted energy in plate 2 except 

at the flexural coincidence condition; 

(v) at flexural coincidence, the primary transmitted structural waves have their optimal 

spatial phase match with the secondary waves, thereby reducing the total transmitted 

energy in plate 2. 

Minimisation of the far-field sound pressure at a local error sensor location also greatly 

reduced the complexity of the control application. 
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Chapter 4 

Active control of the structural and 

acoustic responses of a fluid-loaded plate 

4.1 Introduction 

Fluid-loading on structures is becoming of increasing importance in areas such as marine 

engineering, where the structural vibration and sound radiation of ships and submarines 

are significant. For example, a vibrating machine mounted on the beam of a ship hull can 

be idealised as a time-harmonic point force excitation on a beam reinforced plate. The 

problem of a force excited fluid-loaded plate is fundamental to our understanding of the 

structural acoustics of submerged structures. The effect of structural discontinuities on 

the vibrational response is to alter the nature of the wave propagation in the structure and 

result in sound energy radiating into the far-field of the surrounding fluid. For example, a 

subsonic structural plane wave travelling in the plate at frequencies below critical has an in 

vacuo wave speed less than the speed of sound in the adjacent fluid, and therefore does 

not radiate energy into the far-field of the fluid. However, when the subsonic wave is 

incident on a structural discontinuity (e.g. a reinforcing rib), the scattered structural wave 

field gives rise to supersonic wavenumber components in the structural response that 

subsequently result in acoustic fields radiating into the far-field. Hence, for acoustically 

slow structural waves travelling in a plate, all far-field sound radiation arises from the 

subsonic wave scattering at a structural discontinuity. The nature of the fluid-loading can 

affect both the structural vibrations and the structure-borne sound radiation into the 

surrounding fluid field. 
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4.2 Literature Review 

4.2.1 Response of a fluid-loaded plate and associated sound 

radiation 

The influence of fluid-loading on the sound radiation from line-force driven infinite plates 

below the critical frequency has been given considerable analytical study in the last few 

decades. Nayak (1970) investigated the response of an infinite plate submerged in a fluid 

which was subjected to harmonic line forces at frequencies below critical. He derived 

expressions to describe the radiated sound power due to a structural wave normally 

incident on both a simple line support and a clamped support. The technique adopted by 

Nayak to solve the problem of a normally incident plate wave on the simple line support 

was to replace the line support by a uniform line force. Similarly, if the support was 

clamped, then the support was replaced by both a line force and a line moment. Nayak 

established that the effect of fluid-loading was to decrease the radiated power, although 

the reaction of the plate edge due to the normally incident wave increased with increasing 

fluid-loading. 

Maidanik (1966) examined the influence of fluid-loading on the sound radiation 

from orthotropic plates excited by a harmonic point or line force. The dynamic properties 

of the orthotropic plate were approximated in terms of an average mass per unit area and a 

bending stiffness vector. Maidanik examined the effects of the fluid-loading in terms of 

supersonic and subsonic vibrational waves in the plates. He found that the fluid-loading 

for those wave motions with supersonic phase velocity appeared as a damping on the plate 

response. In this case, energy was transported from the plate to the fluid in the form of 

sound waves. However, for wave motions of subsonic phase velocity, the fluid-loading 

acted only as an additional mass on the plate, and did not generate sound waves that 

radiated in the far-field of the fluid medium. Maidanik derived expressions in spectral 
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form for the pressure exerted by the fluid in the plate, and the flexural velocity of the 

plate. Both these expressions were described in terms of a phase Mach number (ratio of 

phase speed of the in vacuo structural waves to the sound speed), that indicated whether 

the acoustic waves radiated sound or acted as an additional mass. Maidanik also 

compared his results with and without structural damping, where the structural damping 

was included in the complex Young's modulus. The pressure peaks were dramatically 

reduced in the presence of damping. 

Maidanik and Kerwin (1966) examined a fluid-loaded plate driven by point or line 

forces at frequencies below critical. The point or line forces generated an expression for 

the sound pressure described by a wavenumber spectrum, where the supersonic 

wavenumber components contributed to the far-field sound pressure and the subsonic 

components correspond to the acoustic near-field. In their results, they showed that the 

influence of increasing fluid-loading under force excitation was to alter the character of the 

radiation directivity from monopole (for light fluid-loading) to dipole (for heavy fluid-

loading). Sound pressure and sound power expressions were also formulated under point 

moment excitation, where the point moment was modelled as two point forces of equal 

magnitude and opposite phase and separated by a distance. The equivalent sound source 

of the moment drive under light fluid-loading resulted in a system of two equal monopoles 

of opposite phase, which corresponds to a dipole (for small separation distances). 

Similarly, in the case of heavy fluid-loading, the equivalent sound source was altered 

from a dipole (for force excitation) to a quadrupole (for moment excitation). Maidanik 

and Kerwin also discussed the grazing angle phenomenon for those directivity angles of 

the sound pressure close to the surface of the plate. 

In a series of papers, Crighton has thoroughly investigated the structural and 

acoustic responses of locally-excited fluid-loaded plates. Crighton (1972, 1977) 

developed exact solutions for the point and line drive admittance of a thick fluid-loaded 

infinite plate. The main difference between the results for point and line drive admittance 
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was that the fluid-loading acted as a stiffness for point excitation, and as a mass-loading 

for line excitation. Crighton (1980) extended this work to give approximate solutions of 

the line drive admittances of a fluid-loaded plate. Crighton (1979) examined the response 

of a fluid-loaded plate subject to external excitation in terms of an inverse Fourier integral. 

The contribution by the structural waves to the acoustic far-field was determined by 

examining the poles of the integral expressions. It was found that the poles with 

supersonic structural wavenumber components lead to radiated sound fields, while the 

pole with subsonic structural wavenumbers only contributed to the structural response. 

Crighton also examined the responses of a lightly fluid-loaded plate excited at frequencies 

above critical. Crighton (1983) investigated the response of a fluid-loaded plate subject to 

a line force excitation. The response of the plate was described as a normalised velocity 

function, called the Green function. The Green function is dependant on the 

dimensionless range, free wavenumber of the structure in a vacuum, and on the Mach 

number which is a measure of the fluid-loading on the plate compared to the critical 

condition. The Fourier integral for the Green function was separated into subsonic 

surface waves and radiating acoustic components in the surrounding fluid. An 

approximate expression for the far-field sound pressure was evaluated by a stationary 

phase method, which introduced limited ranges for which the approximate solution is 

valid. In his Lord Rayleigh lecture, Crighton (1989) summarises his analytical work on 

the coupled motions and structural and acoustic responses of a plate immersed in a fluid. 

Expression for the plate flexural displacement and fluid potential described by 

wavenumber integrals were presented. The subsonic wavenumber components result in a 

subsonic structural wave, and the fluid-loading acts as an added mass on the structure. 

Energy is transported without loss in the plate but none is radiated normal to the surface. 

The supersonic wavenumber components generate a structural wave field that decays 

exponentially in the plate, but radiates energy directly into the acoustic field. In this case, 

the fluid-loading has a character of dissipation. However, there also exists a third 
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structural wave resulting from the acoustic field reaction. This third wave decays rapidly 

by x~V2 along the plate while propagating at the acoustic phase speed. Crighton also 

discusses the grazing angles of the sound directivity, where the sound field at the 

directivity angles becomes a dipole. Increasing fluid-loading effects increases the dipole 

effect at the grazing angles. Crighton et al. (1992) presented a detailed study of the 

structure-fluid interaction of a fluid-loaded infinite thin plate. Fourier integrals in the 

wavenumber spectral domains were obtained for a line force driven plate, for both the 

structural velocity and the fluid potential. Crighton et al. used the method of stationary 

phase to examine the sound pressure, which filtered out of the spectral integral expression 

the dominant contribution from a single wavenumber component. This approximation 

solution introduced limits for both the directivity angle of the sound pressure and the 

range for which the expression is valid. Crighton et al. established that the nature of the 

fluid-loading was dependant on both the frequency of excitation as well as the properties 

of the structure and the fluid. They defined the nature of the fluid-loading in terms of two 

relevant frequencies: null and structural, where both the null and structural frequencies 

were less than the critical frequency. The null frequency was used in examining the 

acoustic response, defining whether the fluid-loading is regarded as heavy or light, and 

similarly, the structural frequency was used in examining the structural response, and 

again defined whether the fluid-loading was heavy or light. Hence, Crighton et al. 

defined a very critical point in that the fluid-loading condition is not only dependent on 

frequency, but also on whether one examines the structural or acoustic response. Overall, 

Crighton presents some very significant physical insights into the responses of coupled 

structure-fluid systems. These include the far-field and near-field structural and acoustic 

responses, the effect of heavy and light fluid-loading on the sound directivity, and 

relevant frequency ranges in which fluid-loading conditions are valid. However, 

Crighton's results are discussed qualitatively, with very little graphical representation. 
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This makes his results somewhat difficult to visualise due to the complexity of the 

analytical expressions. 

Innes and Crighton (1988) investigated the sound power radiated by an infinite 

fluid-loaded plate subject to a line force. By separating the frequency range into low, 

medium and high frequency ranges, the authors found that the level of sound power 

increased as the frequency increased, with a sharp increase near the critical frequency. 

However, the effects of shear deformation and rotary inertia were neglected in the analysis 

but are significant at frequencies around and above critical. 

In a similar work, Keltie and Peng (1987) examined the radiated sound power 

from a point forced infinite thin plate with air loading. Simplified estimates for the sound 

power were obtained for regions below, near and above the critical frequency. When 

comparing their results with those obtained in the absence of air loading, Keltie and Peng 

showed that the results differ in the very low frequency range and at frequencies near 

critical. In these two cases, the damping effects due to the air loading reduce the sound 

power level, and in fact at very low frequencies, the air loading becomes a situation of 

heavy fluid loading. However, it can be generally concluded that the effect of air loading 

can be neglected in the acoustic responses. 

Feit and Liu (1985) presented analytical expressions for the plate response and 

radiated pressure of a line-driven fluid-loaded elastic plate. Expressions for the acoustic 

and plate impedance operators were obtained by solving the structural and acoustic 

equations of motion using Fourier transforms and structure-fluid boundary conditions. 

Feit and Liu found that the effect of fluid-loading at frequencies below critical was to 

reduce the overall plate velocity below the in vacuo response. Also evident was an 

oscillation of the velocity magnitude about a constant value. Interference was found to 

occur between two principle components, the fluid-modified flexural plate wave, and as 

/ \-3/2 

acoustic surface wave that decayed with distance \kpx) while propagating at the 



acoustic phase speed. This phenomenon was also discussed by Crighton (1989) and 

Morse and Ingard (1968). 

Feit (1966) developed an expression for the sound pressure radiated by an infinite 

fluid-loaded plate excited by a point force or moment. He examined excitation frequencies 

above and below the critical frequency. Feit based his theory on the Timoshenko-Mindlin 

theory of plate vibration (Mindlin, 1951), due to those frequencies above critical. At high 

frequencies near critical, the rotary inertia and the transverse shear terms of the plate 

which are ignored in classical thin-plate theory become significant. Stuart (1976) 

compared the acoustic responses using classical thin plate theory and the Timoshenko-

Mindlin plate theory. He found that below the critical frequency, the responses were the 

same, but near and above the critical frequency, the results differed significantly. Using 

the Timoshenko-Mindlin plate theory, Feit found the critical frequency to be higher than 

that predicted by classical theory for thin plates under point force excitation. Feit 

described the sound pressure under point force excitation in terms of a frequency 

dependent fluid-loading parameter: n = copph/(p0c0). Low frequencies (^i«l) 

resulted in heavy fluid-loading conditions and the radiated sound pressure had a dipole 

shape directivity. At high frequencies (jii»l), the fluid-loading became light and the 

pressure had a monopole type radiation. Feit included the effect of structural damping by 

introducing a structural damping term into the complex Young's modulus. He found that 

the peak pressures were significantly reduced by the presence of structural damping. Feit 

also developed an expression for the sound pressure field under point moment excitation 

by taking the limit of the acoustic response due to two forces, equal in amplitude by 

opposite in phase, as the separation distance between the two forces tended towards zero. 

Sandman (1977) studied the structural and acoustic responses of a simply-

supported fluid-loaded plate carrying a concentrated mass. The plate flexural 

displacement was obtained in terms of a modal solution by using equations of motion of 

free vibration. A solution for the radiated sound pressure was obtained by a summation 
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of the modal transmissibilities and the approximated using the method of stationary phase. 

At low frequencies, the presence of the mass was found to alter the spatial shape of the 

plate vibration and consequently the directivity of the radiated sound pressure. The 

location of the discrete mass loading also affected the plate response and sound radiation. 

Gutin (1965) investigated the radiation of sound from an infinite fluid-loaded plate 

driven by a point force. Gutin observed that at sufficiently low frequencies, the dominant 

part of the power flow created by the point force remained in the plate, and only a small 

portion entered the fluid. At low frequencies, the plate was found to act as an energy 

wave guide, and only emitted energy into the fluid when some kind of structural 

discontinuity was present in the plate, such as a reinforcing beam. 

Mead and Mallik (1978) presented an approximate method for estimating the 

sound power radiated by an infinite periodically-stiffened fluid-loaded plate. They 

approximated the stiffeners as both a rotational and translational stiffness per unit length. 

The plate displacement was expressed in terms of a series of suitable complex modes, 

where each mode satisfied boundary conditions appropriate to the periodic nature of the 

system and its external fluid-loading. A single, well-chosen mode of the structural wave 

motion was used to predict the radiated sound power. 

Mace (1979) developed analytical expressions to describe the sound radiation from 

an infinite, periodically stiffened plate under fluid-loading and excited by a harmonic 

pressure. The stiffeners were approximated as a mass per unit area, capable of exerting a 

force and moment on the plate. Fourier transform pairs were used to obtain expressions 

for the plate response and sound pressure. In his paper, Mace discussed the regions of 

the structural wavenumber spectrum that contribute to the near- and far-field sound 

radiation. 

Fluid-loaded plates have also been examined by Morse and Ingard (1968). They 

solved the situation of a line-force-driven plate under fluid-loading at very high 

frequencies, where the effects of fluid-loading were small but not negligible. Acoustic 
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plane wave scattering has been examined by Stepanishen (1978), where he investigated 

the acoustic scattering and transmission of an incident acoustic plane wave on a fluid-

loaded plate with line discontinuities. 

4.2.2 Active control of the structural response and radiated sound 

Active structural acoustic control (ASAC) is the recent technique of applying the control 

system to the vibrating structure, and the optimal control forces are obtained from the 

minimisation of a cost function which is based on the sound radiation. Pan et al. (1991) 

investigated active control of the sound radiation from fluid-loaded plates with light fluid-

loading. However, very little work has been done on the active control of the structural 

and acoustic responses associated with heavily fluid-loaded plates. Gu and Fuller (1991) 

investigated the active control of the far-field sound pressure due to subsonic wave 

scattering from discontinuities on an infinite fluid-loaded plate. Their analytical study 

represents the structural discontinuity as either a line force constraint or a uniform 

reinforcing rib, which is approximated as both a line force and a line moment acting on the 

plate. The radiating far-field sound pressure was solved using wavenumber Fourier 

transforms, and then approximated using the stationary phase approach. Feedforward 

ASAC techniques were used to attenuate the radiated sound power from the plate. In their 

results, Gu and Fuller show that for both a line constraint and a rib, the sound pressure 

directivity is a monopole in the absence of a control force, and a dipole with a single 

control force. With a second control force, an increase in sound reduction was achieved, 

and the radiation directivity was of a higher order for the line discontinuity. As the 

frequency increased, the sound pressure level also increased due to greater mobility of the 

plate. Using one or two control forces, sound reduction was achieved but not as 

significantly as in the lower frequency. Gu and Fuller found that the control performance 

was strongly dependent upon the input frequency and the control force locations. 
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G u and Fuller (1993) analytically studied the active control of sound radiation 

from a simply supported rectangular fluid-loaded plate excited by a point force at subsonic 

frequencies. Feedforward control of the sound power was carried out using ASAC 

techniques and point forces as the control inputs. Global control of the structural and 

acoustic responses was achieved by suppressing the modal resonances of the plate 

displacement. This lead to a reduction on the radiating sound pressure, and a change in 

directivity pattern from a monopole to a dipole. The reduction in the sound power was 

attributed to the decrease of the supersonic wavenumber spectrum of the structural 

response. Increasing the number of control forces further decreased the supersonic 

region. The reduction in the plate vibration was attributed to the modal suppression, 

which lead to a decrease of the subsonic wavenumber components. However, at off 

resonance conditions, ASAC resulted in an increase in the subsonic wavenumber level 

and therefore an increase in the structural response. Gu and Fuller concluded that off-

resonance conditions were more difficult to control due to the greater number of modes 

present. As a result, more control forces are required at off resonance. However, Gu and 

Fuller do not discuss the effect of the heavy fluid loading on the control performance. 

The literature review shows that there has been considerable analytical work 

investigating the response of fluid-loaded stiffened plates. However, there is very little 

interpretation and graphical representation of the results due to difficulties associated with 

the computational analysis. Also, there has been very little work on the active control of 

the structural and acoustic responses of fluid-loaded plates. This Chapter aims to present 

a comprehensive review of the structural and acoustic responses associated with a line-

force-driven infinite fluid-loaded plate. The effect of different excitation frequencies is 

examined, which influences the fluid-loading condition on the structure. 

In this Chapter, a fluid-loaded infinite plate driven by primary and secondary line 

forces is investigated. The effects of both heavy and light fluid-loading on the structural 

response and sound radiation resulting from subsonic wave scattering across the primary 

119 



line discontinuity are observed, and compared with the results in the absence of fluid-

loading. The expressions for the acoustic and structural responses are evaluated from the 

full integration of the Fourier transform in wavenumber space, allowing for the 

contributions by the supersonic and subsonic wavenumber spectrums to be observed. 

Using ASAC techniques, feedforward control laws are developed for the minimisation of 

the radiated sound power, local sound pressure and the plate vibration. 

4.3 Fluid-Loaded Plate Driven by a Primary Line Force 

4.3.1 Influence of fluid-loading on an infinite plate 

An infinite, homogeneous, thin, elastic plate of thickness h, lying in the x-y plane, is 

loaded with an acoustic fluid of density po and speed of sound c0, in an infinite half-

space corresponding to z > 0, and in vacuo in z < 0. The plate is driven by a simple 

harmonic primary line force acting in the z -direction and parallel to the y-axis, as shown 

in Fig. 4.1. The primary line force is described by F(x, t) = Fp8(x - xp)e
J63t, where F 

is the complex amplitude of the primary line force, 8(x - xp) is a Dirac delta function and 

em is the time dependent term. 

The effect of the fluid-loading on the structural wave motion and sound radiation 

is dependent on both the physical properties of the acoustic fluid and structure, as well as 

the operating frequency of the primary excitation. There are three frequencies of interest 

that define the nature of the fluid-loading (Crighton et al, 1992). These three frequencies 

have been previously presented in Chapter 3, section 3.3.1, but are presented again in this 

Chapter due to their relevance. 
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Figure 4.1 Fluid-loaded infinite plate driven by a primary line force. 

The three relevant frequencies are: the critical frequency fc, the null frequency fn, and 

the structural frequency fs. The critical frequency is that frequency at which the in vacuo 

speed of the flexural waves in the plate, cp, coincides with the speed of sound in the 

adjacent acoustic fluid, cB, and is defined by: 

fc = 
(PM 4A 

1/2 

D 
/2K (4.1) 

where D is the flexural rigidity of the plate. The internal distributed damping in the plate 

is also included in the complex Young's modulus by E = E(l + jr\), where r\ is the 

structural loss factor. At frequencies below critical, the structural plane waves are 

acoustically slow and do not radiate energy into the far-field of the adjacent fluid medium. 

The null frequency is the parameter used when examining the acoustic response of 

fluid-loaded plates, as is defined by: 

f = p°c° 
" 2Kpph 

(4.2) 

Examining the acoustic response at frequencies below the null frequency, the fluid-

loading is regarded as 'heavy', and has significant effect on the structural vibrations and 
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hence the sound radiation. For / > fn, the fluid-loading is considered to be 'light', and 

the effect of the fluid-loading on the acoustic response is considerably reduced. 

The structural frequency defines the nature of the fluid-loading when examining 

the structural response, and is defined in terms of the critical and null frequencies by: 

f 
fs--f- (43) 

J c 

At frequencies below the structural frequency, the structural response is under the heavy 

fluid-loading condition. For f>fs, the fluid-loading is considered to be light, and the 

effect of the fluid-loading on the structural response is small but not negligible. 

The type of the acoustic fluid and structural material also affects the nature of the 

fluid-loading. For example, choosing air to represent the acoustic fluid-loading on a thin 

plate results in very low values for the null frequency /„, and negligible values for the 

structural frequency fs. Hence, for all frequencies, air is considered as light fluid-

loading on the structure. However, choosing water as the fluid medium results in higher 

values for both fs and /„, and therefore there are defined frequency ranges below the 

critical frequency for which the plate is under the heavy fluid-loading condition. 

4.3.2 Wave generation due to a primary line force discontinuity 

Consider a flexural plane structural wave travelling along the x -direction in the plate. At 

frequencies well below critical we have cp < c0, and the structural wave is known as a 

subsonic surface wave. The subsonic wave only transports energy parallel to the surface 

of the plate and does not radiate energy normal to the surface (in the z -direction), and 

hence doesn't radiate energy into the far-field of the surrounding fluid. When a line force 

is applied to the plate at the subsonic frequency of the flexural waves, it generates a 

structural wave field into a continuum of wavenumber components in a spectral domain. 
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Some of the resultant structural waves possess supersonic wavenumber components in 

the structural response that radiate energy in a very directional manner into the half-filled 

fluid space, resulting in sound radiation into the far-field of the acoustic field. 

Examining those frequencies below critical, the original subsonic wave in a 

homogenous plate does not contribute to the radiating acoustic energy. Hence, only those 

frequencies below critical are examined, to illustrate that all far-field sound radiation 

occurs from the supersonic structural waves due to the line force discontinuity. 

4.3.3 Structure-fluid interaction 

Under the excitation of a line force, the structural dynamics of the plate is reduced to a 

one-dimensional problem, and the structural wave field generates two-dimensional fluid 

motion in the x — z plane. The structure-fluid dynamics of a fluid-loaded infinite plate has 

been previously determined (Crighton et al, 1992). However, a short review of the 

analysis will facilitate the discussion of the results of the primary structural and pressure 

fields, and hence the design of the secondary control system. 

The equation of motion for the primary flexural displacement of the fluid-loaded 

plate driven by a primary line force can be described by: 

d4w (x.t) d2wjx,t) 
D py '+pph £ J=F(x,t)-Pp(x,z = 0,t) (4.4) 

where F(x,t) is the primary line force and pp(x,z = 0,t) is the primary pressure of the 

fluid acting at the surface of the plate. The acoustic wave equation for the primary sound 

pressure field is: 

W«<>-7^f^ = 0 (4.5) 
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d2 d2 

where V = — — + —r is the Laplace operator. Taking a Fourier transform of the 
dx dz 

pressure into its wavenumber spectrum in the x -domain for a time dependent term ejm 

yields: 

(d2 \ 
Pp(Yx'-z) = 0 (4.6) 

Kdz ' j 

.2 
zp 

where yZp =Jylp- k2 is the primary acoustic wavenumber of the pressure field in the z-

direction, k0 = co/c0 is the acoustic wavenumber of the fluid, and yx represents the 

structural wavenumber in the x-domain. From Eq. (4.6), we can obtain a general 

solution for the pressure field in wavenumber space of the form: 

Pp(YXp'-z) = Pp(yXp;z = 0)e~
Yz"z z > 0. (4.7) 

Using Eqs. (3.6) and (3.7), the primary pressure field acting on the surface of the 

structure can be described in terms of the plate flexural displacement in wavenumber space 

by: 

.2, 

PjYxJZ = 0) = -^-^Wp(yxJ. (4.8) 
Yz 

P*'V v P< ' xp 
z„ 

Taking the Fourier transform of Eq. (4.4), and substituting in Eq. (4.8) results in the 

following expression for the flexural displacement of the plate in terms of the line force 

amplitude: 

7 J - . JYx„xo 

, Fne ' 

WJYx)=_r V ... .,v (4-9) Py ' x. /fax-#-**;]' 
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where \i = po /pph represents the fluid-loading term, and kp is the plate flexural 

wavenumber described by Eq. (2.10). The inverse Fourier transform of Wp(yx ) is 

obtained by: 

wP<x) = ^]Wp(Yxy
x'XdyXp (4.10) 

—oo 

which yields the inverse Fourier transform of Eq. (4.9) as: 

f » eJrXp(x-xp) 

w (X) = ^L„ f ilL jy . (4.11) 
p{ 2xDlrjy*x-k!)-»kt

 Yx> 

Similarly, using Eqs. (4.7) and (4.8), it is possible to determine the expression for the 

primary sound pressure field also described by wavenumber integration as: 

C02O F °°r JrXp(™se-xp) -yZpnm6 

Pp(r>e> = —T7T J , 4 |4> T^YX , (4-12) 
" 2 K D iyJy\* -kt)-/ik* x> 

where the pressure is evaluated in a cylindrical co-ordinate system defined by x = rcosfl 

and z = rsin9 (as shown in Fig. 4.1). 

Rearranging the denominator of the integrals in Eqs. (4.11) and (4.12) as: 

yz [yx -kp(l + jj,/yz )], results in a description of the in vacuo plate flexural 

wavenumber as a function of the fluid-loading term fi. If fi were to become zero, then 

Eq. (4.11) would simply describe the vibration of a line-force-driven plate in a vacuum, 

and similarly, Eq. (4.12) would describe the radiating pressure field resulting from a line 

force acting on a very lightly fluid-loaded plate. This rearrangement facilitates the 

discussion of the effect of the fluid-loading on the structural vibrations and subsequent 

sound radiation. 

The primary sound power is obtained by the integration of the acoustic intensity 

over a semi-cylindrical surface in the half-filled fluid space around the plate per unit length 
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in the y-direction, that is, in the direction of the line force. The acoustic intensity In, is 

related to the square of the primary sound pressure by lK = \p\ /2poc0, and therefore the 

sound power radiated per unit length in the y-direction is expressed as (Junger and Feit, 

1986): 

i 2 

n' = "l^7rde- (4-13) 
0 Z'fJoco 

The above expression is valid only for far-field distances. 

4.4 Results and Discussion of the Primary Structural and 

Acoustic Responses 

As mentioned earlier, the effect of the fluid-loading on the structural vibration and sound 

radiation is a function of both the physical parameters of the fluid-plate system, as well as 

the operating frequency of the line force. For the analysis in this paper, water and steel 

were chosen to respectively represent the acoustic fluid and material of the plate, to ensure 

strong coupling between the structural and acoustic response. The properties of water and 

steel are listed in Table 4.1. The internal distributed damping in the plate is included in the 

complex Young's modulus by E = E(l + jr]), where 77 = 0.001 is the structural loss 

factor. For a plate of thickness of 0.01m, the three relevant frequencies are: the critical 

frequency fc = 21.3MHz, the null frequency fn = 2919Hz, and the structural frequency 

/, = 411 Hz. For frequencies below the null frequency, the fluid-loading effect on the 

sound radiation is regarded as heavy, and for frequencies below the structural frequency, 

the structural response is also under the heavy fluid-loading condition. To best illustrate 

the effects of the fluid-loading, two frequencies respectively corresponding to heavy and 

light fluid-loading on the fluid-plate system were chosen, and compared with the results in 

the absence of fluid-loading. Choosing a frequency of 100Hz satisfies the heavy fluid-
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loading condition on both the structural and acoustic response, and for a frequency of 

6000Hz, the fluid-loading effect on the fluid-plate system is light. The effects of the 

fluid-loading on both the structural and acoustic response are clearly illustrated by 

examining the wavenumber spectrum of Eqs. (4.11) and (4.12), the radiation directivity 

of the sound pressure field, and the structural response. 

Table. 4.1 Material properties. 

Material Young's Modulus Poisson's ratio Density Free wave speed 

(N/m2) (kg/m3) (m/s) 

Steel £ = 21.6xl010 u = 0.3 p p =7800 cp = co/kp 

Water po=1000 co=1460 

AAA Wavenumber spectrum 

The wavenumber spectrum of the sound pressure can be separated into two domains: 

subsonic and supersonic. The supersonic wavenumber spectrum is defined by 

\yx \<k0, resulting in an expression for the acoustic wavenumber as: yz = jJk
2 - y2x . 

This reveals that the far-field radiated sound pressure is directly contributed by the 

supersonic wavenumber spectrum. Examination of the denominator of Eqs. (4.11) and 

(4.12) shows that in the supersonic wavenumber domain, the plate flexural wavenumber 

/ , \l/4 

becomes: kil-j/J. /Jk2 -y\\ , which has a character of dissipation. This indicates 

that the fluid-loading is acting as damping. Similarly, the subsonic wavenumber spectrum 

is the dominant contributor to the near-field sound pressure, and is defined by \yx \>k0, 
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which corresponds to yz =Jyl -k2. In this case, the fluid-loading acts as a mass-

loading, where the effective mass density of the plate due to the fluid-loading becomes: 

pp=pp(l+li/yz ). The effect of the fluid-loading to act as either damping or a mass-

loading has two main effects on the vibrating structure and the sound radiation from the 

structure. Firstly, when the fluid medium is acting as damping, it provides structural 

damping and also reduces the acoustic radiation. This in turn affects the directivity 

characteristics of the sound radiation. Secondly, when the fluid-loading mass-loads the 

plate, the structural pole location in the subsonic wavenumber spectrum is altered. 

To initially examine the wavenumber spectrum of the primary sound pressure 

field, Figs. 4.2(a) and (b) show the primary sound pressure described by Eq. (4.12) in 

the wavenumber spectrum per unit force, for a frequency of 100Hz which corresponds to 

the heavy fluid-loading condition. Figure 4.2(a) shows the pole located in the 

wavenumber spectrum for a far-field dimensionless radius of k0r = 10 and 9 = 90°, and 

similarly, Fig. 4.2(b) shows the poles in the wavenumber spectrum for a near-field 

dimensionless range of k0r = 0.1 and 0 = 90°. In both Figs. 4.2(a) and (b), there are 

two curves which correspond to the heavy fluid-loading condition (fi^O) and in the 

absence of fluid-loading (ju = 0). In Fig. 4.2(a), the response of both curves is 

dominated by the pole located in the supersonic wavenumber spectrum corresponding to 

the zero of r , which occurs when rT = kn = 0.43m
-1. This confirms that the far-field 

sound radiation is mainly contributed by the supersonic wavenumber spectrum. Figure 

4.2(a) also shows that under the heavy fluid-loading condition, the response of the 

pressure field in the wavenumber spectrum is greatly attenuated, as the fluid-loading acts 

as damping. Figure 4.2(b) shows that for a near-field dimensionless range, the pole 

located in the subsonic wavenumber region becomes more significant, as the near-field 

sound pressure is contributed by the structural wavenumber components in the subsonic 

wavenumber spectrum. For no fluid-loading (fj, = 0), the dominator of Eq. (4.12) 

reduces to: (y2Xp -k
2)l/2(yXp -kp). Both poles corresponding to yXp =k0 and yXp =kp 
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(where kp = 6.3m"
1) are present, but the pole located in the subsonic wavenumber region 

corresponding to yx = kp is dominant. Hence, it is the structural vibrations that dominate 

the response of the subsonic wavenumber spectrum, and thereby dominate the response 

of the near-field sound pressure. The effect of the fluid-loading to act as a mass-loading 

is to alter the structural natural frequencies, and this is demonstrated by the shift in the 

peak of the pole located in the subsonic wavenumber spectrum under the heavy fluid-

loading condition. The pole location is shifted slightly to the right, as the dominate pole is 

now equal to the plate flexural wavenumber as a function of the fluid-loading term fi. 

For both the near- and far-field ranges, the response of the pressure field is greatly 

attenuated under the influence of heavy fluid-loading, as shown by the dramatically 

decreased peaks of the poles in the wavenumber spectrum. 

Figures 4.3(a) and (b) display the same information as in Figs. 4.2(a) and (b) for 

the far-field and near-field ranges respectively, but at a frequency of 6000Hz. At a 

frequency of 6000Hz, the fluid-loading becomes light which decreases the effect of the 

fluid-loading, and hence the difference between the wavenumber components with and 

without fluid-loading is not as significant as under the heavy fluid-loading condition. In 

Fig. 4.3(a), the far-field sound pressure is dominated by the pole located in the supersonic 

wavenumber spectrum corresponding to the zero of the acoustic wavenumber in the z-

direction, (y =kn = 25.5m-1 at 6000Hz). At this far-field range, for no fluid-loading, 
v * Xp o 

both poles located in the supersonic and subsonic wavenumber domains can be observed, 

as there is no damping to attenuate the peaks. However, the supersonic pole is more 

dominant in the far-field. At a near-field range in Fig. 4.3(b). the pole located in the 

subsonic wavenumber spectrum corresponding to the structural response becomes more 

significant. Under light fluid-loading, the mass-loading effect of the fluid-loading in the 

subsonic wavenumber spectrum is still to shift the pole location slightly to the right (Fig. 

4.3(b)). 
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Figure 4.2(a) Wavenumber spectrum of the far-field sound pressure with ( —o— ) and 

without ( ) heavy fluid-loading (/ = 100Hz, k0r = 10, 9 = 90°). 
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Figure 4.2(b) Wavenumber spectrum of the near-field sound pressure with (—e— ) and 

without ( ) heavy fluid-loading (/ = 100Hz, k0r = 0.1, 9 = 90°). 
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Figure 4.3(a) Wavenumber spectrum of the far-field sound pressure with (—o—) and 

without ( ) light fluid-loading (/ = 6000Hz, k0r = 10, 9 = 90°). 
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Figure 4.3(b) Wavenumber spectrum of the near-field sound pressure with (—o—) and 

without ( ) light fluid-loading ( / = 6000Hz, k0r = 0.1, 9 = 90°). 
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Examination of the wavenumber spectrum of the plate response as described by Eq. 

(4.11) displays similar information to the subsonic wavenumber spectrum of the sound 

pressure in Figs. 4.2(b) and 4.3(b). That is, only the poles located in the subsonic 

wavenumber spectrum corresponding to yx =kp for no fluid-loading, and 

kp=kp(l + fl/yz )
m for heavy and light fluid-loading are present. Hence, it is only the 

structural components in the subsonic wavenumber spectrum that are contributing to the 

structural response. As before, under the light fluid-loading condition, the difference 

between the spectral components with and without fluid-loading becomes less significant. 

4.4.2 Radiation directivity of the sound pressure 

The radiation directivity of the primary sound pressure field in Eq. (4.12) is achieved by 

the full integration of the wavenumber spectrum. Under the heavy fluid-loading condition 

at / = 100Hz, the directivity of the primary sound pressure, and the contributions by the 

supersonic and subsonic wavenumber spectrums are shown in Fig. 4.4(a), at a far-field 

dimensionless radius of k0r = 10. At this far-field range, the supersonic wavenumber 

spectrum dominates the majority of the sound pressure response. However, at the 

grazing angles close to the surface of the plate corresponding to 0° < 9 < 3° and 

177" < 0<18O°, the subsonic wavenumber spectrum dominates and dramatically 

increases the sound pressure level. This is due to the fact that even at a far-field radius, 

regions close to the surface of the structure correspond to the near-field. The near-field 

sound pressure is dominated by the subsonic wavenumber spectrum, which is contributed 

by the subsonic structural vibrations (as shown in Fig. 4.2(b)). Hence, it is the structural 

vibrations that dominate the sound pressure level in the near-field, and are therefore 

responsible for the grazing angle phenomenon. 

Figure 4.4(b) compares the radiation directivity of the far-field sound pressure 

under the heavy fluid-loading condition at / = 100Hz with the sound pressure level in the 
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absence of fluid-loading. At frequencies below critical, significant fluid-loading affects 

the sound radiation from the plate in two ways: by altering the directivity of the sound 

radiation, and also by changing the amplitude of the radiated field. It can be seen in Fig. 

4.4(a) that the fluid-loading changes the directivity of the sound radiation from a line 

monopole (along the y-direction) in the absence of fluid-loading, to a line dipole (with its 

minimum sound radiation close to the JC-direction) for heavy fluid-loading. At this far-

field range, the sound pressure level is mainly contributed by the supersonic wavenumber 

spectrum. It was shown in Fig. 4.2(a) that in the supersonic wavenumber spectrum the 

fluid-loading is acting as damping. Figure 4.4(b) confirms these results by displaying 

that the heavy fluid-loading significantly attenuates the sound pressure level by as much as 

30dB, as well as changing the directivity from a monopole (fi = 0) to a dipole (ji •£ 0). 

Figures 4.5(a) and (b) show the far-field primary sound pressure level at a 

dimensionless range of k0r = 10, for light fluid-loading at a frequency of 6000Hz. In the 

case of light fluid-loading, the supersonic wavenumber spectrum still dominates the 

response of the total sound pressure level in the far-field, as shown in Fig. 4.5(a). 

However, the phenomenon at the grazing angles becomes less obvious, as the increase in 

the sound pressure level at the grazing angles is not as great as under heavy fluid-loading. 

This is due to the fact that light fluid-loading has less effect on the structural vibrations, 

which can be seen in examining the sound pressure field in the subsonic wavenumber 

spectrum in Fig. 4.3(b). As a result, the dipole shape directivity of the total sound 

pressure also becomes less obvious. Figure 4.5(b) compares the radiation directivities of 

the far-field sound pressure for light (ji * 0) and no fluid-loading (ft = 0). It shows that 

the difference in the sound pressure levels for light fluid-loading and no fluid-loading is 

small, and that the dipole directivity of the sound pressure level under light fluid-loading 

is less obvious. 
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Figure 4.4(a) Radiation directivity of the far-field sound pressure (- -) under heavy 

fluid-loading, and the contributions by the supersonic ( — o — ) and 

subsonic ( —X— ) wavenumber spectrums (/ = 100Hz, k0r = 10). 
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Figure 4.4(b) Radiation directivity of the far-field sound pressure with ( ) and 

without (—O— ) heavy fluid-loading (/ = 100Hz, k0r = 10). 
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Figure 4.5(a) Radiation directivity of the far-field sound pressure (• ) under light 

fluid- loading, and the contributions by the supersonic ( — o — ) and 

subsonic ( —X— ) wavenumber spectrums (/ = 6000Hz, k0r = 10). 
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Figure 4.5(b) Radiation directivity of the far-field sound pressure with ( ) and 

without ( —e— ) light fluid-loading (/ = 6000Hz, k0r = 10). 
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4.4.3 Structural response 

Figure 4.6(a) shows the velocity distribution of the plate primary flexural response under 

the heavy fluid-loading condition at a frequency of 100Hz, and the contributions by the 

supersonic and subsonic wavenumber spectrums. The plate velocity is obtained as the 

time derivative of the plate flexural displacement described by Eq. (4.11). The structural 

response is contributed by three wave components: the propagating subsonic waves, the 

supersonic near-field decay waves, and the acoustic field reaction components, which 

correspond to the initial pressure loading of the fluid acting on the plate. The subsonic 

travelling waves are non-decaying waves in the plate (when the internal damping of the 

panel is negligible), that is, they transport energy without loss parallel to the surface of the 

plate, but do not radiate energy normal to the surface (in the z-direction). It is these 

subsonic travelling waves that dominate the structural response, as Fig. 4.6(a) shows that 

the total structural response is dominated by the subsonic wavenumber spectrum. These 

subsonic structural waves also dominate the response of the sound pressure in the near-

field. This confirms the results that the structural response in the wavenumber spectrum 

is dominated by the pole located in the subsonic spectrum corresponding to the plate 

flexural wavenumber kp as a function of the fluid-loading term fi. The structural 

response under the light fluid-loading condition at a frequency of 6000Hz displays 

similar information as Fig. 4.6(a), that is, the subsonic wavenumber spectrum dominates 

the total structural response. 

Under the heavy fluid-loading condition (/ = 100Hz), the plate vibration level is 

significantly decreased compared with the vibration levels in the absence of fluid-loading. 

Its distribution in Fig. 4.6(b) shows a reduced level of the structural vibrations compared 

no fluid-loading, due to the heavy fluid-loading acting as a mass-loading on the structural 

response. Also, with heavy fluid-loading, the vibrations in the plate display an 

interference pattern which is not found in the situation of no fluid-loading. This 
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interference pattern results from the superposition of two wave components: the decaying 

near-field waves and the acoustic field reaction. The acoustic field reaction arises from the 

pole location corresponding to yx approaching k0. This results in the integral for the 

structural response being dominated by an acoustic surface wave. The presence of this 

acoustic surface wave has been previously determined by Morse and Ingard (1968) and 

Crighton et al (1992). The acoustic field reaction on the structure surface decays rapidly, 

and hence only exists in the near-field. Its magnitude is controlled by the fikp term, 

which increases with increasing fluid-loading. 

Figure 4.6(c) compares the response of the plate primary velocity under light 

fluid-loading (/ = 6000Hz) with no fluid-loading. Figures 4.6(b) and 4.6(c) illustrate 

that the effect of light fluid-loading on the structural response compared with heavy fluid-

loading is dramatically decreased. This is due to the fact that light fluid-loading does not 

mass-load or dampen the structural response as significantly as heavy fluid-loading. 

Also, as the acoustic field reaction is decreased under the light fluid-loading condition, the 

interference pattern of the structural response close to the driving force location is not 

observed, although at higher frequencies there is more erratic behaviour in the overall 

structural response. 

4.4.4 Radiated sound power 

In order to accurately represent the far-field sound power as described by Eq. (4.13), it is 

necessary to eliminate the grazing angle phenomenon in the integration of the sound 

intensity over the hemispherical surface around the plate. This is because the dramatic 

increase in the sound pressure level at the grazing angles close to the surface of the plate is 

contributed by the subsonic travelling structural waves, and corresponds to the acoustic 

near-field pressure. The primary sound power was evaluated for a unit amplitude of the 

input force (F = 1). Integrating the sound intensity over the range 5° < 9 < 115° at a far-
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field dimensionless radius of k0r = 10 results in values for the primary radiated sound 

power of 63.2dB under heavy fluid-loading at / = 100Hz (compared with 95.5dB for no 

fluid-loading at / = 100Hz), and 15.4dB for light fluid-loading (/ = 6000Hz) 

(compared with !S.2dB for /I = 0 at the same frequency). As expected, increasing the 

fluid-loading on the structure has the effect of dramatically decreasing the radiated sound 

power at the same frequency as the fluid-loading significantly reduces the plate vibration 

level. 
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4.5 Active Control of the Structural Response and 

Radiated Sound 

4.5.1 Minimisation of the sound pressure 

The plate is driven by primary and secondary time harmonic line forces acting in the z-

direction and parallel to the y-axis. Fp and Fs are respectively the complex amplitudes of 

the primary and secondary line forces. Active structural acoustic control (ASAC) 

techniques are used to minimise the sound fields radiating from the fluid-loaded plate. 

The expressions for the primary and secondary sound pressures were both evaluated for 

the same r and 9, which are obtained from the midpoint between the primary and 

secondary line forces. Figure 4.7 shows the physical configuration of the control system, 

where 2xL is the distance separating the primary and secondary line forces. The 

subscripts 'p' and V denote 'primary' and 'secondary' respectively, and rp, rs, 9p and 

9S can be described in terms of r and 9 by: 

rps=(r
2+x2L±2rxLcos9)

l/2, and (4.14) 

_ _! [ rcosfl ± xL 
"p, s ~ C0S , 2 . 2 i /-> „ Ck \»/2 
H y(r +xL±2rxLcos9) 

(4.15) 

The total sound pressure at a location (r, 9) becomes the superposition of the primary and 

secondary sound fields at that location: 

pm{r, 9) = FpGp(r, 9) + FsGs(r, 9) (4.16) 

where G and Gs are respectively the primary and secondary frequency response 
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functions of the sound pressure fields. Gp and Gs can be expressed as Fourier integrals, 

and are described by: 

^ - T £ J 
2n 1 JYxp(rpcos9p+XL) -yZprpsmBp 

2KD 
A A —3—dy r and 

rJrl-K>-p< ' 

^•«-^J£ 
2rt ~ jYxs(rscos0s-xL) -yZsrssines 

2nDl r (y*-k*)-t*k< 
dyx. 

(4.17) 

(4.18) 

The expressions for the primary and secondary frequency response functions described 

by Eqs. (4.17) and (4.18) can be evaluated in the same wavenumber spectrum, and hence 

the structural and acoustic wavenumbers are the same, that is, yx =yx = yx and 

YZp = Yz, = Yz-

Figure 4.7 A S A C system for the minimisation of the sound fields. 

The cost function chosen for the minimisation of the local sound pressure is the square of 

the total far-field sound pressure at an error sensor location (re, 6e). As the system 

response is independent of y, the square of the total sound pressure field at the error 

sensor location can be expressed as a quadratic function of the control force (Nelson et 

al, 1987): 
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\pjre, ejf = FsAfF; + FSB} + F*sBf + Cf (4.19) 

where Af = GsG*s, Bf=G*GpFp and Cf = F*pG*pGpFp. Only a single variable 

corresponding to the complex amplitude of the optimal control force needs to be 

optimised. The standard solution for the optimal control force and minimum sound 

pressure at the error sensor location are obtained as (Nelson et al, 1987): 

Fp\ =--*-, and 
\op, Af 

\pjre,ee)\
2\. =cf-^ 

'"' c c Imin J A 

The radiation directivity of the secondary sound pressure exhibits a similar distribution as 

the primary sound pressure level at the corresponding frequency. The secondary sound 

pressure level evaluated in the far-field is mainly contributed by the supersonic 

wavenumber spectrum except at the grazing angles close to the surface of the plate, at 

which the pressure level is greatly increased. Also, under heavy fluid-loading, the 

directivity of the secondary sound pressure level has a dipole characteristic, which 

becomes more of a monopole shape as the fluid-loading becomes light. 

4.5.2 Minimisation of the sound power 

As described in section 4.3.3 earlier in this Chapter, the radiating sound power is 

contributed by the supersonic near-field decay waves of the structural response. 

Therefore, integration of the intensity at a far-field radius and over directivity angles away 

from the grazing angles close to the surface of the plate will accurately represent the 

radiating sound power. In this case, the total sound power is the sum of the power 

(4.20) 

(4.21) 



outputs of the primary and secondary line forces, and can be expressed as a quadratic 

function of the secondary control force amplitude Fs by: 

^* r-,* 
n„ = FsAnFs +FsBn + Fm,Bn + Cn (4.22) 

1 K 1 n 1 n 

where An= JAfrd9, Bn= J Bfrd9 and Cn = jcfrd9. Cn 
2po

co o 2poc0 0 2poc0 0 
represents the primary sound power radiated due to the primary line force. The optimal 

control force for the minimisation of the total sound power is obtained as: 

Fn =_BIL ( 4 2 3 ) 

°pt An 

and the corresponding maximum reduction in the total sound power becomes: 

nj . =Cn-^&-. (4.24) 
t0,\min ' ' A 

4.5.3 Minimisation of the structural response 

In order to globally minimise the plate vibrations, two secondary line forces were placed 

on either side of the primary line force, as shown in Fig. 4.8. The primary force is 

located at x = 0, and the secondary forces are located at xSi = xL and xS2 = -xL. Two 

error sensors are located in the far-field of the secondary forces at xtx and xei. Due to the 

symmetry of the control system application, the amplitudes of the secondary control 

forces are the same. 

Describing the primary and secondary flexural wave displacements in terms of 

their respective frequency response functions, Hp, HSi and HSi, results in wp=FpHp, 

wSi = FSHS] and wS2 = FSHS2, where: 
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Figure 4.8 Control system for the minimisation of the structural response. 
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(4.25) 

(4.26) 

JYx,(x+xL) 

and H = f -\ -. 7dyx 
* 2KDlyz(f-k*)-iikl

 r* 
(4.27) 

Also, the primary and secondary wavenumber components can be simplified by: 

YXp = Yx, = Yx and yZp = yZs = yz. 

The cost function chosen for the minimisation of the structural vibrations is the 

sum of the velocity squared due to the primary and two secondary line forces at both error 

sensor locations. This cost function can be written as a quadratic function in terms of the 

secondary control force amplitude by: 

Ew = Fs (Aei + Ae2 )F'S + F;(Bei +BJ + Fs (Bei + Bei) + Fp(Cei + C,2 )Fp (4.28) 

where: 
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\ = G)2[HSi(xL,xei) + HS2(-xL,xex)][HSi(xL,xei) + HsJ-xL,xei)f, (4.29) 

Aei = oo
2[HSi (xL, xe2) + HS2 (-xL, xei )][HSx (xL, xei) + HS2 (-xL, xei )]\ (4.30) 

Bei=oo
2FpHp(xei)[HSi(xL,xeJ + HS2(-xL>xex)f, (4.31) 

Bei = oo
2FpHp(xei )[HSi (xL, xe2) + HS2 (-xL, xei )]*, (4.32) 

Cex=oo
2Hp(xeJHp(xJ, (4.33) 

Ce2=co
2Hp(xe2)Hp(xJ. (4.34) 

The complex amplitude of the secondary control forces is the only variable to optimise, 

thereby reducing the complexity of the control arrangement. By standard means, the 

optimal control force is obtained as: 

F; •(B«+B«> (4.35) 
"" (A,+V 

and the minimum sum of the plate velocity squared at both error sensor locations is: 

4.6 Control Results and Discussions 

The effects of heavy and light fluid-loading conditions on the performance of the active 

control systems are respectively examined for the frequencies of 100Hz and 6000Hz. 
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The total sound power was minimised at a far-field dimensionless radius of k0re = 10 

over the range 5° < 9 < 175°. The maximum achievable reduction in the total radiated 

sound power for both frequencies of 100Hz and 6000Hz are shown in Fig. 4.9. The 

maximum power reduction is illustrated as a function of the non-dimensionalised 

separation distance between the primary and secondary line forces relative to the acoustic 

wavelength at the corresponding frequency, that is, as a function of 2xLl X0. At 

frequencies of 100Hz and 6000Hz respectively, the corresponding acoustic wavelengths 

(A0) are 14.6m and 0.243m, and the plate flexural wavelengths (Xp) are 1.0m and 

0.13m. Figure 4.9 shows that for any excitation frequency, as long as the relative 

separation distance is the same, the amount of sound power reduction will also be the 

same. Hence, it can be concluded that different fluid-loading conditions have no effect on 

the performance of the control system for the minimisation of the total sound power. The 

corresponding ratios of the optimal control force to the primary line force for both fluid-

loading conditions are shown in Fig. 4.10, where a ripple effect in the secondary force 

magnitudes can be observed. This ripple effect is analogous to that of the optimal 

secondary volume velocity resulting from the minimisation of the total power output 

radiating from two monopoles in free space (Nelson et al, 1987). Although the solution 

of the optimal control force requires the calculation of full integrations, the optimal control 

forces shown in Fig. 4.10 appear to be a sine function of the separation distance between 

the primary and secondary line forces, that is, F*| = -Fpsinc(2xt /AJ. Figure 4.10 

represents the magnitude of the sine function, which results in the ripple effect. Similarly, 

the maximum sound power reduction in Fig. 4.9 also implies the feature of 

f[tgt\ . = n [1 - sinc
2(2xL /X0)], where IIp is the sound power radiated by the primary 

line force. Figures 4.9 and 4.10 show that once the separation distance of A0/2 is 

exceeded, the optimal secondary force does very little to reduce the nett power radiated to 

the far-field. Also, for 0 < 2xL < Xg /2, the optimal control force is initially out of phase 

with the primary line force, but for A0 /2 < 2xL < XQ, the secondary force is in phase 
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with the primary force, although of a considerably reduced amplitude. A s the separation 

distance between the forces increases, the secondary force amplitude asymptotes to zero. 

These results parallel the case for the minimum power output of a pair of free field 

monopole sources, and occur regardless of frequency and therefore regardless of the 

fluid-loading condition (Nelson et al, 1987). 

When the primary and secondary frequency response functions of the radiating 

sound pressure fields defined by Eqs. (4.17) and (4.18) are both evaluated at the same r 

and 9, they result in slightly asymmetric radiation directivities. This phenomenon can be 

more clearly observed under light fluid-loading conditions at 6000Hz, as under the heavy 

fluid-loading condition, the directivities overlap each other more closely resulting in a loss 

of detail. Figure 4.11 shows the radiation directivities of the primary and secondary 

transfer functions under the light fluid-loading condition at 6000Hz, at a far-field location 

of kare = 10, and a separation distance of 2xL /Xa = 0.1. As expected, the asymmetry of 

the pressure field directivities results from the asymmetric location of the primary and 

control forces. Figure 4.12 shows the ratio of the optimal control force with the primary 

force corresponding to the local minimisation of the far-field sound pressure at 6000Hz. 

Local control of the far-field sound pressure was achieved by locating the error 

microphones at k0re =10, and then evaluating the optimal control force at each 9e. The 

secondary forces are equal in magnitude to that of the primary force in a large range away 

from the grazing angles. The dip and peak in the control force magnitudes near the 

grazing angles result from the asymmetric overlapping of the primary and secondary 

pressure fields. 

147 



(dB) 

2xL/X0 

Figure 4.9 Maximum reduction of the total radiated sound power showing both heavy 

( ) and light ( —o— ) fluid-loading conditions (kQre = 10). 

?n 

opt 

2xL/X0 

Figure 4.10 The ratio of the optimal control force to the primary force corresponding to 

the maximum reduction of the total sound power for heavy ( ) and 

light (—0— ) fluid-loading (k0re = 10). 
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Figures 4.13(a) and (b) compare the primary sound pressure level with the sound 

pressure levels resulting from the minimisation of the total squared sound pressure at a 

typical error sensor location (that is, when F. = Ffl ), and from the minimisation of total 
s s lopt 

sound power (Fs = F"\g t), at the frequencies of 100Hz and 6000Hz respectively. The 

localised control system for the attenuation of the sound pressure evaluates the optimal 

control force for error microphones located at 9e = 90° and k0re =10. The separation 

distance between the primary and secondary line forces was chosen as 2xL /X0 = 0.1. At 

this separation distance, Fig. 4.9 shows that lOdB attenuation of the sound power can be 

achieved in the minimisation of the total sound power. In Figs. 4.13(a) and (b), the total 

far-field sound pressure can be attenuated in a large range away from the grazing angles 

using either FA or F"\ , and complete attenuation of the sound pressure level at 
^ J lopt " lopt x x 

9, = 90° was achieved using Ff I . However, for both fluid-loading conditions, no 
e * lopt 

reduction in the far-field sound pressure at the grazing angles was achieved. This results 

from the fact that both FA and F?\ were evaluated at far-field locations, and for 
4 lopt * lopt 

directivity angles away from grazing. The far-field acoustic responses are mainly 

contributed by the supersonic wavenumber spectrum, whereas the sound pressure at the 

grazing angles is dominated by the subsonic wavenumber spectrum. In the case of light 

fluid-loading in Fig. 4.13(b), the sound pressure level is slightly increased at the grazing 

angles. It can also be observed that using the same separation distance relative to the 

acoustic wavelength at the corresponding frequency, similar levels of attenuation were 

achieved in both fluid-loading cases. 

Figures 4.14(a) and (b) respectively show the radiated sound power as a function 

of the directivity angle at which the error microphone is located (for local sound pressure 

control) at 100Hz and 6000Hz. Both figures show the following three features: the 

primary sound power, the minimum sound power using the total sound power as the cost 

function (F =Fn ), and the minimised sound power obtained from the minimisation of 
1 s opt 

the local sound pressure (Fs = F?\g ). The total sound power and local sound pressure 
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were minimised at kr = 1 0 , and Ffl was evaluated at each 9, in the range of 
° e •» \opt 

5° <9e< 115°. The separation distance between the primary and secondary lines forces 

is 2xL /X0 = 0.1. It can be observed at both frequencies that the corresponding sound 

power resulting from the minimisation of the local sound pressure at 9e = 90°, is 

comparable with the level of attenuation achieved with the minimisation of the sound 

power. As confirmed in Fig. 4.9, lOdB attenuation of the total sound power using F/7 

can be achieved at a separation distance of 2xL / Xa = 0.1. The same level of attenuation 

can be achieved at both frequencies using the local sound pressure as the cost function to 

minimise, and with the error sensors located at 9e = 90°. 

To minimise the plate velocity, the two secondary line forces of the same 

amplitude and phase are located on opposite sides and equidistant from the primary line 

force for the convenience of control force generation and arrangement. The error sensors 

are located in the far-field of the primary line force at llOA^. It is initially of interest to 

determine whether better control performance can be achieved by optimally locating the 

control actuators instead of arbitrarily locating them. Hence, in order to determine the 

optimal control force locations, the magnitudes of the control forces were obtained as a 

function of the separation distance between them per plate flexural wavelength, that is, as 

a function of 2xL /Xp, for both frequencies of 100Hz and 6000Hz. These are shown in 

Figs. 4.15(a) and (b) respectively. In both figures, very large peaks in the secondary 

force magnitudes can be observed. The initial peak occurs at a separation distance of 

approximately 2xL = Xp/2. This occurs because when the control forces are separated 

by a half wavelength, the secondary waves generated by them have the effect of cancelling 

each other. As a result, a very large secondary force amplitude is required in order to 

generate secondary waves to match those generated by the primary force. Subsequent 

peaks can then be observed to occur at separation distances of a wavelength in addition to 

the half wavelength, at which the corresponding secondary waves generated by the two 

control forces will also tend to cancel each other. That is, the peaks of the control force 
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Figure 4.14(b) Primary (- -) and minimised sound power under light fluid-

loading using F"\g( (—•—) and Fp\g t obtained at each 0e 
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magnitudes approximately occur at separation distances from each other corresponding to 

(n + 1 /2)Xp, for n = 0,1,2, etc. This phenomenon can be more clearly observed with the 

light fluid-loading condition at 6000Hz in Fig. 4.15(b). In Fig. 4.15(a), the locations of 

the peaks of the control force magnitudes are affected by the heavy fluid-loading 

conditions. Figure 4.15(c) shows the corresponding phase diagram of the control forces 

with respect to the primary line force under light fluid-loading. Close to the primary 

force, the control forces are initially out of phase with Fp, until there is a phase shift of 

180° at the first peak occurring at a separation distance between the two control forces of 

Xp/2. The control forces then remain in phase with Fp until the next 180° phase shift at 

the next peak in the magnitude of the control forces. The phenomenon observed in the 

phases of the secondary forces shows that the control forces are alternatively in and out of 

phase with the primary force with each subsequent separation distance of a wavelength. 
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Figure 4.15(a) Magnitudes of the control forces as a function of the non-

dimensionlised separation distance between the two control forces, 

2xL/Xp, under heavy fluid-loading (/ = 100 Hz). 

154 



?w 

opt 

20 

15 

10 

5 

0 

-

-

-

r , 

J l 1 1 1 1 1 A -\\\ i V _ i ^ j 1 i i Y i "1 i | | i 1 i i - r i 1 i i l I I 1 i I I I 

0 0.5 1 1.5 2 2.5 3 3.5 4 

2x, /X„ 
L p 
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Figure 4.15(c) Corresponding phases of the control forces as a function of 

2xL /Xp under light fluid-loading (/ = 6000Hz ). 
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Figures 4.16(a) and (b) represent the primary and controlled squared plate velocities under 

heavy fluid-loading at 100Hz as a function of x/Xp. In each figure, the two control 

force locations are chosen away from the peaks in the control force magnitudes and at 

increasing separation distances, in order to observe their effect on the control 

performance. Figure 4.16(a) corresponds to a separation distance between the two 

control forces of 2xL=0.8A (that is, the secondary line forces are located at 

xh = ±0.4Ap from the primary line force), and Fig. 4.16(b) corresponds to a separation 

distance of 2xL = 1.6Ap. The optimal control forces were evaluated for the minimisation 

of the sum of the velocity squared at both error sensor locations. For both separation 

distances, global minimisation of the structural response can be achieved. As the 

separation distance increases, less near-field attenuation between the control forces is 

achieved. However, there is an increase in the far-field attenuation as the secondary 

forces are located more in the structural far-field than in the near-field. Further increasing 

the separation distance has the effect of reducing any attenuation between the control 

forces. The corresponding optimal secondary force magnitudes are comparable and are 

both 0.5Fp at both control force locations. 

Similarly, Figs. 4.17(a) and (b) show the primary and controlled squared plate 

velocities under light fluid-loading at 6000Hz, and at separation distances corresponding 

to 2*L=0.95Ap and 2JCL=1.9AP respectively. Global attenuation of the structural 

response is also achieved, although as the separation distance between the control forces 

increases, the near-field attenuation decreases. The corresponding control force 

magnitudes are also both 0.5Fp at the two control force locations. 
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Figure 4.16(b) Primary ( ) and controlled ( — 0 — ) plate flexural energies 
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Figure 4.17(b) Primary ( ) and controlled ( — e — ) plate flexural energies 

under light fluid-loading (/ = 6000Hz, 2xL = 1.9A ). 
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It is also of interest to examine the effect of the control system designed to attenuate the 

structural response on the radiating acoustic fields. The total sound pressure at a far-field 

location corresponding to k0re = 10 now becomes the sum of the three radiation 

directivities due to the primary and two secondary line forces. The local squared sound 

pressure is minimised at error microphones located at 9e = 90° using the optimal control 

forces evaluated from the minimisation of the plate velocity distribution. It can be shown 

that whether the control forces are in phase or out of phase with the primary line force has 

an effect on the minimised sound pressure level. Figures 4.18(a), (b) and (c) compare the 

primary and controlled squared sound pressure levels for the frequencies of 100Hz and 

6000Hz. Each figure shows the controlled sound pressure corresponding to several 

separation distances between the control forces at that frequency. In Fig. 4.18(a), 

separation distances between the control forces corresponding to 2xL /Xp=0.8, 1.6, 2.4 

and 3.2 at 100Hz are shown. Similarly, Figs. 4.18(b) and (c) respectively show the 

primary and minimised sound pressure levels at 6000Hz corresponding to when the 

control forces are in phase with Fp, (2xL/Xp =0.95, 2.85) and out of phase with Fp 

(2xL/Xp =1.9, 3.8). Under the heavy fluid-loading conditions at 100Hz in Fig. 

4.18(a), when the secondary forces are in phase with the primary line force 

(2xL/Xp =0.8, 2.4), there is an increase in the radiating sound pressure. However, 

when the control forces are out of phase with the primary force, (2xL /Xp = 1.6, 3.2 at 

100Hz), attenuation of the far-field sound pressure can be achieved, although less 

attenuation is achieved as the separation distance increases. Under light fluid-loading at 

6000Hz in Fig. 4.18(b), the control forces are in phase with the primary line force and 

there is also an increase in the total sound pressure level. This increase in the sound 

pressure level actually decreases with increasing separation distance. When the control 

forces are out of phase with Fp as shown in Fig. 4.18(c), there is only a little reduction in 

the sound pressure level around the directivity angles close to the error microphones, 

which decreases with increasing separation distance. In all Figs. 4.18(a), (b) and (c), it 
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can be observed that attenuation of the sound pressure level at the grazing angles close to 

the surface of the plate is achieved for all secondary force locations and under both fluid-

loading conditions. This is attributed to the fact that the far-field structural response is 

contributed by the subsonic wavenumber spectrum, which corresponds to the near-field 

sound pressure. Hence, even at a far-field radius, the subsonic wavenumber spectrum 

dominates the sound pressure level at the grazing angles, as previously discussed in 

section 4.4.2. Attenuation of the far-field structural response will therefore always 

attenuate the sound pressure level at the grazing angles. It is also interesting to observe 

the radiation directivities of the minimised sound pressure levels for the various separation 

distances. Under heavy fluid-loading in Fig. 4.18(a), when the control forces are in 

phase with the primary force, the sound pressure level is increased and the directivity of 

the radiating sound pressure changes from that of a half dipole shape to a monopole with 

the decrease in the pressure level at the grazing angles. However, when the secondary 

forces are out of phase with the primary line force, the sound pressure level decreases and 

the directivity changes from a half dipole to a half quadrupole. Under light fluid-loading 

in Figs. 4.18(b) and (c), the primary sound pressure level changes from a dipole shape 

directivity to a quadrupole directivity under control for nearly all secondary force 

separation distances. 

Figure 4.18 shows very significant information in that minimising the structural 

vibration does not necessarily reduce the sound radiation. Under heavy fluid-loading, an 

increase in the far-field sound pressure was observed when the control forces are in phase 

with the primary force. Under light fluid-loading, reduction of the structural response 

resulted in both an increase and decrease in the sound pressure level at certain directivity 

angles. Therefore, it is necessary to select the active control system carefully in order to 

achieve the best control performance of the structural and acoustic attenuation. 

160 



59 

£ 

100 

80 

60 

40 

20 

0 

Figure 4.18(a) 
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Primary ( ) and controlled sound pressure fields under 

heavy fluid-loading (/ = 100Hz) using the optimal control forces 

obtained from the minimisation of the structural response at control 

force separation distances of 2jcL/Ap=0.8 (—o—), 1.6 
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Figure 4.18(b) Primary (- -) and controlled sound pressure fields under light 

fluid-loading (/ = 6000Hz) using the optimal control forces 

obtained from the minimisation of the structural response at control 

force separation distances of 2xL /Xp = 0.95 ( —e— ) and 2.85 

( • )• 
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Primary (• ) and controlled sound pressure fields under light 

fluid-loading (/ = 6000Hz) using the optimal control forces 

obtained from the minimisation of the structural response at control 

force separation distances of 2xL/Xp = 1.9 ( 0— ) and 3.8 
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4.7 Conclusions 

In this Chapter, a fluid-loaded infinite plate driven by primary line force and secondary 

line forces was analytically investigated. The effects of different fluid-loading conditions 

on the primary structural and acoustic responses were examined by varying the excitation 

frequency of the primary line force. The mathematical models are based on the plate 

vibration and sound radiation solved in the spectral wavenumber domains and 

computational results were presented from the full integration of the wavenumber 

spectrum. Low frequencies correspond to heavy fluid-loading and result in two 

significant effects on the far-field sound pressure. Firstly, heavy fluid-loading naturally 

dampens the plate vibrations and subsequently reduces the level of the sound radiation 

from the plate compared with the sound level in the absence of fluid-loading. Secondly, 
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the directivity of the far-field sound pressure is altered from a monopole in the absence of 

fluid-loading to a dipole under heavy fluid-loading. A dramatic increase in the sound 

pressure level at the grazing angles close to the surface of the plate can also be observed. 

This is due to the subsonic structural waves dominating the acoustic response at those 

angles, and corresponds to the acoustic near-field. At high frequencies corresponding to 

light fluid-loading, the grazing angle phenomenon becomes less obvious, and the 

radiation directivity is more of a monopole shape. Under light fluid-loading, the 

difference between the radiated sound pressure compared with the level in the absence of 

fluid-loading is small. It is concluded that the effect of increasing the fluid-loading on the 

structure is to both naturally dampen the structural and acoustic responses, as well as alter 

the radiating sound directivity from a monopole to a dipole. Heavy fluid-loading also has 

the effect of increasing the amplitudes of the near-field structural waves, resulting from 

the increase in the acoustic field reaction. 

Using feedforward techniques, an active structural acoustic control system was 

designed to minimise the total radiated sound power and the local sound pressure, and an 

active control system was also designed to attenuate the structural response. For the two 

different fluid-loading conditions, the performance of the control systems were examined 

by comparing the controlled and uncontrolled structural and acoustic responses. In the 

minimisation of the structural and acoustic responses, it has been shown the location of 

the secondary line forces plays an important role on the level of attenuation achieved. 

Very little reduction in the total radiated sound power can be achieved after a separation 

distance between the primary and secondary line forces greater than half of the acoustic 

wavelength. This applies to all frequencies and is therefore independent of the fluid-

loading conditions. Minimisation of the local sound pressure corresponding to error 

microphones placed at 9e = 90° and at a far-field location of k0re = 10 attenuates the 

sound pressure level in a large range away from the grazing angles close to the surface of 

the plate. The total radiating sound power is also attenuated from the minimisation of the 
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local sound pressure. Similarly, minimisation of the total power also minimises the sound 

pressure at angles away from grazing. Hence, choosing either the total sound power or 

the local sound pressure (at 9e = 90°) as the cost function to minimise results in similar 

levels of attenuation of both the sound pressure and sound power. For simplicity of the 

control system design, it would therefore be more practical to use the local sound pressure 

as the cost function to minimise. Significant structural and acoustic attenuation can also 

be achieved under heavy fluid-loading conditions from minimisation of the structural 

response. This occurs when the two secondary forces are at a separation distance from 

each other that results in the control forces being out of phase with the primary force. As 

a result, the radiation efficiency of the structural vibrations is decreased, and the sound 

pressure level is reduced. However, minimising the structural vibration under light fluid-

loading conditions results in an increase in the far-field sound pressure at certain 

directivity angles. Therefore, optimisation of the control force locations is essential in 

order to achieve maximum attenuation of the structural and acoustic responses. 
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Chapter 5 

Active control of the plate flexural wave 

transmission through a finite reinforcing beam 

5.1 Introduction 

Although infinite structures give significant physical insight into the primary and 

controlled responses of ribbed plates, it is of more practical interest to examine structures 

of finite extent. In this Chapter, active control of the plate flexural wave transmission 

through the beam in a semi-infinite beam-plate system is analytically investigated. The 

literature review of semi-infinite and finite ribbed plates can be found in Chapter 2. In a 

similar approach to Chapter 2, the entire ribbed plate system is modelled as a continuous 

system, using equations of motion to describe the plate in flexure and the beam in both 

flexure and torsion. The reinforcing beam and plate are simply-supported along two 

edges, and the plate is infinite in the other two ends. Due to the reflections from the 

simply supported boundaries, the structural waves in the direction along the length of the 

beam can be described by a modal solution. Along the infinite plate lengths, the structural 

waves are described by the travelling wave solution. In a semi-infinite ribbed plate, the 

coincidence conditions of the infinite structure described in Chapter 2 are replaced by 

resonance conditions. In this Chapter, it is shown that for each individual mode of the 

plate flexural wave incident at the beam discontinuity, there is a corresponding resonance 

frequency for both the flexural and torsional waves in the beam. At these flexural and 

torsional resonance frequencies, the maximum transmission of the plate flexural waves 

through the reinforcing beam occurs. 
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A single point control force applied to the beam can be properly located to 

attenuate those resonance peaks in the far-field response of the flexural wave transmission 

corresponding to the flexural resonance conditions in the beam. Similarly, using a single 

point control moment properly located on the beam to excite only torsional motion in the 

beam, the transmission peaks corresponding to the torsional resonance conditions in the 

beam can be attenuated. In this Chapter, it is also shown that significant attenuation of all 

the resonance peaks in the flexural wave transmission can be achieved with the application 

of a single point force and a single point moment collocated on the beam. This Chapter 

introduces the feasibility of attenuating the flexural wave transmission due to both the 

flexural and torsional resonance conditions by using a single point force and point 

moment collocated on the beam. 

5.2 Primary Flexural Wave Transmission through a 

Finite Reinforcing Beam 

5.2.1 Plate flexural plane wave incident on the beam discontinuity 

The semi-infinite beam-plate system consists of a semi-infinite thin elastic plate 

symmetrically reinforced by two identical finite uniform beams of rectangular cross 

section. The beam and plate are simply supported along the same edges at y = 0 and 

y = L, as shown in Fig. 5.1, and the plate is infinite in the x-direction. An incident 

flexural plane wave, Win, propagates in the positive x-direction in plate 1 at an angle (p to 

the jc-axis. The scattering of the structural wave field due to the incident wave impinging 

on the beam discontinuity generates both reflective and transmitted waves in plates 1 and 2 

respectively. 

Due to the simply supported boundary conditions, the incident wave can be 

expressed as the summation of all the individual modes that contribute to the flexural wave 
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motion at the frequency of excitation, and is described by: 

WJx,y) = ^Apj
jk>™*"xsm(kymy)e

j0* (5.1) 
m=l 

where APm is the modal amplitude of the incident wave and kp is the plate flexural 

wavenumber (given by Eq. 2.10). k = is the modal wavenumber of the incident 
Ly 

wave in the y-direction, where m is the mode number, and kpcos(pm is the wavenumber 

of the incident wave in the x -direction. The wavenumber in the JC-direction can also be 

described by: kx^ = kpcosq>m = Jk
2 - k2^ . In order for the incident wave to be a non-

decaying propagating wave, it is necessary for kp>ky . From the expression kp = kym, it 

can be shown that each mode has a corresponding 'cut-on' frequency, which is 

determined by: 

Jco
 2K 

r \ 
mK 
<Ly J 

(5.2) 
PPh 

W h e n the excitation frequency of the incident wave is greater than the cut-on frequency 

for a certain mode, then the component of the incident wave travelling in the *-direction 

will exist for that mode. Due to the cut-on frequency for each mode, there is also a 

limiting range for the angle of propagation for each mode, corresponding to: 

cpm= cos 
Vfcp - kym 
K 

(5.3) 

Hence, a given mode can only propagate at incident angles for excitation frequencies 

greater than or equal to the cut-on frequency for that mode. 

Using the simply supported and infinite boundary conditions, the primary 

displacements in plates 1 and 2 can be expressed in terms of modal coefficients 

(R , Rn , T , Tn ) and modal wavenumbers (kXm, knm, kyJ. The flexural 
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displacement in plate 1 (omitting the time dependent term ej(0t) is described by a modal 

solution for the standing wave in the y-direction, and a travelling wave solution along the 

AC-direction: 

m=l 

(5.4) 

where R and R„ are the amplitudes of the reflected propagating and near-field decay 

waves respectively. kXm = Jk
2 - k2m and kn^ = Jk

2 + k2m respectively represent the 

wavenumbers of the propagating and decay waves along the JC-direction. Similarly, the 

primary flexural displacement in plate 2 can be described by: 

Wp(x,y) = ±(TPme-
Jk'"x + T^'Jsin*^ (5.5) 

m=l 

where Tp and Tn are the amplitudes of the propagating and near-field transmitted waves 

respectively. It is important to note that the incident plate wave of the mth mode excites 

transmitted and reflected waves in the plate of the mth mode only. 

beam 

Figure 5.1 Semi-infinite beam-plate system. 

y = Lv 

y = 0 

y 

Due to their simply supported ends, the induced beam primary flexural and 

torsional displacements are also described by a modal solution: 
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(y^Huoj^tyj (5-6) U 
P - i — "m ym 

m=\ 

°/y) = I,0om*M<ymy> (5.7) 
m=\ 

where M and 0O are the modal amplitudes of the flexural and torsional motions in the 

beam respectively. 

Using the coupling conditions between the beam and plate as described by Eqs. 

(2.7) and (2.8), and the general solutions for the beam and plate displacements described 

in Eqs. (5.4) - (5.7) above, results in equations in terms of the plate coefficients 

T„ , T„ , R„ and R„ . Using the beam equations of motion (Eqs. (2.4) and (2.5)) 
Pin nm Pm nm 

together with the classical relations of the shear forces, bending moments and twisting 

moments (Eqs. (2.1) - (2.3)), results in expressions in terms of T , Tn , Rp and Rn . 

Finally, solutions for the plate modal coefficients can be obtained by the following: 

(5.8) T 
Pm 

T 
nm 

J? 
Pm 

_xx + x2 
2 

_Yl + Y2 
2 ' 

_ X} - X2 
2 

(5.9) 

(5.10) 

and 

Y - Y 
Rn =^-^, (5.11) 
""• 2 

where: 
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X=l + — ^ (512) 
jkx -kn +2jkx kn k

2®' K } 
*m "m J xm nm p m 

2 iklf.-jk^k^ • 
(5.13) 

2k, 
1 2kxknk

20m+kx +jkn
 K ' ; 

xm nm P m xm J "m 

Y fmakl-kl-kl)-2jK_ 

"m "m 

2D 2D 

5.2.2 Resonance conditions 

For heavy reinforcing beams (where the beam stiffness is significantly greater than the 

plate stiffness), the values for D/EbI and D/GJ are very small, and the transmitted 

energy is in the vicinity of the resonance frequencies for the bending and torsional waves 

in the beam (Heckl, 1961a). This occurs when the modal wavenumber component of the 

incident wave in the y-direction matches the natural flexural or torsional wavenumbers in 

the beam, that is, when k = kB (flexural resonance) or k = kj. (torsional resonance). 

Under these trace wave matching conditions, there is optimal coupling between the plate 

and beam motions, resulting in the greatest transmission of the plate flexural waves 

through the reinforcing beam. Closer examination of the resonance conditions reveals that 

for each individual mode of the incident wave, there is a resonance frequency 

corresponding to the beam flexural wave coincidence condition, which can be described 

by: 

Bm
 2K 

( \ 
mK 
VL,J 

F T 

,4» (5-18) 
lPbA 
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and a corresponding resonance frequency for the beam torsional wave coincidence is 

described by: 

JTm
 2K 

( \ 
mK 

\Ly J 

(5.19) 

V 
This phenomenon is confirmed in the work done by Heckl (1961a). 

To investigate the flexural wave transmission in the far-field of plate 2, it is 

sufficient to only consider the transmitted propagating coefficient Tp . For an incident 

wave with unit magnitude (A„ =1), the propagating flexural energy can be measured by 

the mean squared plate displacement in the far-field, which yields: 

K 
1 f.„. „., 1 T-jWrfdy = ^Tprpa. (5.20) 

ly 0 2m=i 

Hence, the far-field flexural energy transmission can be described solely in terms of the 

2: 

1 °° 

modal transmitted propagating coefficient TPm, and the expression — X^TP.
 simPty 

m=l 

describes the ratio of the transmitted energy (per unit length in the JC-direction) to the 

incident wave energy. 

5.3 Results of the Primary Flexural Energy Transmission 

The theoretical model is based on the requirement that the beam-plate system is 

constructed of the same material throughout, and that the plate is symmetrically reinforced 

by two identical rectangular beams. It has been previously shown that the total 

transmission is in the vicinity of the resonance frequencies for a heavier beam (Heckl, 

1961a). For this analysis, the properties of aluminium were chosen for the material 

parameters, and are listed in Chapter 2 (section 2.6.1). The internal distributed damping 
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in the plate is included in the complex Young's modulus by Ep =Ep(l + jrj), where rj is 

the structural loss factor. The plate and beam dimensions are the same as those used in 

Chapter 2, and the finite length of the plate and length of the beams is lm (that is, 

Ly = lm). This results in a very small beam-plate coupling parameter (Lamb, 1961), 

corresponding to D/EbIkB = 4.4x 10"
4 at an excitation frequency of 500Hz. The ratio 

between the plate flexural rigidity and the beam flexural and torsional rigidities are also 

small, where D/EbI = 3.2 x 10"
3m_1 and D/GJ = 6.9 x 10~3m_1. 

Figure 5.2 corresponds to the flexural energy transmission in the far-field of plate 

2 as a function of frequency, for a diffuse incident wave field. When the incident wave 

field is diffuse, the incident waves have the same amplitude in all directions (in this case, 

Ap =1), and all possible angles of incidence are simultaneously considered 

corresponding to their mode number and cut-on frequency. A frequency range of up to 

3000Hz was chosen in order to show an adequate number of the resonance peaks. For 

this frequency range, 27 modes were found present in the incident wave, where there are 

a greater number of flexural wave modes in the beam than torsional modes. Table 5.1 

shows the flexural and torsional resonance frequencies described by Eqs. (5.18) and 

(5.19) respectively, for the first six modes of the incident wave. Figure 5.2 shows that 

the transmission peaks are dominated by the resonance frequencies, corresponding to the 

first five flexural resonance frequencies in the beam and the first two torsional resonance 

frequencies. At 2300Hz, a very large transmission peak can be observed. This is due to 

the simultaneously excited flexural and torsional wave resonances in the beam contributed 

by the fifth flexural mode and the second torsional mode of the incident wave. Away 

from the resonance frequencies, there is very little transmission of the plate flexural 

energy as the beam is acting as a passive attenuation device. 
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Table 5.1 Flexural and torsional resonance frequencies (Hz) 

for the first 6 modes of the incident wave. 

A =95.4 

A, =381.4 

A, =858.2 

A 4 =1525.8 

/Bs =2384.0 

fBi =3433.0 

fTl =1121.9 

^ = 2 2 4 3 . 9 

fT} =3365.8 

fTt =4487.8 

4 = 5 6 0 9 . 7 

^ = 6 7 3 1 . 7 

5.4 Active Control of the Far-Field Flexural Energy 

Transmission 

For this serni-infmite beam-plate system, attenuation of the flexural energy transmission in 

the far-field of plate 2 may be realised with the application of just a single, properly 

located point control force and a single point control moment collocated on the beam, as 

shown in Fig. 2.4. The point control force is arranged to excite only flexural wave 

motion in the beam and the control moment excites only torsional motion in the beam. 

For each control system application, a cost function is set up to minimise the far-field 
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flexural energy transmission corresponding to each individual mode of the incident wave. 

In order to optimally design the active control system, attenuation of the far-field flexural 

energy transmission under point force control and point moment control are initially 

examined separately. 

c 
o 
1/3 

</5 

3 

500 1000 1500 2000 2500 3000 

Frequency (Hz) 

Figure 5.2 Flexural energy transmission through a finite reinforcing beam. 

5.4.1 Point force control 

A point control force of amplitude Fs at a location yf on the beam generates secondary 

flexural motion in the beam that can be described by two parts: the point force excitation 

and the backward reaction from the plates acting on the beam at the beam-plate coupling 

interfaces (Heckl, 1961b). The equation of motion for the secondary flexural waves of 

the beam excited by a point force is described by Eq. (2.28). Due to the simply supported 

ends, the secondary beam flexural displacement is described by the following modal 

solution: 
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u,(y)= E M v s i n 

m'=l 

m Ky (5.21) 

where us is the modal amplitude of the beam secondary flexural displacement and m' is 

the mode number of the secondary vibrations. Using the equation of motion for the beam 

secondary flexural motion (Eq. (2.8)) and the simply supported boundary conditions, the 

backward reaction force FBR can be described in terms of the modal wavenumber 

components and the secondary flexural displacement in the beam by the following: 

FM = -2jD(k'p - kl)[{k] -kl J"
2 + j[kl + kl )-m)uJy), (5.22) 

m K 
where k, = is the modal wavenumber in the y-direction of the secondary waves. 

sin' T 

By taking the following steps: substituting Eq. (5.22) into the equation of motion for the 

beam in flexure (Eq. (2.28)); multiplying the resultant equation by an orthogonal mode; 

integrating over the length of the beam; and making use of modal orthogonality 

relationships (Wang, 1953), results in the following expression to describe the modal 

amplitude of the beam secondary flexural displacement by: 

_/„ 

2FS . mKyf 
u = —Hf sin (3.23) 
" EbILy

 f" Ly 

where: H f = TT^F, ; 77, T~Tn\- (5.24) 

<.-^t7(*:-0(fc-*i) +fc+*L) ) 
Initial examination of the beam secondary flexural amplitude as a function of frequency 

shows that the maximum amplitude occurs in the vicinity of the resonance frequencies 

corresponding to when the modal wavenumber is equal to the beam flexural wavenumber 

(k ,=kB). This coincides with the results from the primary wave transmission, where 

the maximum plate flexural wave transmission occurs at the flexural resonance condition 
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corresponding to when the modal wavenumber component of the incident wave in the y-

direction is equal to the natural flexural wavenumber in the beam. 

The general solution for the secondary flexural displacement in plates 1 and 2 can 

described in terms of a modal and a travelling wave solution by: 

W[(x, y) = ±(RJ^' + Km/^') sm £E (5.25) 
m'=lV " / Ly 

Wl(x,y)= ±(rh e-'^' +T^-&Z') sin^S. (5.26) 
m'=lV / Ly 

For wave motion continuity, the coupling conditions between the plates and the beam 

require that the beam flexural displacement is equal to the flexural displacement in plates 1 

and 2. Also, the torsional displacement of the beam is equal to the rotation of the plates 

about the y-axis, which, corresponding with the sign notation consistent with the 

equations of motion and figures in Chapter 2 (Eqs. (2.4), (2.5) and Figs. (2.1), (2.2)), 

results in: 

u=TD+Tn = RD +R„ (5.27) 

From the coupling conditions it is observed that the coefficients T , I ,, RD, and /̂  
•*• *^ t tn m r tn m 

are only functions of the beam secondary flexural and torsional amplitudes, wv and 0V. 

Also, from the symmetry of the control force application, the secondary displacements in 

plates 1 and 2 are the same (Heckl, 1961b). That is, Tp , = Rp , and Tn, = ^ ,. As the 
^ rin "tn tn in 

point force control is arranged to only excite flexural motion in the beam, the secondary 

torsional displacement in the beam is equal to zero. Using Eqs. (5.27) and (5.28), the 
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coefficients of the secondary flexural displacement in the plates can be determined, 

resulting in the following expression for the secondary flexural displacement in plate 2: 

W2{x'y) = \TTTl\Ke +Ke Hfsm—^-sm-^- (5.29) EjLy m'=lV J Ly Ly 

M+k2 -jM-k2 

where A, = , \ " and A, , = , v —)m' = represent the 

coefficients of the secondary propagating and near-field decay waves respectively. 

The plate vibrations are to be minimised at error sensors which are located in the 

far-field of plate 2 at jce =10Ap. The total flexural displacement at the error sensor 

location is the superposition of the primary transmitted flexural waves and the secondary 

flexural waves generated by the point control force, that is: 

W'2°'(x, y) = W
p(x, y) + Ws2(x, y). (5.30) 

The control system is arranged to control each mode of the incident wave individually. 

For each mode (m) of the incident wave, the control force generates secondary vibrations 

in the beam and plates that are described by all the modes (m') that contribute to the 

secondary excitation. Hence, for each individual mode of the incident wave, the primary 

transmitted flexural waves in the far-field of plate 2 can be approximated using Eq. (5.5) 

as: 

Wp(x,y) = Tpy
Jf^xsm^. (5.31) 

Ly 

Similarly, by considering only the propagating secondary waves in the far-field of plate 2, 

Eq. (5.29) can be simplified as: 
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Ws2(x,y) = Fs ]T G ^ ' ^ ^ ' s i n ^ , (5.32) 
m'=l '" Ly 

2 m'Kyf 
where: Gf = A Hf sin -̂. (5.33) 

fm' EbILy
 1M' /m' Ly 

A cost function is developed to minimise the far-field flexural energy transmission by 

means of minimising the total averaged squared plate displacement at the error sensors. 

The total power flow at the error sensor location becomes: 

Ly, 

nf=^\w?(xe,y)(W?(xe,y))*dy. (5.34) 
Ly 0 

By standard methods, the cost function can be expressed as a quadratic function of the 

control force F (Pan and Hansen, 1991): 

nf = FsAfF*s + BfF*s + FsB*f + Cf (5.35) 

where: 

±=±1 la,.*,.** Tdy=jZG,,Gl- <5-36> 
^y 0m'=l ^y * m'=\ 

Bf=±-
L[T f G; sin^ie^^^^^^^'sm^dy (5.37) 

J J Pm J-^ lm' J \ 

^y 0 l»'=l S V ' "> 

iv 
1 f , ,2 mny j 1 and C, = - \Tp r sm

2^dy = ±Tp T*p . (5.38) 
/ T J Pm Pm J 9 Pm Pm 

Ly 0 S Z 

Using the orthogonality relationship of the vibrational modes shows that the only non-

trivial solution for Eq. (5.37) occurs when m' = m (Wang, 1953), resulting in: 

178 



Bf=-TD G* . 
/ r\ Pm lm 

(5.39) 

Using standard methods, the optimal control force is obtained by differentiating the cost 

function with respect to the real and imaginary components of the control force, where the 

optimal force corresponds to when both derivatives are zero (Pan and Hansen, 1991). 

The optimal control force resulting in the minimum averaged squared plate displacement is 

obtained as: 

ts\0pt " ~7~' 
*f 

(5.40) 

and the corresponding maximum attenuation level of the far-field flexural energy 

transmission is: 

17/ - m i ~ ~ 
ii atten o l u 

= -101og10 

B*Bf 
1 / / i 

CfAf 

(5.41) 

5.4.2 Point m o m e n t control 

Similar arrangements can be made for point moment control, where a single, properly 

located point moment is applied to the beam to excite only torsional wave motion in the 

beam. The total moment acting on the beam can also be described by two parts: the 

control moment of amplitude Ms acting at a location ym on the beam, and a backward 

reaction from the plates, as described by Eq. (2.56). Under point moment control, the 

rotation in the plates about the y-axis is equal to the secondary torsional displacement in 

the beam at the beam-plate coupling interfaces, and the secondary flexural displacements 

in the plates and beam are equal to zero. A general solution for the beam secondary 

torsional displacement is: 
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0,(y) = X O^&m-jZ- (5.42) 
m'-l Ly 

and 9Smi is the modal amplitude of the beam secondary torsional displacement. Using the 

equations of motion of the beam torsional displacement (Eq. (2.5)), the backward reaction 

moment becomes: 

MBR = 2£>(V^+*L + Hkl-kl)es(y) • (5-43) 

Using the same steps to obtain Eq. (5.23), the beam torsional amplitude can be 

determined, resulting in: 

_ M s TT m Kym 
9S =—Hm sin **- (5.44) 

where Hmm, = 2D( , • (5.45) 
k2 -kl+—[Jk2+k2 +jJk2-k2 

ym- ^ GJ\* J\j^p nym- J 

Initial examination of Eqs. (5.44) and (5.45) reveals that the maximum amplitude of the 

beam torsional displacement occurs when k =kT, which corresponds to the torsional 

resonance condition of the primary wave transmission. Hence, the secondary responses 

of the beam and plate are also dominated by the torsional resonance frequencies described 

by Eq. (5.19). Making use of the general solutions for the plate secondary flexural 

displacements and the beam-plate coupling conditions described by Eqs. (5.25) to (5.28), 

results in the following expression for the secondary flexural displacement in the far-field 

of plate 2 under point moment control: 

TT7V/ . 2AT v « -iK-kLxTT
 mKym

 mKy ,c A^ 
WUx,y) = -TJBl e^p ym Hm ,sin

 Jm sin—^- (5.46) GJLy^
 v mra' L, Ly 
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where B\ = —, , is the amplitude of the secondary propagating 

Jykl~kL ~4kl+kym-
flexural waves in the plate under the point moment application. 

A cost function is set up as a quadratic function of the control moment amplitude 

in order to minimise the far-field flexural energy transmission. By considering each 

individual mode of the incident wave and using orthogonality relationships between the 

modes, the cost function can be described by: 

nm = M^M; + BmM] + MX+ Cm (5-47) 

where A m = - Y G m G* , (5.48) 
m r) Zm4 mm' mm- V ' 

L m'=\ 

Bm=~TDG* (5.49) 
m 9 Pm m 

Cm=-TD T* , (5.50) 
m ^ Pm Pm 

Gm = - ^ - # Hm s i n ^ ^ and (5.51) 
m-' GJLy

 1"' mm' Ly 

Gm =-2-BxHms\n^^. (5.52) 
m- GJLy

 lm m- Ly 

The optimal control moment resulting in the minimum power flow at the error sensor 

location JC, is obtained as: 

Ml = - i (5.53) 
pt Am 

m 

resulting in an attenuation level of: 
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nm\ =-ioiog 10 
JZ. 

= -101og 10 
B B 

1 mm 
CmAm 

(5.54) 

5.4.3 Collocated force and moment control 

Finally, the control performance is investigated using a combination of both force and 

moment control. The control system is applied to the beam and consists of a single point 

force and a single point moment collocated on the beam. The total flexural displacement 

in the far-field of plate 2 now becomes the superposition due to three wave components: 

the primary transmitted waves, the secondary waves under point force control, and the 

secondary waves under point moment control, described by: 

M, W'2
0t(x, y) = Wp(x, y) + Wr2' (x, y) + W?° (x, y) (5.55) 

where Wp(x,y), W2<(x,y) and W2°(x,y) are described by Eqs. (5.31), (5.32) and 

(5.46) respectively. The total power flow at the error sensors located in the far-field of 

plate 2 is described by the total averaged squared plate flexural displacement: 

1 y 

nfm=f-\w'2
ot(xe,y)(w

t
2
0t(xe,y)) dy y o 

= [^fK][F] + [Ff[51^] + [52^][F] + [C/m], (5.56) 

where [F] is the matrix form of the control force and moment: [F] = 

| ]" = [ ]*r denotes the complex conjugate and transpose of a matrix. 

M. 
, and 

K ] = f)[GnG]si„^* = I[Gf[G] 
Ly o y 

(5.57) 
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[G]=lK where: [Gl= V G , G. m- mm-

m'=V-

(5.58) 

and G/m,, Gm^ are described by Eqs. (5.33) and (5.51) respectively. 

[*1*] = j- )[Gf TJ*S2.*&.<y, (5.59) 
S o h h 

K] = fk[G]sin^si„^ and (5.60) 
Ly 0 S Ly 

C,} = ^frx^^cfy = \Tfrp, (5.61) 

Using the orthogonality relationship of modes, it is found that the only non-trivial 

solutions for Eqs. (5.59) and (5.60) exist when m' = m, resulting in: 

K.] = \\GfTPm and (5.62) 

1B2M] = \nml<*\ (5-63) 

where [G] is a function of m only for Eqs. (5.62) and (5.63). As the power flow is 

evaluated in the far-field of plate 2, only the propagating flexural waves are considered to 

contribute to the structural response. As a result, [#1^1 is the complex conjugate and 

transpose of [.#2^], as observed in Eqs. (5.62) and (5.63). By separating the complex 

power flow 77^ into real and imaginary parts, and differentiating the real part with 

respect to the real and imaginary components of the control force, a solution for the 

optimal control force is obtained corresponding to the control force when both derivatives 

are zero. The optimal control force can be described by (Pan and Hansen, 1991): 
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[^=-2^fc])K]+[B2-]")- (5-M) 

and the corresponding power flow at the error sensors is a minimum. 

5.5 Control Results and Discussion 

Over a reasonably large frequency range, there are only a limited number of modes that 

contribute to the energy transmission (although a large number of modes may be present). 

As discussed in the results of the primary wave transmission, there are many more 

bending wave resonances than torsional wave resonances. Over a frequency range of 

3000Hz, only the first five bending wave resonances and the first two torsional wave 

resonances contribute to the far-field flexural energy transmission, as shown in Fig. 5.2. 

Figure 5.3 shows that the application of a single, properly located point control 

force at a location y/ = 0.618Ly on the reinforcing beam attenuates those peaks in the far-

field flexural plate wave transmission corresponding to the flexural wave resonances only. 

The control forces generate flexural wave motion only in the beam, resulting in significant 

reduction of the beam flexural vibration. Hence, mechanisms of the attenuation of the 

plate flexural wave transmission at the flexural resonance conditions are due to attenuation 

of the beam flexural vibration. Similarly, Fig. 5.4 shows that a single, properly located 

point control moment on the beam will attenuate the transmission peaks corresponding to 

the torsional resonance conditions only. Attenuation of the plate flexural energy 

transmission due to the torsional resonances is achieved due to significant reduction of the 

beam torsional vibration under moment control. However, to achieve global attenuation 

of the far-field flexural energy transmission, it is necessary to apply both a control force 

and a control moment. This results in the attenuation of the transmission peaks at all 

resonance conditions, as shown in Fig. 5.5. 
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Figure 5.3 Primary ( ) and attenuated ( ) transmission peaks of the 

flexural energy transmission due to point force control. 
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Figure 5.4 Primary ( ) and attenuated ( ) transmission peaks of the 

flexural energy transmission due to point moment control. 

185 



a 
.2 
oo 
00 

S-c 

c 
W 
o 
03 

0.8 -

0.6 -

0.4 -

0.2 -

-0.2 
500 1000 1500 2000 2500 3000 

Frequency (Hz) 

Figure 5.5 Primary (• •) and attenuated ( ) transmission peaks of the 

flexural energy transmission using collocated force and moment control. 

In order to obtain more physical insight into the mechanisms involved with the reduction 

of the plate vibration, the beam vibration was examined. Under the single point control 

force application, the primary, secondary and total beam flexural energy distributions 

were obtained as a function of frequency, as shown in Fig. 5.6. The beam flexural 

energies were averaged over the length of the beam. The beam secondary flexural 

displacement was evaluated using the optimal control force obtained from the 

minimisation of the far-field plate flexural energy transmission at the error sensor location. 

In Fig. 5.6, the primary beam flexural energy displays the peaks corresponding to the 

flexural resonance frequencies. The beam secondary response matches the primary 

response at the resonance frequencies but 180° out of phase, resulting in a reduction in the 

total beam flexural energy. Although the primary response of the beam has been 

attenuated at the resonance frequencies, away from the resonances, the total beam 

response is increased. 
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Similar results are found when examining the total beam torsional energy under 

point moment control, where the peaks of the primary beam torsional energy are 

attenuated. Using collocated force and moment control, significant global attenuation of 

the beam flexural and torsional energy distribution is achieved. 
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Figure 5.6 Total beam flexural energy ( ) showing the contributions by the 

primary ( ) and secondary ( ) beam flexural displacements. 

5.6 Conclusions 

Active attenuation of the plate flexural wave transmission through a reinforcing beam on a 

semi-infinite simply-supported ribbed plate has been analytically investigated. It has been 

shown that the maximum plate flexural wave transmission occurs at the optimal coupling 

between the plate flexural waves and the flexural and torsional waves in the beam. These 

optimal coupling conditions occur at resonance frequencies, where for each mode of the 

incident wave, there is a corresponding flexural and torsional resonance frequency. The 
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far-field plate flexural energy transmission of the primary wave motion exhibits peaks in 

the response which are dominated by the resonance frequencies. Active attenuation of the 

transmission peaks corresponding to the flexural resonance frequencies was achieved 

using a single point force applied to the beam. Similarly, attenuation of the transmission 

peaks due to torsional resonance was achieved under moment control. 

This Chapter shows the feasibility of using a single point control force and a 

single point control moment collocated on the beam to globally attenuate the plate wave 

transmission through a reinforcing beam. Mechanisms involved with the attenuation of 

the plate vibration corresponds to reduction of the beam vibration. 
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Chapter 6 

Experiments on the active control of the wave 

transmission in a beam-reinforced plate 

6.1 Introduction 

This Chapter presents laboratory experiments in order to practically demonstrate active 

control of the structural response of a beam-reinforced plate. In any experimental 

arrangement for active noise and vibration control, a typical control system has three basic 

components: the control actuators, which apply the control inputs to the structure; the 

controller, which calculates the control signal based on the error signal; and the error 

sensors that measure the structural vibration or sound radiation. 

With advances in technology of materials and electronics, there has been an 

improvement in the components of active control systems. In many control situations, the 

use of electromagnetic shakers as control actuators is impractical due to their size and 

difficulty in their application. The use of intelligent materials such as piezoelectric 

elements as control actuators is becoming increasingly popular as they can be easily 

bonded to the surface of the structure. However, they are not capable of producing large 

forces for vibration excitation or control as the electromagnetic shakers. 

In many laboratory active control experiments, the control consists of a digital 

signal processing (DSP) board hosted by a personal computer. The DSP board samples 

the signal from the error sensor and, based on this information, calculates a control signal 

to send to the control actuators. Various methods used for calculating the control signals 

include the method of steepest descent, in which the algorithm uses a steepest gradient 
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descent method which minimises the least mean square of the error signals by converging 

on the set of optimal weighting coefficients for the adaptive filters. Many experimental 

works have calculated the control signals based on a narrow-band form of the filtered-X 

version of the adaptive LMS algorithm. This algorithm is described in great detail in a 

paper by Elliott, Stothers and Nelson (1987). A multiple channel filtered-X LMS 

algorithm was used to conduct the control processing, and was implemented from a digital 

signal processing board. Error sensors to measure the structural response are typically 

accelerometers, and microphones are commonly used to measure the structure-borne 

sound radiation. 

In the proceeding literature review, previous experimental work on the active 

control of both the structural and acoustic responses of beam-plate systems are discussed. 

Although there has been a lot of work on the active control of homogeneous beams and 

plates, there has been very little experimental work concerned with ribbed plates. 

6.2 Literature Review 

Over the past fifteen years, a significant amount of research has been dedicated to the use 

of piezoelectric actuators and sensors to control vibration in simple beam and plate 

structures. Crawley and Luis (1987) demonstrated the use of piezoelectric actuators in 

controlling transient vibration in beams. Dimitriadis, Fuller and Rogers (1991) extended 

the one-dimensional analysis of Crawley and Luis to examine the excitation of thin plates 

by rectangular piezoceramic patches. Furthermore, the analysis was extended to 

investigate the use of piezoelectric actuators for active noise control of structurally radiated 

and transmitted noise (Dimitriadis and Fuller, 1991). Fansen and Chen (1986) 

investigated the use of two piezoelectric actuators bonded symmetrically on opposite sides 

of a thin beam. In their work, Fansen and Chen showed that when the actuators were 

driven with the same input voltage but 180° out of phase, the actuator pair effectively 

190 



generated flexural motion in the beam. K i m and Jones (1991) investigated the optimal 

piezoelectric actuator thickness on the effective plate excitation, as well as the influence of 

damping and material properties of the bonding layer on the optimal thickness of the 

actuator. Experimental work by Fuller, Gibbs and Silcox (1990) has demonstrated the 

use of piezoceramic actuator and sensor pairs to simultaneously control the extensional 

and flexural waves in a semi-infinite beam. X. Pan and Hansen (1994) analytically and 

experimentally investigated the active control of power flow in plates. Fuller, Hansen and 

Snyder (1991) used piezoelectric actuators to control selected modes and the 

corresponding sound radiation with reduced spillover of a thin rectangular plate. 

Active control of the sound radiation of a semi-infinite beam with a clamped edge 

has been analytically and experimentally studied by Guigou, Fuller and Frampton (1994). 

In their work, they experimentally demonstrated that reduction of the far-field sound 

radiation can be achieved using ASAC techniques. At low frequencies, analytical work 

was used to show that force excitation (using a shaker) and moment excitation (using a 

pair of piezoelectric patches) resulted in similar performances. Hence the control 

performance is dependent on the actuator position rather than on the type of actuator. 

Microphones located in the acoustic field were used to sense the sound radiation from the 

beam. The shaker used in the experiments was analytically approximated as a point force. 

Piezoelectric actuators also used as control actuators were modelled as an out-of-phase 

moment acting at the edge of the piezoelectric patch. Both the control shaker and a 

piezoelectric actuator were shown to be effective in actively modifying the vibration 

response of the system, in order to obtain a large amount of attenuation at the error 

microphone, as well as a global decrease of the sound pressure levels in the acoustic field 

away from the grazing angles. The attenuation of the radiated acoustic field did not relate 

to a decrease in amplitude of the vibrational response of the beam. However, it was 

demonstrated that control reduced and changed the structural vibration distribution to 

result in fewer supersonic wavenumber components. This decrease of the wavenumber 
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spectrum in the supersonic region attenuated the near-field waves around the beam 

discontinuity, although the subsonic structural wavenumber components associated with 

the propagating structural waves increased. Hence, the overall structural response was 

found to increase, although the far-field radiated acoustic fields were attenuated. 

Active structural acoustic control techniques have been experimentally investigated 

for sound transmission (Fuller, Hansen and Snyder, 1989) and sound radiation (Clark 

and Fuller, 1992a, 1992b) from plates. The control actuators used in the experiments are 

shakers (Fuller, Hansen and Snyder, 1989) or piezoelectric actuators (Clark and Fuller, 

1992a), and microphones are located in the acoustic far-field as the error sensors. In 

order to overcome the use of error microphones located in the acoustic far-field, Clark and 

Fuller (1992b) used shaped polyvinylidene fluoride (PVDF) sensors which were applied 

to the plate to observe only those structural motions that are significant radiators of sound. 

The PVDF sensors act as a structural wavenumber filter and only observes low 

wavenumber values. Wavenumbers of low values correspond to the supersonic 

components of the structural wavenumber spectrum, and radiate energy to the far-field. 

Metcalf et al (1992) experimentally investigated the effectiveness of active feedforward 

control of sound transmission and radiation from a plate using one or two point force 

control sources and acoustic error sensors. Metcalf et al. showed that use of acoustic 

sensors gives greater attenuation of radiated sound than vibration sensors. 

A control system used in many active control experiments is in the form of a DSP 

board hosted by a personal computer. The DSP board samples the signal from the error 

sensor, and based on this information, calculates a control signal to send to the control 

actuators. A commonly used method for calculating the control signals is based in a 

filtered-X adaptive LMS algorithm. This algorithm uses a steepest gradient descent 

method which minimises the least mean square of the error signals by converging on the 

set of optimal weighting coefficients for the adaptive filters. Elliott, Stothers and Nelson 

(1987) describe this algorithm and its application for active noise and vibration control in 
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detail. Experimental uses of this control algorithm have been discussed by Gonidou 

(1988) for vibration control of beams, and by Clark and Fuller (1992a, 1992b) for noise 

control from plates. 

Very little experimental research has been done on coupled beam-plate structures. 

Heckl (1961a) performed some simple experiments on a simply supported semi-infinite 

aluminium plate with heavy reinforcing steel beams. The beams were glued to the plate 

with an epoxy resin. One side of the plate edges was covered with a damping material to 

simulate the infinite boundary condition in that direction. The plate was driven with white 

noise by a shaker. Heckl found that his experimental results agreed reasonably well with 

his theoretical results, with the frequencies of the plate transmission close to the resonance 

frequencies of the beam. In his active control experiments on a stiffened plate, Young 

(1995) used a piezoceramic stack actuator placed between the angle stiffener and the plate. 

The stack actuator was found to be capable of producing much higher forces for vibration 

excitation or vibration control that the thin laminated actuators. 

Carneal and Fuller (1994) experimentally verify the biologically inspired control 

approach for reducing vibrations in and radiated sound power from distributed elastic 

systems for narrow band excitation. This biologically inspired control approach was used 

in the design of the control systems in Chapters 2 and 3. Carneal and Fuller 

experimentally implemented a biologically inspired controller for vibration control on a 

simply supported beam, and for radiated sound power control on a clamped plate mounted 

in a common wall between a reverberant room and an anechoic chamber. The addition of 

multiple control actuators was seen in both cases to improve the control performances, 

although increasing the number of actuators resulted in diminishing returns in 

performance. 

The literature review shows that although there has been significant development 

in control system components and materials used in active control experiments, further 

experimental investigation is still required for beam-plate coupled structures. In this 
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Chapter, active control of the structural wave transmission in a beam-reinforced plate is 

experimentally investigated using a single control actuator and a single error sensor. 

Active control of vibration at both single and band-limited frequencies are conducted and 

compared. The aim of the experimental work in this Chapter is to demonstrate the 

feasibility of attenuating the plate response by actively modifying the beam vibration. 

6.3 Experimental Arrangement 

6.3.1 Description of the experimental rig 

The experimental rig consists of an aluminium test panel of dimensions 2.4m x 0.5m, 

with a thickness of 1.6mm. The material properties of the aluminium plate are 

summarised in Chapter 2 (section 2.6.1). The boundaries of the plate were constructed to 

simulate simply supported conditions on two parallel sides of the plate, and infinite 

conditions on the other two ends. The simply supported boundary conditions of the panel 

were implemented by using strips of 0.9mm thick aluminium cut into Z-sections. The 

upper flanges of the Z-sections were attached to the edges of the panel by small screws at 

regular intervals. The lower edge of the Z-section was clamped between concrete blocks. 

This construction has been previously shown (Ochs & Snowdon, 1975; Farag, 1979) to 

give a good approximation of a simply supported boundary condition, as the aluminium 

strips are stiff for in-plane motion but flexible for rotation. To simulate infinite boundary 

conditions on the other two edges of the test plate, the panel ends were each mounted in 

identical, pyramid-shaped wooden boxes filled with sand. This configuration resulted in 

the plate flexural waves travelling through the sand boxes to be gradually absorbed by the 

sand, with no reflected waves from the plate edges. These sand boxes served to make the 

plate appear infinite in those directions (along the positive and negative x-directions). A 

length of 0.6m of test plate was placed in the boxes at each end. This gave sufficient 
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length at low frequencies, such that the sand absorbed the structural vibrations with little 

reflection from the panel edges. The test plate for the experiments had a length of 1.2m, 

which was sufficient for observation of both local and global attenuation. 

The input disturbance shaker was mounted vertically over the plate, in order to 

model point force excitation. An impedance head was placed between the electrodynamic 

shaker and plate in order to measure the input force and acceleration. Figures 6.1 and 6.2 

show photographs of the experimental rig, test panel and shaker. Figure 6.2 shows the 

Z-sections screwed to the edge of the panel on the upper flange, with the lower flange 

lying between the concrete blocks. 

Two solid aluminium beams of length 0.5m and rectangular cross-section 

10mm x 10mm were then symmetrically bonded to the surface of the plate, as shown in 

the photograph in Fig. 6.3. Figure 6.4 is a schematic showing the locations of the 

primary and control shakers, and the accelerometer. The beams were rigidly attached to 

the plate by using double sided tape, and were also screwed in three locations. The 

primary shaker is located at (x0, y0) from the sand box and simply supported edge in plate 

1, and the accelerometer used to measure the error signal is located at (xe, ye) in plate 2. 

The beams were attached at a location of xs along the plate. Figures 6.3 and 6.4 also 

show the control shaker mounted vertically at a location of (xs, ys) on the beam. 

6.3.2 Experimental results of the uncontrolled system 

The uncontrolled response was initially examined. A Hewlett Packard 35665A frequency 

analyser was used to generate a white noise signal to excite the plate at the primary shaker 

location of (x0,y0) = (0.2,0.31). The primary shaker was located at a position of 

y0 = 0.61SLy along the width of the plate, resulting in y0= 0.31m. This corresponds to a 

structural location which results in excitation of all the modes. In order to obtain the 
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Figure 6.1 Experimental rig showing the test panel, primary shaker and boundaries. 

Figure 6.2 Impedance head placed between the shaker and plate. Also shown are the 

Z-sections screwed to the plate and placed between the concrete blocks. 
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Figure 6.4 Schematic of the ribbed plate showing the locations of the primary and 

control shakers, and the error accelerometer. 
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structural response contributed by all the excited modes, it was important not to place the 

shaker at the node of the mode. A two gram Briiel and Kjaer accelerometer was used as 

the error sensor to measure the frequency response at various locations on the plate. The 

signal from the accelerometer was fed back into the signal analyser via a charge amplifier. 

Resonance of both the beams and plate were observed at a frequency of 312Hz, which 

corresponded to the second resonance mode of the beam in the experiments. This 

frequency was chosen at which to actively attenuate the structural response. 

Figure 6.5 shows a three-dimensional surface plot of the uncontrolled response of 

the ribbed plate at 312Hz. This was obtained by measuring the acceleration at many 

discrete points on the beam and plate. In Fig. 6.5, the response of plate 1 is significantly 

greater than that of plate 2. At this frequency, the beam already acts as a passive 

attenuator, resulting in around 15dB reduction in the response of plate 2. Active control 

at the beam will further reduce the transmitted vibration. 

Figure 6.5 Three-dimensional surface plot of the uncontrolled response of the ribbed 

plate at 312Hz. 
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6.3.3 Control set-up 

Figure 6.3 shows a photograph of a mini shaker used as the control actuator, mounted 

vertically on the beam. The control shaker was also modelled as a point force at a location 

of (xs>ys) = (0.5,0.31) on the beam. Figure 6.6 shows a photograph of the 

instrumentation used for the control experiments. 

Two sets of control experiments were conducted. The first set corresponded to 

single frequency control. In this case, it was of interest to select a frequency 

corresponding to a resonance of the ribbed plate. Hence, the plate was driven at an 

amplified pure tone of 312Hz. An arbitrary location for the error sensor corresponding to 

(xe>ye)
 = (0.8,0.2) was chosen to measure the error signal for the control experiments. 

In the second set of experiments, active vibration control of a band-limited frequency 

range between 250Hz and 350Hz was conducted. This frequency band was chosen to 

include the resonance peak corresponding to 312Hz- The results from the band-limited 

frequency control are compared with those obtained from the single frequency control. 

Active control of the structural response at the error sensor location was performed 

using feedforward control techniques. An adaptive filtered-X least mean square (LMS) 

algorithm was used to conduct the control processing, and was implemented from a digital 

signal processing board. The program code for the controller was supplied by Bao 

(1994). The LMS control algorithm is described in detail by Elliott et al. (1987). 

A block diagram of the feedforward adaptive controller is shown in Fig. 6.7. The 

reference signal to the primary shaker was also fed into the controller. The error signal 

from the accelerometer was also fed into the controller. The controller processed the 

signals, and produced an optimal signal to drive the control actuator such that the error 

sensor signal is minimised. The optimised control signal is adjusted by the FIR filter. 

The weights of the filter are continuously updated using a filtered-X LMS algorithm 

which minimises the signal obtained by the error accelerometer. 
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In the experiments, the system identification of the secondary path was modelled 

by an FIR filter with a filter length of 64 weights. The sampling frequency was 

2000Hz. The same control program was used for both the single and band-limited 

frequency control experiments. The single frequency control experiments were conducted 

using a filter length of 32 weights, whereas the band-limited frequency control 

experiments used a filter length of 256 weights. 

6.4 Control Results 

Active control of the structural response at an error sensor location of (xe, ye) = (0.8,0.2) 

was performed for an excitation frequency of 312Hz. At the error sensor location, 

approximately 40dB reduction of the structural response was achieved. Figure 6.8 

shows the uncontrolled and controlled acceleration distributions of the structural response 

along the JC-direction for y = 0.2m. This was achieved by measuring the structural 

response at discrete points along the JC-direction starting from the primary shaker location 

at x0 = 0.2m, and terminating close to the sand box on plate 2. Figure 6.8 shows that 

between the primary shaker and the beam (0.2 < x < 0.5), there is very little difference 

between the uncontrolled and controlled responses. An increase in the total response by 

MB is observed at the primary shaker location. At x = 0.5, the beam response was only 

slightly attenuated. The beam response is further investigated in the proceeding 

discussion. At the error sensor location corresponding to x = 0.8, approximately 40dB 

attenuation was achieved. Significant attenuation is also achieved in a region around the 

error sensor. Figure 6.9 shows a three dimensional surface plot of the controlled 

response of the ribbed plate for the single error sensor located at (0.8,0.2). A large 

reduction in the plate response is observed around the error sensor location. Compared 

with Fig. 6.5, there is very little attenuation of the response in plate 1, although global 

attenuation of the vibration level in plate 2 was achieved. 
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Figure 6.6 Instrumentation used for the control experiments. 
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Figure 6.7 Block diagram of the adaptive feedforward controller. 
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Figure 6.8 Uncontrolled ( ) and controlled ( ) acceleration distributions of 

the structural response at y = 0.2m, / = 312Hz and for an error sensor 
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Figure 6.9 Surface plot of the controlled response of the ribbed plate at f = 312 Hz. 
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Figure 6.10 shows a contour plot of the attenuation level of the ribbed plate. In this 

figure, it is evident that the response in plate 2 is globally attenuated. This result is 

obtained in addition to the passive attenuation by the beam (see Fig. 6.5). The 40dB 

attenuation using active control is observed at the error sensor location of (0.8,0.2). 

Figure 6.11 shows the uncontrolled and controlled responses of the beam 

distribution along the y-direction for the error sensor located at (0.8,0.2). Figure 6.11 

also shows a large reduction in the beam response away from the control force location 

(y = 0.31m), and with an increase in the total beam response around the control force 

location. 

An off-resonance frequency corresponding to 440Hz was also examined, in order 

to investigate the effect of single frequency control away from resonances. Only 

attenuation at the error sensor location was observed. In some regions of the plate, the 

vibration levels were increased. Multiple channel control might be necessary to attenuate 

the off-resonance response. 

Active control of the structural vibration for a frequency band from 250Hz to 

350Hz was investigated. Figure 6.12 shows the uncontrolled and controlled acceleration 

distributions for this frequency range at the error sensor location of (0.8,0.2). The 

uncontrolled response shows a large peak at 312Hz corresponding to the structural 

resonance condition. Under band-limited frequency control, around 30dB attenuation 

was achieved at a frequency of 312Hz compared with 40dB using single frequency 

control. Less attenuation was achieved at frequencies away from the resonance 

frequency. Figure 6.13 compares the controlled responses of the single and band-limited 

frequency control experiments for a distribution along the x -direction at y = 0.2m. The 

frequency shown for the band-limited frequency control is 312Hz, in order to compare its 

performance with single frequency control. Figure 6.13 shows that similar global 

attenuation was achieved for both control experiments, except at the error sensor location 

where single frequency control achieved lOdB greater attenuation. 
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Figure 6.10 Contour plot of the attenuation level of the ribbed plate under single 

frequency control. 
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6.5 Conclusions 

In this Chapter, experiments were conducted to attenuate the plate response by modifying 

the beam response. The control arrangement consisted of a primary shaker in plate 1 and 

a control shaker used to drive the beam. These shakers were optimally located in order to 

excite all the structural modes. An accelerometer which was arbitrarily located in the far-

field of plate 2 was used to measure the error signal. Two sets of control experiments 

were conducted corresponding to single frequency control at a structural resonance, and 

band-limited frequency control. 

At a structural resonance of 312Hz, significant vibration levels in both the plate 

and beam were observed. Examining the uncontrolled response of the structure revealed 

that the beam acted as an effective passive attenuator at frequencies away from resonance. 

However, at the resonance frequency, the plate energy was transmitted through the beam. 

From the control experiments, the following observations were made: 

• the feasibility of attenuating the plate flexural wave transmission through a beam by 

applying an active control force to the beam was experimentally demonstrated; 

• global attenuation of the response in plate 2 in the ribbed plate system was further 

achieved using active control; 

• greater attenuation was achieved using single frequency control compared with band-

limited frequency control at the error sensor location; 

• for both single and band-limited frequency control, the greatest attenuation of the 

structural response was achieved at a resonance frequency; 

• similar levels of attenuation of the structural response were achieved at locations away 

from the error sensor under both single and band-limited frequency control at the same 

frequency; 

• in the control experiments, no attenuation of the plate vibration was achieved in the 

region between the primary shaker and the beam. 

206 



Chapter 7 

Summary and recommendations 

In this thesis, the interaction between waves in a coupled beam-plate system, and between 

the structural waves and surrounding fluid field were examined. Active control was used 

to attenuate the structural and acoustic fields associated with ribbed plates, based on an 

understanding of the physical system. In Chapter 2, it was shown that the maximum 

transmission of the plate flexural waves through a reinforcing beam occurs at structural 

coincidence conditions. These structural coincidences correspond to the optimal trace 

wave matching between the flexural waves in the plate and the flexural and torsional 

waves in the beam. Using biologically inspired control techniques, multiple control 

forces and moments were applied to the beam to actively attenuate the transmitted plate 

waves. The control systems were optimised using information on the physical system. 

The control forces and moments were arranged to have the same spatial phase variation as 

the primary transmitted waves at the structural coincidences, resulting in attenuation of the 

plate waves at their maximum transmission. 

Chapter 3 examined the structure-borne sound fields radiating from the beam-

reinforced plate at subsonic frequencies. The maximum sound radiation was found to 

occur at an acoustic coincidence condition, corresponding to the optimal coupling between 

the structural waves and the sound waves in the fluid. The structural coincidence 

conditions described in Chapter 2 were found to slightly decrease the radiating sound 

fields, due to a more uniform distribution of the structural energy in the plate. 

Feedforward ASAC techniques were used to attenuate the radiating sound fields by 

actively modifying the beam response. Optimisation of the error sensor location was 
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found to greatly improve the control performance. In future work, active control of the 

radiating sound fields from finite ribbed plates will be analytically and experimentally 

investigated. 

In Chapter 4, the effect of different fluid-loading conditions on the structural and 

acoustic responses of a line-force-driven plate was analytically investigated. Low 

excitation frequencies corresponded to heavy fluid-loading conditions. Under heavy 

fluid-loading, the plate vibrations were damped. This subsequently reduced the level of 

the sound radiation from the plate compared with the sound level in the absence of fluid-

loading. Heavy fluid-loading also had the effect of altering the radiation directivity of the 

far-field sound pressure from a monopole in the absence of fluid-loading to a dipole. At 

high frequencies corresponding to light fluid-loading, the difference between the radiated 

sound pressure compared with the level in the absence of fluid-loading was small, and the 

radiation directivity became more of a monopole shape. Feedforward control techniques 

were used to attenuate the structural and acoustic responses of the line-force-driven plate 

under the two different fluid-loading conditions. Optimisation of the locations of both the 

secondary line force and the error microphone was shown to greatly affect the control 

performances. 

Although the infinite structures gave significant physical insight into the primary 

and controlled responses of ribbed plates, it is of more practical interest to examine finite 

structures. Active control of the plate flexural wave transmission through a reinforcing 

beam on a semi-infinite simply supported ribbed plate was both analytically and 

experimentally investigated. The analytical investigation in Chapter 5 showed that the 

coincidence conditions of the infinite ribbed plate were replaced by resonance conditions. 

Active attenuation of the transmission peaks corresponding to the flexural and torsional 

resonance frequencies were respectively achieved using a single point control force or 

control moment to drive the beam. Future work will investigate theoretical modelling to 
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include wave reflections from the boundaries at x = -Lx and x = Lx. The effect of the 

reflections on the system response and controller performance will be studied. 

In Chapter 6, laboratory experiments were conducted to demonstrate the 

attenuation of the plate response of a beam-reinforced plate by actively modifying the 

beam response. A primary and a control shaker were optimally located to drive the plate 

and beam respectively. An arbitrarily located accelerometer was used to measure the error 

signal. Optimisation of the error sensor location will be investigated in future work in 

order to observe its effect on the control performance. Two sets of control experiments 

were conducted corresponding to single frequency control at a structural resonance, and 

band-limited frequency control. Although no attenuation of the plate vibration was 

achieved in the region between the primary shaker and the beam, significant attenuation 

levels of the response in plate 2 were achieved using a single error sensor. Global 

attenuation of the plate response transmitted through the reinforcing beam was achieved 

using a combination of passive and active control. Future experimental work will 

investigate multiple channel control of the beam vibration including active control of the 

torsional resonances of the beam. Other future practical work includes applying the 

biologically inspired control strategy to the beam in an experimental rig of a large ribbed 

plate system. This research will also be extended to investigate the dynamic response and 

active control of a plate with several reinforcing beams. 
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