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(ABSTRACT) 

An analytical expression for the sound pressure radiated into the far-field by a coupled 

plate-cylinder system is derived. The system is composed of a rigid plate mounted inside a 

finite length simply-supported cylindrical shell via a fixed number of active-passive 

mounts. A harmonic point-force disturbance is applied to the plate. 

Various active control approaches are applied to minimize the acoustic pressure 

radiated by the coupled system. The Active Structural Acoustic Control (ASAC) 

approaches include the control of the acoustic pressure in one or several directions of 

radiation, the control of the total radiated power, the control of the power radiated in a 

sector and the control of selected components associated with circumferential cylinder 

modes. The Active Vibration Control (AVC) approach is the control of the radial 

vibration at the points of attachment of the mounts on the cylinder. 

Numerical calculations show that the radiated pressure can be controlled using active- 

passive mounts for all these approaches. However, comparisons in terms of control 

efficiency and control effort show that ASAC yield better results than AVC. Moreover, 

ASAC enables directional control of sound and AVC does not. 

Opposed and parallel active-passive mount configurations are compared. The results 

show that the first arrangement requires much larger control forces on-resonance, but the 

two methods show similar performance off-resonance.
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Chapter I 

Introduction 

Noise radiation from structures is a major concern in many industrial and military 

applications. In the first case, noise is a nuisance as for example in cars, or aircraft 

interiors. In the latter, noise radiation from aircraft, ships or submarines can be a crucial 

issue in terms of detection. Therefore, noise reduction is an important topic. In aeronautics 

and naval applications, many structures and sub-structures can be modeled as cylindrical 

shells. Thus the noise radiation of cylinders in the far-field as well as the interior noise of 

cylinders have been the subject of extensive studies. In a submarine, the vibrations 

transmitted by auxiliary machines to the surrounding cylindrical shell through the floor 

contribute very significantly to the noise radiated outside the structure. A rigid plate 

mounted inside a finite cylindrical shell and coupled to it via a selected number of mounts 

is a simple model to study the influence of the vibration transmission. 

Reduction of the structural noise level can be achieved by different means: a) 

reducing the input force; b) adding mass, stiffness or damping, or even modifying the 

structure itself (for example by introducing discontinuities); and c) lowering the radiation 

efficiency by applying active control. Extensive work has been carried out on the first two 

methods revealing several drawbacks : a) they add a significant amount of mass to the 

structure, which is a major concern in many applications such as aircraft; b) they are 

inefficient at low frequencies; and c) they require that either the structure or the input 

force be modified by the addition of dampers. Due to above limitations, the active control 

of sound has been a topic of major interest in the last decade. It has shown very good



practical results when applied to the minimization of radiated noise from structures. It is a 

good alternative to conventional passive methods, especially at low frequencies. 

Active control has successfully been applied to vibration isolation and to structurally 

radiated noise from cylindrical shells. However, no analytical study has been presented on 

the control of the sound pressure radiated from a coupled plate-cylinder system. It is noted 

that Pan and Hansen [1] studied passive control of the power flow in a similar system and 

showed potential for applying active control techniques. Their study is presented in section 

1.4. and some of their results are contrasted to those of this work. 

The purpose of this research is to derive an analytical model for the acoustic radiation 

in the far-field of a coupled plate-cylinder system where the plate is supported in the 

cylindrical shell by a set of active-passive control mounts. Several control approaches will 

then be compared to reduce the sound pressure radiated from the cylinder when a 

disturbance is applied to the plate. 

The next section will present an overview of previous work in the fields of active 

control, vibration and radiation of cylindrical shells, and vibration isolation. Then, the 

scope of this work will be presented. 

1, Previous work 

This section first presents an overview of the historical development of Active Noise 

Control along with a scope of the work done in its various domains. Then, we will focus 

on the topics related to the work presented in this thesis: Active Structural Acoustic 

Control, vibration and radiation of cylindrical shells and finally active isolation of 

vibrations.



1.1. Active Noise Control 

The work in the domain of active control has been reviewed by Warnaka [2], [3], 

Ffowcs-Williams [4] and Chaplin [5]. The active control of sound is based on Young's 

principle of superposition which states that two waves of same amplitude but 180° out-of- 

phase will cancel and therefore result in silence. Another formulation is that of Huygens, 

indicating that the sound produced by a primary source at any point within a closed 

surface can be reproduced by a set of secondary sources distributed over the surface. 

Setting these secondary sources 180° out-of-phase with the disturbance (primary source) 

will therefore produce a "zone of silence" within the surface. Practically, a finite number of 

secondary sources spread over the surface will produce an attenuation of the sound level 

without modifying the primary noise source. The main issue of the problem is to set the 

correct amplitude and phase of the secondary sources so as to produce an attenuation of 

the sound field. 

The active noise control (A.N.C.) movement started in 1936 with a US. patent by 

Paul Lueg [6], showing the principle for noise cancellation in a one-dimensional duct using 

a loudspeaker as a secondary source. In 1953, Olson and May [7] published an article 

about an "electronic sound absorber" that presented noise cancellation of the sound 

recorded by a microphone close to the secondary source, therefore creating a local zone of 

quiet. However, these results were not used in practical applications. In 1956, 

Conover [8], [9] developed a feed-forward control of radiated noise from transformers. 

The controller achieved local noise control but also amplified the sound field in other 

regions. It was never used in industrial applications. Then, the practical study of noise 

control lost its momentum until developments in the areas of electronics and fast



computing facilitated further investigation. The noise cancellation process requires that the 

secondary and primary sound fields match with a very close precision in order to achieve 

destructive interference. With new developments in computer technology, in 1968, in 

Japan, Kido [10] first applied digital techniques to noise control, showing that additional 

sound sources could reduce transformers noise within a certain angle from the horizontal 

plane. The work that followed was mostly theoretical, epitomized by that of Jessel and 

Mangiante[11]. 

Then, active noise control developed rapidly with industrial and military applications 

in different fields. The active control techniques enabled performance of tasks that 

conventional approaches could not achieve, such as low-frequency noise reduction, 

directional noise control, and control of selected frequency components. 

Warnaka [3] sorted the different applications of active control into four categories : 

e duct noise 

e personal hearing protection 

e interior noise or radiated noise within an enclosed space 

e noise radiated into 3-dimensional space 

The first two categories have successfully achieved practical application because of 

the relative simplicity of the problems. Below certain frequencies, duct noises deal with 

one-dimensional field noises which can be modeled as plane waves. In that case, the 

control problem is far easier than that of three-dimensional sound fields. The personal 

hearing protection is a problem of local noise control. The error signal (from a miniature 

microphone) and the control signal are collocated and the secondary source can easily 

cancel the noise reaching the ear. Recent developments have produced ear protection 

devices able to filter the speech and the sounds giving information while cancelling the 

unwanted noises. More research is now directed to the fields of enclosed space or three-



dimensional space noise control. Elliott and Nelson [12], [13] studied the active control of 

the noise inside cars and aircraft cabins where sound is produced by the engine and has 

mostly low-frequency components. Using a feed-forward controller, they experimentally 

achieved significant reduction of the sound pressure level in both cases. 

1.2. Active Structural Acoustic Control 

Fuller and Jones [14], [15], [16] studied the reduction of the interior noise in an 

aircraft fuselage both analytically and experimentally. They showed that the active control 

of the sound field could be achieved by directly applying forces on the structure itself, 

thereby modifying its response, instead of using acoustic secondary sources. The 

cylindrical model was excited by a set of external acoustic monopoles and the control 

applied by means of shakers. The spatially averaged internal noise dropped by 30 dB with 

control, although the vibrational energy in the cylindrical shell was increased. This method 

allows control of the modes that contribute the most to the radiation and thus to reduce 

the noise globally. 

Later, Fuller [17] demonstrated that the radiation control from structures in the far- 

field could be achieved by the same method, now called Active Structural Acoustic 

Control since it controls the acoustic radiation by applying forces on the structure itself. 

He showed that high attenuation of the sound pressure radiated in the far-field by a baffled 

circular clamped plate could be highly reduced by applying point forces on the plate itself. 

Guigou and Fuller [18] developed an analytical model for a simply-supported beam. 

Pan et al [19] developed an analytical model for the control of the far-field sound 

radiated by a rectangular panel. The model was verified experimentally for minimization of 

either the local sound pressure or the total radiated power. Results yielded a reduction of



the total radiated power of up to 13 dB with vibration control secondary sources (shakers) 

and 15 dB with acoustic control sources (horn drives). 

Fuller and Burdisso [20] showed that the control could be achieved in the 

wavenumber domain by evaluating the pressure in the sound field using the wavenumber 

transform. Thus, minimizing selected wavenumber components associated with a 

particular angle of radiation provides a means to control the radiation in specific directions 

of space without the use of an error microphone in the radiation far-field. Clark and Fuller 

[21] experimentally demonstrated the efficiency of this method by applying it to the Active 

Structural Acoustic Control of a simply-supported plate with adaptive structures by 

implementing the cost function in the wavenumber domain. Results showed a reduction in 

| the supersonic range of the wavenumber spectrum after control. 

More recently, shakers used to apply the control forces have been replaced by 

piezoelectric actuators, which have the advantage of being light and compact. Clark and 

Fuller [21] [22], [23], studied the active control of sound with actuators bonded on the 

radiating structure. They showed that those actuators provided an effective means of 

controlling the radiation in the far-field either by global mode attenuation or by modal 

restructuring. They also showed how polyvinylidene fluoride (PVDF) sensors applied to 

the structure could, to some extent, replace the use of microphones in the far-field. They 

compared the performances of microphones and shaped PVDF sensors to provide the 

error signal to the controller. The use of PVDF sensors yielded a 10 dB reduction of the 

pressure field. Lefebvre [24] used these actuators for the active control of interior noise in 

a fuselage. The fuselage was modeled as the cylindrical shell excited by an external 

loudspeaker. Error sensors were provided by microphones inside the cylinder. Secondary 

sources consisted of piezoceramic actuators bonded to the surface of the cylinder.



1,3. Vibration and radiation of cylinders : 

The vibration of cylinders has been studied extensively and has been reviewed by 

Leissa [25]. Control of the noise radiated from the vibration of elastic cylinders was 

studied by Abler and Silcox [26] and Bullmore et al [27]. Radiation control of cylinders in 

the far-field using piezoelectric actuators was experimentally studied by Clark and Fuller 

[28] and by Sumali [29]. Clark and Fuller demonstrated that control using polyvinylidene 

fluoride (PVDF) sensors could achieve significant global reduction of the sound pressure 

field : 25 dB on-resonance and 15 dB off-resonance. Sumali showed that Active Structural 

Acoustic Control could reduce the sound pressure level by 29 dB in the reverberant field. 

Regarding the enclosed space problem, Lester and Fuller [30] developed a model for 

the control of sound inside a flexible cylinder (modeling an aircraft interior) excited by 

external sources. The secondary sources were provided by acoustic monopoles inside the 

cylinder, The active control of the interior sound pressure yielded a reduction of 20 to 

25 dB in some areas of the cylinder cross-section. Silcox et al [31] investigated the use of 

four secondary sources placed at ninety degrees increments around the cylindrical shell 

and found that the pressure field could significantly be reduced over a large area of the 

cross section inside the cylinder. Increasing the number of control sources improved the 

control efficiency. Bullmore et al [27] investigated alternative secondary source placement 

and showed that good reduction of the sound field could be achieved even when the 

secondary sources were not placed close to the primary source, provided that they couple 

efficiently to the dominant modes of the primary noise field. 

The sound transmission into an aircraft fuselage and the influence of a floor laid in the 

fuselage was studied both analytically by Fuller [32] and experimentally by Fuller and 

Jones [33]. Using a simplified analytical model, Fuller showed that the floor has little



influence on the transmission of the acoustic energy into the interior at low frequencies. At 

higher frequencies, however, it altered significantly the interior sound field. Experiments 

by Fuller and Jones demonstrated that the floor significantly altered the acoustic field 

inside the fuselage, but also that a reduction of the shell response was not a guarantee of a 

reduction in the sound level. The floor altered the sound field by modification of the 

interior acoustic mode shape rather than by structural modification of the lattice floor 

support. 

1.4. Active isolation of vibrations : 

When a structure is composed of several parts, vibrations of one part of the structure 

is transmitted to the others. One example is the problem of rotating machines mounted on 

supporting structures. Isolation of the vibrations transmitted from the vibrating structure 

to the receiving structure is generally solved by using passive approach, i.e. by placing 

damping elements between the two structures. However, passive methods are very 

inefficient at low frequencies. Lately, active techniques applied to vibration isolation have 

been investigated. 

Von Flotow [34] presented a general overview of active techniques applied to 

vibration isolation including recent developments. Active control can be implemented in 

this type of problem by associating a set of secondary forces to the passive isolators. 

Control forces are usually applied to the structures either in parallel or in series with the 

passive isolators. Nelson et al. [35] studied both analytically and experimentally the active 

control of vibration transmission through active mounts, for which a control force was 

placed either in parallel or in opposition with the passive component of the mount. They 

obtained a good agreement between the theoretical development and the experiments. A



15 dB reduction of the vibrational energy in the receiving structure was achieved on- 

resonance. They demonstrated that the opposed configuration required much larger 

secondary control forces (but yielded smaller displacements of the system) than the 

parallel configuration on-resonance, but that the two approaches compared well off- 

resonance. Lefebvre et al [36] studied active isolation in a system composed of two 

parallel plates separated by active-passive mounts. Error signals were provided by PVDF 

sensors. The control forces (coil magnet devices) were in parallel with the passive mounts. 

The control yielded 32 dB reduction in the vibration level on-resonance, but the off- 

resonance case was difficult to control globally because of the large number of modes 

contributing to the vibration of the structure. Guigou et al [37] studied active isolation on 

a system composed of two plates using adaptive structures (PVDF films). The secondary 

control forces were provided by piezoceramic actuators bonded to the surface of the 

receiving plate. These actuators were configured in such a way as to control selected 

modes of vibration in the plate. thus this technique is control by modal reduction. On- 

resonance, the first three modes were controlled with reduction in the vibration level of 

the receiving plate up to 18 dB. However, when the plate was excited off-resonance, the 

control of the vibration was rather inefficient and yielded only a 4 dB reduction. 

Pan and Hansen developed an analytical model for the power flow transmitted 

through multiple elastic mounts from a rigid body to a flexible panel [38]. They 

demonstrated that passive mounts could not significantly reduce the power flow to the 

receiving structure at low frequencies, but that the reduction of the power flow increased 

as the frequency increased. Then, they developed a similar model with two active isolators 

(39]. They experimentally verified this model and showed that active control forces would 

drop the power flow to the receiving structure by 3 to 10 dB. They also demonstrated that 

passive isolators alone increase the power flow to the flexible panel at the resonance



frequency of the rigid body-mount subsystem. More recently, Pan and Hansen presented a 

model for the power transmission from a rigid body to a flexible cylinder through an 

intermediate flexible panel and multiple connected isolators [1]. Passive isolators were 

used in numerical simulations. These simulations showed that softer actuators yielded 

more reduction of the power flow transmitted to the cylinder but also that the transmitted 

power was relatively insensitive to the damping factor in the passive mounts. However, at 

higher frequencies, using passive isolators resulted in an increase of the vibration 

transmission. 

2. Outline 

The main purpose of this work is to show that active control of the sound radiated by 

a coupled plate-cylinder system is feasible by using active-passive mounts between the 

plate and the cylinder. It aims also to investigate different control approaches and to 

compare their performances. 

In chapter I, an expression is derived for the response the coupled raft-system 

composed of a plate (modeling a floor) mounted inside a cylindrical shell of finite length 

by means of a set of active-passive mounts. The displacement of the cylindrical is 

calculated as a function of the disturbance applied to the coupled plate and of the control 

forces in the active-passive mounts supporting the plate. Then, the far-field radiation of 

the cylindrical shell in response to a point force applied to the plate is calculated and 

expressed in terms of the disturbance and the control forces. 

Different control approaches will be discussed at this point. These approaches fall into 

two categories : Active Vibration Control and Active Structural Acoustic Control. Active 

10



Vibration Control minimizes the displacement at selected locations on the cylindrical shell 

using the active components (control forces) of the mounts. Active Structural Acoustic 

Control minimizes an acoustic quantity using the control forces. The acoustic quantity can 

take many forms such as the pressure at selected point of the sound field, the total 

acoustic power radiated from the cylinder, or the power radiated in a selected region of 

the sound field. 

In chapter II, numerical calculations are performed to simulate the radiation of the 

system in the far-field. A first set of results will discuss the influence of the coupling 

parameters on the radiation of the system. These parameters are the number of active- 

passive mounts, the location of the mounts on the transmitting structure (plate) as well as 

on the receiving structure (cylinder), and the location of the disturbance on the plate. A 

second set of results will present the influence of the characteristics of the three 

components in the system : the plate, the cylinder and the passive mounts. A third set of 

simulations will present and discuss the results obtained for the different approaches of 

active control. These approaches will be compared in terms of the control efficiency as 

well as the amplitude of the control forces needed to perform the control. Two active- 

passive mount configurations will be discussed and their performances will be compared. 
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Chapter II 

Analytical Study 

This part presents first the analysis of the coupled raft-system under consideration. 

Then the radiation of the system in the far-field is derived. Finally, different methods of 

active control are applied to the structure and the performance is compared. 

1. System 

The system under consideration is shown on Figure 1. It is composed of a rigid plate 

(the raft) mounted inside an elastic baffled cylinder. The two structures are coupled via a 

set of active-passive mounts. These active-passive mounts, defined in section 1.3., support 

the raft inside the cylinder as well as transmit the vibrations from one structure to the 

other. The rigid plate is excited by a harmonic disturbance F,. The active-passive mounts 

transmit the energy to the cylinder. The coupling considered is only structural, through the 

active-passive mounts. The acoustic coupling between the sound radiated by the plate and 

the cylindrical shell is assumed negligible when modeling the dynamics of the structure. 

This section presents the characteristics of the different components of the coupled 

raft-cylinder system. 
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1.1. Rigid plate 

The plate is assumed to be rigid. Its specifications are shown in Table 1. It is excited 

by the disturbance (F,) and by the forces in the passive-active isolators( F,, as defined in 

section 1.3.). 

The following assumptions will be made concerning the plate displacement: 

¢ All the forces applied to the cylinder are "vertical", i.e. directed along the z-axis. 

¢ The displacements are small and only along the z-axis; no displacement is considered 

along the x- and y-axes. 

¢ No rotation is considered around the z-axis. 

These assumptions imply that the plate behaves as a three-degree of freedom system, 

since it has one displacement along the z-axis (z) and two rotations around the x-axis (0, ) 

and y-axis (@,). This means that the rigid plate will have three resonant frequencies and 

three modes of vibrations : one translational mode along the z-axis, and two rotational 

modes around 6, and @,. 

The coordinate system for the plate is show in Figure 2. The origin is taken at the 

center of mass of the plate. The angle @, is such that for the half of the plate 

corresponding to y>QO, increasing @, will increase z, and the angle @, such that 

increasing @, will increase z for the half-plate corresponding to x > 0. 

The signs of the moments are such that a positive force which is directed toward the 

positive z and which increases the angle @, will give a positive moment M*. 
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1.2. Cylinder 

The cylinder under consideration is elastic and therefore its excitation will result in 

acoustic radiation. Its specifications are given in the Table 2 and its cylindrical coordinate 

system is shown on the Figure 3 (note that it is different from the coordinate system of the 

plate). The cylinder is simply-supported at both ends. It is assumed that the cylinder is 

baffled and radiates only in the upper (positive z) semi-space. The displacements are 

assumed small compared to the shell thickness. The cylinder is a thin shell which means its 

thickness to radius ratio (h, /r.) is typically less than approximately 0.05 (as defined in 

Leissa [25]). The cylinder structure is excited by the forces transmitted through the 

passive-active isolators (passive isolators and control forces). 

1.3. Active-passive isolators 

Each active mount can be represented by an ideal spring-damper system (passive 

isolator) combined with a control force (active isolator). One of the ends of the active 

isolator is attached to the plate and the other to the cylinder. It is assumed that the forces 

applied by the active-passive mounts to the cylinder lie in a cross-section of the cylinder 

(within a plane parallel to the x-y-plane of Figure 3) so that they do not result in applying 

moments on the structure. 

The active mounts can be configured in two different ways : the active isolator can be 

either in parallel or in opposition (as defined in [35]) with the passive isolator. In the first 

case, each active mount (passive isolator and active isolator) applies two forces of equal 

amplitude but opposite direction on the plate and on the cylinder respectively. In the case 

of the opposed configuration, the passive isolator still applies two forces of equal 
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amplitude but opposite direction on the plate and on the cylinder; whereas the active 

isolator acts only on the cylinder and not on the plate. The two systems are shown in 

Figure 4. Except for the section HI.3.5. where the two systems performances will be 

compared , the paralle] active mounts will be used for all the simulations. 

The amplitudes of the forces in the passive-active isolators depend on the relative 

displacement between the two structures and on the physical properties of the mounts, i.e. 

the stiffness of each mount K, and its damping coefficient C.,. 

Let z? be the displacement of the end of the active isolator number @ attached to the 

plate and 2° the corresponding displacement on the cylinder. Then the force in this mount 

is: 

F, =(K, + jC, (2? — 25) = K,(z? - 26) (1) 

where K, =(K, + ja@c,). 

The forces applied on the cylinder are, as seen previously, in a direction parallel to the 

z-axis. In cylindrical coordinates, they are split into two components: a radial component 

(f”) and a circumferential component (f”) as shown on Figure 5. Let a be the angle 

between the radial component and the vertical line. This angle can be deducted from @ 

which is the angular coordinate of the point of attachment of the active isolator on the 

cylinder. Once @ is obtained, any force f can be decomposed into components along the 

circumferential and radial coordinate axes : 

ee (2) 

f° =fcosa 
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2. Vibration of the rigid plate (raft) 

The previous section has presented the different components of the system and their 

specifications, as well as the equation describing the behavior of the active-passive 

mounts. Now, the behavior of the rigid plate and of the elastic cylinder will be studied. 

This section presents the response of the rigid plate excited by a disturbance, a set of 

passive mounts and a set of control forces. 

The force applied to the plate (F,) is a harmonic excitation and therefore the analysis 

of the system will be performed in the frequency domain. 

2.1. System with parallel active mounts 

Using the energy method, the displacement of any point on the plate can be obtained 

as a function of the external forces applied to it : the disturbance forces (F,), the forces in 

the passive isolators (F,), and the control forces (F.). 

The kinetic energy is [40], [41] 

E, =4m 22)? +47,(6,)? +47,(6,) (3) k 2 P\“G 2 x x 2 y y 

where zé is the displacement along the z-axis of the center of mass of the plate, 

QO, and @, are the angular displacements around the x- and y-axes (see Figure 2) and the 

moments of inertia are given by : 

m m 
J,= ZL, + £2) and J, = (1, +L) (4) 
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The external forces are : 

active isolator number a 

disturbance 

control forces 

6% = Kz -7)e™ 
F, = F,e™ 

F = Fe 

where F , is the disturbance force (magnitude and phase) and F, is its magnitude. This 

notation is applied to all the time-dependent quantities. 

The external moments : 

active isolator number @ 

disturbance 

control forces 

Now, the energy method gives : 

  
Substituting the expression for the forces in the passive 

Equation (1), 

(5) 

mounts given by 
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Assuming small displacements, the motion is considered to be harmonic and the 

system is linear: 

ze? = 77e 6 -@ em (8) 
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therefore the response of the system can be written in the matrix form: 
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oP 2, ° 2, oY 2 ota P m, O 0O | | wo a _ an Ze | 

0 J, 00, ;E%+ > Kiya XY w. > KXVo 6. -e™ 
o a=l a=l a=1 

0 O J,{/é Ne Ne Ne 6 

° ° >» a*a axa a > Ke ° 
| a= a=1 a=1 JJ 

1 vl | Ke vw {{2 

= 1 ya pe + D1 1 Kiya p22 |- Di} Ve phe™ 
x, a=] K.x, c=l x. 

(9) 

We now define : 

ZG 
Dz = 6. (10) 

G, 

where {D,,} is the vector of the displacement of the center of mass of the plate. 

[ Ne Ne Ne 7 5 — — — 
—W mM, + LK, pS? 2 aXa 

Np TN Ne 
[Re]=] 2 Ky OV. + Kyl DK XY, (11) 

W _ N, _ a=1 a=1 y, _ 

SK,Xx, > KX Ye -0'J,+ > K,x2 
a a=} a=) a=] J   

[K, ] is the dynamic matrix of the plate. 
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K KK. K 1 
— — _— — * : 2, 

[R.]= Kyy, K,y, Kjy; ... Ky Yu, | > {z }= , {F,}= x, pF, (12) 

Kx, K,x, K;x; N,N, c Ya 
2N 

where {z‘} is the vector of the cylinder displacement at the points of attachment of the 

mounts and [R, ] is the stiffness matrix of the mounts. 

1 y 
1 

[V]=}. ” ” , {z’?}=[V]{D,} (13) 

1 yy Xy, 

[V] is the transfer matrix between the displacement of the plate at the attachment points of 

the mounts and the displacement of the center of mass of the plate. 

1 y, x, 

Xx 

[RJ=|. 72 ~? (14) 

1p. Xn. 

[R,] is the transfer matrix between the displacement of the plate at the points of 

application of the control forces and the displacement of the center of mass of the plate. 

Now, €™ can be eliminated on both sides of the equation to give: 

(15) [Ro {Do} ={F}+[R, 2" }-[R KE} 
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which is the displacement of the center of mass of the plate as a function of the 

disturbance, the displacement of the cylinder and the control forces. 

2.2. System with opposed active mounts 

The difference with the previous sections is that the control forces do not excite the 

plate in the case of opposed active mounts as can be seen on Figure 4. The control forces 

will not be applied on the transmitting structure (plate) but only on the receiving structure 

(cylinder). The derivation of the displacement of the plate is the same as in section 2.1, but 

the external forces are the disturbance applied on the plate (F,) and the forces in the 

passive isolators (F,) only. 

Equation (15) now becomes 

[Ro HD} ={F$+[R Hz" (16) 

3. Vibration of the cylinder 

In this section, the free vibration and the resonance frequencies of the cylinder are 

first presented. Then its response to a point force is derived. Finally, using the principle of 

Superposition, the result is generalized for a multiple-forces excitation, which models the 

cylinder in the system excited by the forces in the passive mounts and the control forces. 
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The cylinder under consideration has characteristics given by Table 2 and its 

coordinate system is shown on the Figure 3. The displacement of the shell is derived in 

cylindrical coordinates. 

Let u, v and w be the longitudinal, circumferential and radial displacements of the 

cylinder respectively. 

We will use the Kennard simplified equations as given in Leissa [25]: 

om 2r? ob? 2r, ozop r 

l+v. 97x 17. av, 1 Orv 5 1 ow, 3 B? Vv Ga 
    

      

    

2r, dob’ 2 a dp? 720 27?" 1-v.lae oO 
_ & _ Po(l-v.") 

ce CEA, 

Ve du, 1 WwW, W , Q27,.20*w dw_, 1 ow 
pe Op ee BF Bag TT? ag? 

2) 4-v. 1 pw, 2+v, 1 w _ Py(l-V,’) 
*P con r? 0g° = 2(1-v,) r? la Eh, 

(17) 

where B= fh. / (12r,”) , r. is the mean radius of the shell and h. is the thickness of the 

shell. £, is the Young's modulus, v, is the Poisson's ratio and c, = VE. /p.(1-v,”] is 

the extensional phase speed of the cylinder material. The density of the cylinder material 

is p.. 

Equation (17) is based on the following assumptions : 

* the transverse shear stress is negligible 
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¢ the rotary inertia effects in the shell are ignored 

Moreover, the cylinder is a thin shell, which implies that : 

¢ its thickness to radius ratio (h, /r,) is smaller than 0.05 (Leissa [25]) 

¢ the displacement of the shell is small in comparison with the shell thickness. 

¢ the transverse normal stress acting on planes parallel to the shell middle surface is 

negligible 

The circumferential (pj) and radial (p;) excitation on the cylinder have the 

dimension of a pressure. They are related to the actual point force excitation f by the 

following relationship: 

Ob — bo 
p= oH) 512-2.) (18) 

c 

where 5(z—z,) has the dimension of the inverse of a length, and therefore p has the 

dimension of a force divided by a surface, i.e. a pressure. 

The cylinder considered is of finite length (2Z,) and is simply supported at its ends 

which means that it satisfies the following boundary conditions : 

w=v=0andM, =N, =0 atz=—L,, L. 

where M, is the bending moment and N,, is the longitudinal membrane force. These 

boundary conditions are also called "shear diagram” in [25]. 

It can be show that the set of equations : 
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ud, z)= x x {U cos(nd)+U sin(n@) }oos|k, (z+L, )| 

5 (9, 2) = x x {V sin(ng) + V? cos(nd) }sin [kn (z+L, )| (19) 

m=1 n=0   w(@, Z) = > yw cos(ng) + W” sin(n@) }sin [k (z+L, )| 

describing the displacement of the shell satisfies these boundary conditions for the 

coordinate system shown in Figure 3. The @ dependency splits into a sine and a cosine 

part so as to include contribution from all possible modes. In this section, the 

superscript indicates the quantities associated with U\?, V and W , and the 

superscript ‘”) the quantities associated with U,V“) and W™, 

In Equation (19), the longitudinal and circumferential mode numbers are m and n 

respectively ; U, V2) and W are the modal amplitudes of the cylinder displacement 

associated with cos(n@) and U,V“) and W°) are the modal amplitudes of the cylinder 

displacement associated with sin(m@). The longitudinal wave number is 

2 =mne/2L, with m=1..M for the simply-supported boundary conditions and the 

coordinate system chosen (see Figure 3). 

Substituting u,v and w as given in Equation (19) in Equation (17) and simplifying, 

we get the non-homogeneous shell system equation 

YY (AV]fselue}+[a2]soyuey) =r} (20) 
m=l1 

where 
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cos(n@) cos[k,, (z+L, )] 0 0 

  

[AM] = 0 sin(n@)sin{k, (z+ L,)] 0 (21) 

0 0 cos(n@)sin [k., (z+L, )] 

sin(n@) cos[k,, (z+L, )] 0 0 

(A) = 0 cos(ng)sin[k,, (z+L,)] 0 (22) 

0 0 sin(n@)sin [k. (z+L, )] 

0 
1~v? 

r=) pp OD 5(9-9,)5(2-2) (23) 

  

and 

Sin San Sun San Sonn Sonn 
[sO ]=[S2, Sz S24 [S@]=|-sz sz -sh (24) 

Son Son Sonn Son Sin Son 

si =k, —F(1-v,)n? + Q? Ss? =5(1+ V.)nk, 6. 

52 =4(1+v, )nk,r, Sm =~ 5 (1- V0? 1? +07 

Se = nV KL Son = 
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2 aon 3 (elon) (25) 

  

Solving the homogeneous system 

YY (40[s2ku2}+42}s2ko2}) =o 26) 

gives the eigenvalues Q which are the non-dimensional natural frequencies of the mode 

m,n. They are given as a function of the angular frequency w by: Q=@r,_/c,. It can be 

noted that the {2=q@/(2zf,) and the quantity f/ =c, / (2zr,) is called the ring frequency 

of the cylinder. At this particular frequency, the wavelength is equal to the circumference 

of the cylinder. 

The system of Equation (20) can be written in the form of a cubic equation in Q?, 

and therefore there are three solutions for each mode m,n, which are the natural 

frequencies for the longitudinal (Q°), circumferential (Q®) and radial (Q®) modes 

respectively. Tables 3 and 4 gives the natural frequencies of the cylinder under 

consideration. In this work, and particularly in section IJ, we will consider that the 

resonance frequency and the natural frequency are very close since the damping in the 

structure is low. 

Now, we derive the response of the cylinder to a point force. 
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The point force f lies in a cross-section (x-y plane) of the cylinder, i.e. it has no 

longitudinal component. It is applied at a point of coordinates (@,,2,). It splits into a 

radial and circumferential components as shown in Equation (2) of section 1.3. 

Note that the excitation {T"} has the dimension of a length in Equation (23). 

We now multiply each side of Equation (20) by [AY] and integrate with respect to z 

between —L, and L, and @ between —7 and z. 

Ji F L427 Y (42 Tso ful} + [42 [sous jjaaae 

= [5 [ [Ag ]hriazao 

The cases n #0 and n=O need here to be separately derived. 

* casen#0O0: 

We now apply the orthogonality conditions (see Appendix 1) to get the matrix form 

of the non-homogeneous system equation: 

  

  

  

  

27 
- c 0 0 Tfu®@ 0 

0 wm, 0 se Ve =A TO (28) 

0 9 meh IW) tre 
E, 

with 

pee). 11ve f’ sin( k (Z+L mn a Eh 4 nO, )sin[ m(Z9 + | 

Ly? (29) 

re =4 Ei f.” cos(ng, )sin[k,, (Zp +L,)] 
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giving: 

Tue 0 
so Wve b= a (30) 

° (1) < 
Won é, aa re) 

27mL, 

As will be shown in the next section, the radiation of the cylinder depends only on its 

radial displacement w [42]. Therefore only W_, needs to be calculated. 

Using Cramer's rule: 

  

  

si Ss? 0 

se bre 
31 32 EE, aw!) 

Son som 27 on 

Won ~ 11 12 3 (1) (31) 
Sin San Son 

S21 Sz 53 

S3! S22 533 

1 a [s2s? aa é., aah ‘[sts2 ~ S252] 
TL, mn mn mn~ mn mn mn mn~ mn 

(1) _ Wan = [a? ~(2®) * a - Q) Fa? (0 Q°) )"] 
  (32) 

28



1-v,* sin}k, (z +L,)] 1. (a) way = bE pe SEE ee ol sin(ng [8282S   

  

  

  

  

(33) 

+354 -cos(nd,[si1s2 -s2s2]” fr] 

where 

O° (Cas) = (2? ~(252)"[ 0? - (a%2)" [2 - (22) 34 

repeating the orthogonality conditions, but multiplying by [A ] to get: 

2 . 

a2 _11-V, sin[k,, (Z) +L,)] é., 31. Q12 _ oll ¢32 ]{?) 
we, 7 rE Eh, Oo (Q ) 2m, cos(ng, | S28” - sis” | fr 

+-sin(ng, [siis% -s2s2]° pr} 

* casen=0: 

The orthogonality conditions yield 

1-v.’ sin}k (z,+L.)] e () ay 
wey = eve Silke #0] bo | igus sing p (36) 

ER OP%(Q,9) 2A. 

and W<° is not defined (its contribution will be zero since multiplied by sin(0 x @) ). 

Now, 
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since O"(Q_) depends only on the natural frequencies and on the frequency of 

excitation. 

It can also be shown that, 

[s3is2 — _ gil sz]? = -[s3\s? — — §11 932 |” 
mn mn mn mn mn mn mh mn 

Ke 52 — 512 ¢2l \° =(s2 §2 — 512 521 \" 

by replacing the following quantities by their expression in Equation (25). 

Now, it can be noted that the general expression used for n # 0 is also suitable for the 

case n= 0. Therefore, using the previous relations, a general expression for w(@, z, t) is 

2 = « Sin|k, L 1 
w(¢, z,t) = —F ERG. z ip) SE nln — bo) | S2.52, — SySon |? cose 

(37) 
+ cos[n (o- $5) [SiS - ssf" sin a sin[k, (z+L, )] mi man man mn 

OT 

w(@,Z) = f>>d fue () ) sin[ nf d— dy )HaS ) cos|n{ g- $0)]}sin[k,, (z+L. )] (38) 
m=1 n=0 

where 
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1-v,? sin[k,(z +L.) 
  

  

(1) 
H® = (ERI, O%Q,) sin] n(d — $5 )] SaoSon — Som Sien | cosa 

(39) 
i-v,’ sinlk,(z)+L,)| €, Q) 

Hy, = rE Aa, Ls 2.) Lee coshnl — $y) | SU S2 -S¥S2.] sin a 

w($,2)= > YY nS, (Z) (40) 
m=] n=0 

where f° and f” have been replaced by their expression as functions of f, the point 

force applied to the cylinder, 

The response of the cylinder to a number a of point forces is the sum of the 

responses to those single forces: 

Ne 

1(6.2)= LLL Vad, b.2)E,(Z) (41) 
m=i n=0 

In our case, these forces are those transmitted by the passive isolators and the control 

forces. 

4. Coupled system 

In order to derive the response of the coupled system, i.e. the radiation of the cylinder 

due to a point force applied on the rigid plate, we need to calculate the forces applied by 

the plate on the cylinder. These forces are the forces transmitted by the passive isolators 

and by the control forces. 
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Equation (1) shows that we need to know the displacement of the points of 

attachment of the active-isolators to the cylinder in order to calculate the forces in the 

active isolators. Equation (41) gives the displacement of one point of the cylinder 

submitted to a set of forces. Now {z‘} is the vector of the cylinder displacement at the 

points of attachment of the active-passive mounts and it can be written as 

{2} =[H4,{F,}+[4. fF} (42) 

4.1. Parallel active mounts 

Equations (1), (15) and (42) give a system of three equations and three unknowns: 

{F,}=[M\{z"}-{2z"*p 

[Ro HDo}={F}+[R. Hz} +[R HR} (43) 

{2°} =[H HF} +[A HF} 

Now, recalling Equation (13), we replace {F,} by its expression in Equation (43) to 

get 

Won cininiinian | (44) 
[Ro {Do} ={F.}+[R. Kw.}+[R HF} 

(45) 
(1. ]+[4. Mw, } -[H, IMIVD, } = [4 LF | 
[R. {w.}-[R {D.}=-{F.}-[R. KF} 
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(0) [4 Mw} - [2 VR P(e} +R EF} (Rho. }) = FAM | (46) 

{D.}=[Ro] ({F.}+IR KE} -[R.Kw.}) 

  

((1)+[4.[)-[4. [MIVIR. J [R.]) 
w.}= [A IMIVIR,] {F}+ (4. vo) [RJ + [4 KE} 

| 
(47) 

{Do} = [Ro] ({F}+[R KA} -[RKwe}) 

and now, we can rewrite the forces in the passive spring-damper system as: 

{F,}=[MY[VKD,}-{w,}) 
=(MKIVIR,] {A} +[R HA}-[R.Kw.})-{.) 

=(MYVIR.) {73+ KE})-(VR.) [R.1+ 17.) } 

=[MIVIR] {A} +[RKE})+ 

[HI MYVYR] {F,}+ (HEM IVR.) [RJ+ [4 KE} 
((1..]+ [4 0M1-[4. MIVA.) [R.]) 
  [MU[VIR.] [R.]+[7.]) 

(48) 

which can be written as: 

{F}=LOUNE}+ LOE} (49) 

33



where 

(.T]=[MIV[R.] +(MY[VIR.] [2.]+[7.]} 

‘ [H.JMIVIR] 60) 
((1.]+[#.1M1-[4, [IVR [R.]) 
  

and [.7,] indicates the contribution of the disturbance F, to the force in the passive 

mount a. 

(FH IMIVIRT [R.]+[4.]) 
[.]+[4.[o)-[. Mtv Jr.J [R,)} 
  [.T.J=[MIV]R,] [R.]+ (51) 

and [ ,7,| indicates the contribution of the control force F_ to the force in the passive 

mount @. 

4.2. Opposed active mounts 

For the system with opposed active mounts, the system of three equations becomes: 

{F,}=[M\{2’}-{2"p) 

[Ro HDo} ={F.}+[R.z'} (52) 

{w}=[A HERE} 

since the contro] forces are not applied on the plate. The derivation is the same as in the 

previous section except that the term related to the contribution of the control forces to 
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the displacement of the plate ([R, {F }) does not appear. The expression for the forces in 

the passive mounts is the same as in Equation (49). The contribution of the disturbance, 

[ a2, | is the same as for the parallel configuration (50), but the contribution of the control 

forces is different : 

[7] (53) [.J.]= (1+ [4,[™]-[4, [MIvIR,] [2.]) 

5. Radiation of the system in the far-field 

Now that the radial displacement of the cylindrical shell due to a disturbance on the 

rigid plate is known, the radiation of the vibrating system in the far-field can be derived 

from the analysis presented in Junger and Feit [42] using a wave number transform 

formulation. 

5.1. Cylinder excited by one point force 

Keeping the same cylindrical coordinate system as previously (Figure 3), the three- 

dimension Helmholtz equation is written in cylindrical coordinates : 

2 2 2 

[212 +k AF Flor.) =0 (54) 
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where k, is the wavenumber and p(r,@,z) the acoustic pressure at an arbitrary point of 

coordinates r,@andz. The Helmholtz equation governs the pressure of a three- 

dimensional wave propagating in the free-space, in a cylindrical coordinate system. 

Now, the acoustic pressure is related to the acceleration distribution of the radiating 

structure W(@, z) through the boundary conditions on its surface : 

pw(9, z) = --<- ply, g,z) at r=r. (55) 

Define the wavenumber transform as 

Fin=[o flee dz (56) 

and apply to the Helmoltz Equation (54) as well as the boundary condition (55) to get: 

oO 1d ,,p? (Z+ a t ko op = \pe.4.0)= 0 En 

pw(d,7)=-£ Bl, ¢,y) atr=r, 

The wave equation is separable in cylindrical coordinates, which means that r,z and @ 

are independent variables. Then, the pressure can be expressed as a series, 

Br. 4,7) = Yer, y)cos(nd) (58) 

The second derivative of the pressure can now be written as 
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= 2 P(r,o,Y) = —n" DU, 9,7) 

In the wavenumber domain, the Helmholtz equation now takes the form 

2 2 

(S +4246) -y" - 25 Jpn) =0 

This equation is Bessel’s differential equation and it has a solution of the form 

P(r, >, Y) = sc, HOl(k,? - 7*)*r|eos(ng) 
a=0 

where H“” is Hankel's function of the first kind. 

The boundary condition of Equation (57) becomes: 

Pol w(, z)e7 "dz =-DC, (ky? yy HH” |(&?- 7*)*r,Jeos(ng) 

with 

wd, z) = -—w*w(¢, z) 

and W(@, z) defined in (40), leading to : 

pof w(d,2)e*dz =-p.w7f[ YY val, (edz 
m=1 n=0 

=~ Po? FSD Van) [€,(z)e-™ de 

(59) 

(60) 

(61) 

(62) 

(63) 

(64) 
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Now, the wave number transform of €, (z) is calculated : 

_ 2k, cos(Y, ) 

(k,’- 7°) 
2 jk,, sin(¥L, ) 

for m even 

fork, #/7 

for m odd 

fork, =y7 

Replacing this value in (64) and then in (62) , 

-p,of> Yv,,(HE,(7) = -y C, (ky - 7 HO | (be? - 7?)'r, cos(ng) 
m=1 n=0 n=0 

which gives a solution for the coefficients C,, : 

Po? f EV nal O)Sm (7) 
(A, ~ y° HO] (ke — y }*r,Jcos(ng) 

a 

Hence, inserting this result in Equation (61), 

  

snone® Po®? EV an(O)n(7) 
P r,Q, = = = 

nao (k,? -y?)FH® G -y? r 
¢ yl 

(65) 

(66) 

(67) 

(68) 

To obtain the pressure field, the inverse wavenumber transform of Equation (68) is 

performed : 
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P(r,$.2)=5 | P(r. dye ™dy 

  

e*H) (ky ~y7)' ri, (7) (69) 

EEOC, a a ce aM 

In the far-field (r))r,) this integral can be approximated using the stationary-phase 

approach [43, 44]. 

For this method, the cylindrical coordinates are first transformed into spherical 

coordinates : 

(70) 
r=Rsin@ 

z= Rcos@ 

The Hankel function is estimated using a large-argument asymptotic value (see 

Appendix 2). 

Hl (ke? - 7?) |= ey (—jyre Mer (71) 
0 

Replacing in Equation (69), 

  HAR, 8,9)= PF a erentel TE) 
R,0,9)=—Po ___ V mn O(—j)"e"* - nl” __dy(72) 

(2='Rsing)) m3 = (be Fae) 

And the stationary phase approximation gives (see Appendix 3): 
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p,w°e™ ~ ntl E (kcos@) 
R@ = £0. yy 8 73 

which is the pressure radiated at the point of space of coordinates (R,@,@) for a single 

point-force excitation. 

5.2. Cylinder excited by a set of forces 

Now, we want to consider the multiple point-force excitation in the case of the 

coupled system. The cylinder is excited by the forces applied by the MN, mounts and also 

by the N.. control forces. The pressure is 

pweF | Ba E (kcos@,z,) R, 6, Po , _ s\atl a . a 

PIR, 9,9) = TReSin bees SES Lv PMD H® [rksin 6] 
_ (74) 

Ne E(k cos8@, z, ) 
+ ¢.)(- “\n+]1 Jn . € Dy dd LV mal $9. -A) HO” [resin 6] 

This can be put in a matrix form 

F F 
F, F, 

R,O,¢)=\e, @ -- e . pt . P( ¢) { 1 & wf 18: &2 En \ (75) 

Fy Fy 

={EHFSHIGHE} 
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where e, represents, for example, the contribution of the force in the passive isolator 

number a to the radiation in the far-field, and g. the contribution of the control force 

number c. 

Now, using the result of Equation (49), the pressure radiated by the system can be 

expressed only as a function of the disturbance and of the control forces by replacing the 

amplitude of the forces in the mount by their expression as a function of {F,} and {F }. 

PR, 6,6) = {TH 7, LF} +17 LF })+ {1 HE} 

={T LHR} + TLL Z + HF (76) 

=[D]F,}+(CF } 

This expression of the sound pressure at an arbitrary point in the far field is now 

independent of the forces in the passive mounts which are forces internal to the system. It 

can thus be used to compute the control of the radiation from the system. 

6. Control 

In this part, several methods are proposed to minimize the radiation from the system 

excited by a disturbance. The linear quadratic optimal control will first be explained, then 

several control approaches will be presented. 

6.1. Optimal quadratic feedforward control 

The optimal control is characterized by a cost function which is the quantity to be 

minimized and by two vectors of forces which are the disturbance force {F, } (or primary 
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source) and the control forces {F } (or secondary sources). The quantity to be minimized 

is a linear function of these two vectors of forces. It is moreover a quadratic function of 

the control forces. For a given location of the forces and a given amplitude of the 

disturbance, the cost function has a unique minimum. This minimum ts obtained for a set 

of control forces defined as the optimal control forces. 

As long as it is a quadratic function of the control forces, the cost function can take 

many forms. The cost function can be chosen among the followings and are described in 

sections 6.2. to 6.6. : 

* the sound pressure at a discrete number of points in the half plane. The cost 

function is then the sum of the square pressure moduli at these points. 

* the total power radiated by the structure which leads to global control of the 

radiation over the outer half plane. 

¢ the power radiated in a particular sector of the outer half-plane. 

* the sound pressure at a discrete number of points in the half plane evaluated by 

taking in account only radiating components. These radiating components are associated 

with the circumferential modes of the cylinder. 

* the radial displacement at some location on the radiating structure. These location 

can coincide with the location of the active-passive mounts or they can be any particular 

point on the surface of the cylinder. 

The first four methods are Active Structural Acoustic Control approaches (ASAC) 

since the cost function is an acoustic quantity (sound pressure) and the control forces are 

applied directly to the radiating structure. The last method is an Active Vibration Control 

approach (AVC) since the cost function is the displacement of the structure. Therefore it 

does not aim to control the radiation of the structure, but its vibration. 
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For all forms of the cost function, A is written as a quadratic function of {F.} and 

{F,}: 

A=[DF,}+(CHF} 
= (PUA }+ICKA (DKA }+1CKE})" (77) 
={F,} [DIDI {FY +{FV DICT {ky +{RV ICID) {AY 
HF} (Cc) {FY 

where [D]{F,} is the contribution of the primary source, and [C]F.} of the secondary 

source(s). 

Nelson et al [45] developed a general solution giving the unique minimum of the cost 

function of Equation (77).The control forces must satisfy : 

OA .OA 

where F* and F’ are the real and imaginary part of F_ respectively. Setting the derivative 

of the cost function with respect to the real and imaginary part of the control forces to 

zero will give a relationship for the amplitude of the control forces. The control forces 

calculated will minimize of the cost function. 

Then the optimal solution for the control forces is 

= ~1 

{F}=—-((cT{c]) [cl lke} (79) 

and the unique minimum of the cost function is given as 
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Non = {F,¥ ((DI-((CV'Ic]) [cP {Fe} (80) 

This general principle of the optimal control can now be applied to different control 

approaches. 

6.2. Minimization of the acoustic pressure in one direction of radiation 

In this section, the sound pressure radiated by the system is to be minimized at one 

(or several) point of the radiation half-space. The quadratic cost function is therefore 

defined as the square of the pressure at a particular point of coordinates (R, 0, @). 

Recalling Equation (76) giving the far-field radiated pressure, the cost function A is 

given by : 

A=(P(R,0,0) 

={F,}'[DID) {FE} +{F} [DICT {AY +{R} [cIpl {Ay (81) 

+{F}"[cJcy {Fy 

The optimal control forces are given by Equation (79), and applying these forces will 

result in minimizing the pressure at the point of coordinates (R, 0, ¢). 

Now, the expression for the pressure in Equation (73) shows that the pressure field 

radiated at an angle @ depends only on the structural wavenumber component 

corresponding to the point of stationary phase [42] : k, cos@ (see Appendix 3). Therefore, 

minimizing the pressure in the far-field at the point of coordinates (R, 0, @) is equivalent to 

minimizing the wavenumber component k = k, cos@ (associated with each circumferential 

mode 7) in the wavenumber spectrum. Since the wavenumber transform is a transform 
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with respect to the longitudinal coordinate z (Equation (56) ), and not with respect to the 

circumferential coordinate @ (in the cylindrical coordinate system), the wavenumber 

transform will have components associated with each circumferential mode 7. 

Fuller and Burdisso [20] theoretically showed that the radiated pressure could be 

minimized in a particular direction of space by applying the control in the wavenumber 

domain. Now, the control forces are independent of the radial coordinate R and the sound 

pressure will be minimized at the angle theta, independently of R, provided it is large 

enough to be in the far-field since the derivation of the pressure is valid only in this case. 

The control is therefore not local, but rather directional since it applies to a direction of 

radiation. 

Minimizing the pressure in several directions follows exactly the same principle except 

that the cost function is now the sum of the squared pressure moduli at the respective 

radiation points. A given number of directions of minimization can be chosen so as to 

cover evenly the outer half-plane and therefore to give a global minimization of the 

radiated pressure over the whole space. In this latter case, the results are expected to be 

close to those obtained by minimizing the total radiated power. 

It can be noted that performing the optimal control to totally minimize sound at all the 

observation points requires in this particular case as many control] forces as there are 

directions of radiation to be controlled. If the number of control forces is not sufficient, 

optimal control can still be achieved, but the minimum cost function will not be zero after 

control. 

On the contrary, if the number of control forces is larger than the number of radiation 

angle, then the system is underdetermined and the optimal control does not lead to a 

unique minimum. In this case, an alternative cost function strategy is required, that will be 

discussed in section 6.7. 
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6.3. Minimization of the radiated power in the far-field 

To obtain a reduction of the sound pressure over the whole outer half-plane, the cost 

function is taken as the total power radiated from the structure. 

The power radiated from the system in the far-field is obtained by integrating the 

acoustic intensity over a hemisphere corresponding to the radiation half-space 

2 af2 2 

n-{ [ PO) on @dedd (82) 
Poo 

Recalling Equation (81) giving | P(r, 8,0) as a function of [C] and [D], we define the 

following matrices, 

  

2 a f2 

[Bp] = 1 [DID]"r’ sin 6 ded¢ (83) 
0 fio Pofo 

  

2 mi2 

[Bc] =[Eo]" = { { > [DIC]’’r? sin @ dO dg (84) 

  [ec]= | [CI c}'r?sin @d0d¢ (85) 
0 fo P0%o 

The radiated power can now be written as a quadratic function of the control forces 
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n={F}'[DDKR} +{A} [Bcfey +{k} [Bc] {ry 
{FY [eckry 

(86) 

Then, recalling Equation (79), the optimal control forces are 

— ~ pi\lr~ 4 {F}=~([Ec]) [Bc] tr} (87) 

and the minimum sound power radiated by the system after control is 

A... = {F,}'([B]-[Bc]éc] [oc}" try (88) 

6.4. Minimization of the acoustic pressure in a sector 

Instead of the total power radiated in the far-field, the power radiated in a certain part 

of the space can be minimized. This particular area of the semi-space will be defined by 

four angles : @,, @,, ¢, and @,. As explained in section 6.2, the quantity minimized does 

not depend on the radius R and the control will result in minimizing the acoustic pressure 

in a sector defined by these four angles. 

%2 6, 2 
r,@, 

a-{ | POON sin @deado (89) 
9 a, 

Poo 

The matrices [Bp} [Bc] and [Ec] are calculated in the same way as in Equations 

(83) to (85), and the optimal control forces are calculated as in Equation (87). 
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6.5. Minimization of radiating components associated with circumferential 

modes 

For a given frequency of excitation, only a certain number of modes (m,n) will 

significantly contribute to the structural response. Moreover, among these, some will have 

a low radiation efficiency and will contribute very little to the radiation from the structure 

in the far-field. Thus a small number of modes will significantly contribute to the sound 

pressure radiated. For global radiation control, if the cost function takes only the 

contribution of these modes to the pressure field into account, the control can be expected 

to be more efficient. 

Since the radiating structure considered (cylinder) is finite in the longitudinal direction 

z, there is no cut-on frequency for the modes. All the modes will have wavenumber 

components in the supersonic range [—ko3 ko], where k,=@/c, is the acoustic 

wavenumber. Therefore, the particular modes that will radiate the most cannot be 

predicted a priori. Only after the wavenumber transform is achieved can they be identified 

as the modes that have significant wavenumber components in the supersonic range. 

The amplitude of the Hankel derivative of Equation (73) gives the relative weight of 

the circumferential mode n in the radiation. The smaller H“ [kr, sin 6], the larger the 

influence of the circumferential mode 7. 

Finally, there are two conditions for a mode to contribute significantly to the sound 

pressure radiated : 

¢ the mode (m,n) must contribute significantly to the structural response of the 

radiating structure 

¢ the Hankel derivative of the corresponding circumferential mode ” must be small. 
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Now, we define p,(R,6,@) as the contribution of the circumferential mode of order n 

to p(R,@,¢), the sound pressure at the point of coordinates (R,0,@). The total 

contribution of the radiating modes is 

R,@, = R,@, P,(R, 8,9) aaa Pal ?) (60) 

= [Dr KF }+ IC, KF } 

where [C,]| and [De] are respectively the contribution of the control forces and of the 

disturbance to the sound pressure evaluated with the contribution of the radiating modes 

only. The cost function is 

=|p,(R,, 9), (91)   

The cost function defined here is very similar to that defined in section 6.2., except 

that it takes only selected circumferential modes into account. However, the pressure will 

still be minimized in the direction of radiation @. 

Now the derivation of the optimal control forces and of the minimum cost function is 

the same as in section 6.2., and 

{F}=-([Ce} [Ce]) [Cel LF} (92) 

Mvin {FY ([De]-((CeT Ca) Teel Pe) te} 3) 
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6.6. Active vibration control 

The principle of active vibration contro] is to minimize the radial displacement at 

some points of the radiating structure. The cost function is now, 

2 

A=|n(¢   min? Z min ) 

7 (94) 
= (DHRC KA N(DNE H+ [HED 

Applying the control forces will result in minimizing the radial displacement of the cylinder 

at the point of coordinates (@,,,,Z,:,)- The optimal control forces have an expression 

similar to that of Equation (79). 

The displacement can also be minimized at several locations on the structure, and the 

larger the number of points, the more the vibrations of the structure will be reduced. But 

minimizing the vibrations does not ensure that the radiated pressure will be reduced in the 

same proportions or will be reduced at all. The structure could vibrate less but radiate 

more efficiently. 

In this particular case of the coupled system, a good way to ensure that the level of 

radiation will be reduced is to control the displacement at the locations of the active- 

passive mounts. The mounts being the only mean of transmitting the energy from the plate 

to the cylinder, this will result in controlling the displacement at the location of the 

disturbances applied to the cylinder. If the control forces are chosen of equal magnitude 

but opposed phase as the forces in the passive mounts, no overall force will be applied to 

the cylinder, and total radiation contro! will be achieved. This control approach should 

give results comparable to the minimization of the total radiated power, although its 

principle is different. 
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6.7. Control of underdetermined systems 

When there are more control forces than quantities to be minimized, then the system 

becomes underdetermined, which means that there is no unique minimum for the cost 

function. The matrix [C]’[C] in Equation (79) is not full rank and therefore cannot be 

inverted. 

One solution is to include in the cost function the amplitude of the control forces. 

This will result in the minimization of the quantity chosen (acoustic pressure, vibration of 

the structure, ...) but with the minimum control effort. The control effort is the sum of the 

square of the control forces moduli. This solution solves the problem since it adds as many 

quantities to be minimized as there are control forces to the system. The system has now 

more quantities to be minimized than control forces which implies that the cost function 

will not be zero after control. 

Elliott et al [46] proposed a solution for the control of underdetermined system using 

the following cost function : 

A=E'E+B{F}{F} (95) 

where E is the quantity to be minimized and A={F.}’{F.} is the control effort. The 

parameter # acts as a balance between reducing E or reducing A. 

Recalling Equation (77), the cost function becomes : 
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A=((DF,}+ [CHE (DKF }+1CKE}” 
={F,} (DID) {FY +{e} DIC) {A} +{AV [CID {AY 96) 

HF} [[cIcl” + Ary 

where [/] is the identity matrix of dimensions (NV, x N,). 

The optimal control forces are now given by : 

{F}=[[IcIcr" + stn] (cl eur} (97) 

Figure 6 shows the influence of the parameter B on the control effort and on the 

control efficiency (pressure reduction). In that case, the pressure radiated by a 4-mount 

system at 242 Hz was reduced in the direction 9 = 60°. The graph shows the level of 

pressure reduction versus the control effort required to achieve this pressure drop for 

different values of the B. Small values of B tend to give a high level of control on the 

quantity E to be minimized (the pressure) but with a high control effort. Even smaller 

values yield to singular matrices and the results are not significant. Large values of B yield 

a smaller control effort, but achieve very little reduction of the pressure. Looking at the 

scales, it can be observed that a small variation of the control effort gives a considerable 

change in the control efficiency (pressure reduction). Therefore, B should be taken as 

small as possible to obtain a high control efficiency, but still large enough for the contro! 

matrix not to be singular. In the simulations performed in section III, the smallest value of 

the matrix [C]’[C] was first evaluated. Then, B was chosen such as to render 

lic \cl +A ] invertible considering that the smallest value that yield invertible 

matrices in Matlab [47] is 107°. 
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Chapter IIT 

Simulations 

This section presents simulations of the acoustic radiation of the system in the far- 

field which were performed using a program written in Matlab code [47]. This program 

computes the far-field pressure radiated from the cylindrical shell in response to a point- 

force excitation on the rigid plate. The sound pressure (in decibels) is shown in the half- 

plane corresponding to ¢=0 and @>O0 (in the spherical coordinate system) at a distance 

R=10m. As seen in section II.5, the stationary-phase approximation requires that the 

pressure be expressed in a spherical coordinate system which is different from the 

cylindrical coordinate system of Figure 3. 

We will first study the coupling between the plate and the cylinder, i.e. how the 

location of the disturbance on the plate, the number of active-passive mounts and the 

points of attachment of the active-passive mounts both on the plate and on the cylinder 

changes the forces transmitted from the receiving structure (the plate) to the radiating 

structure (the cylinder), and thus changes the pressure field radiated from the cylindrical 

shell. Then the influence of the characteristics of the plate, the cylinder and the active- 

passive mounts on the sound pressure radiated will be discussed. Finally, the different 

control approaches presented in sections II.6.2. to 11.6.6. will be compared and discussed. 

Except for section 3.5. where the parallel and opposed active-passive mounts 

configurations will be compared, the system has 8 active-passive mounts configured in 

parallel (see section I].1.3.). The points of attachment of the active-passive mounts on the 

cylinder and the plate are given in Tables 5 and 6 respectively. The specifications of the 
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plate, cylinder and passive mounts are given in Tables 1, 2 and 7 respectively. These are 

the parameters used for all the simulations except where notified. The disturbance F, has 

an amplitude of 10N which yields a satisfactory level of radiation in the far-field. It is 

applied at the point of coordinates (x = L, /10, y= w, /10) in the plate coordinate system 

of Figure 2. This point is close enough to the center of the plate to have a fair distribution 

of the energy in the mounts. However, the difference in the amplitude of the forces in the 

mounts will produce a dissymetrical radiation pattern. 

1. Coupling 

In this part, the influence of the coupling between the raft (rigid plate) and the 

cylinder on the cylinder radiation will be studied. The coupling of the raft alters the 

cylinder dynamics : the raft applies forces through the isolators and the damping in the 

passive components of the mounts changes the vibration of the cylinder. 

The influence of the number of active-passive mounts, their locations on the 

transmitting and receiving structures, and the location of the disturbance on the 

transmitting structure will be discussed. The radiation of a cylinder excited by a point 

force will be compared to the radiation of the coupled plate-cylinder system with different 

layouts of mounts so as to understand how the coupling with the plate modifies the 

radiation of the cylinder. 
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1.1. Influence of the number of mounts 

The position of the mounts on the raft of the coupled raft-cylinder system is shown in 

Figures 7, 8 and 9 for 4, 6 and 8 mounts, respectively, along with the raft coordinate 

system. 

The acoustic radiation from the coupled raft-cylinder systems with 4, 6 and 8 mounts 

are shown in Figures 10, 12, and 14 respectively. For this study, the excitation at 242 Hz 

corresponds to the resonance frequency of the mode (2,2) of the cylindrical shell (see 

Tables 3 and 4). For a mode (m,n), the first index, m, refers to the longitudinal mode 

number and the second, n, to the circumferential mode number. The disturbance is located 

at the point of coordinates (x =L,/3,y=w,/ 3) on the plate and has an amplitude of 

10N. 

The system with 8 mounts, Figure 10, has a maximum acoustic radiation level of 

52 dB , whereas the systems with 4 mounts, Figure 14, and 6 mounts, Figure 12 have a 

maximum level of 63 dB. 

Looking at the modal decomposition of the radiation in the direction @ = 70°, it can 

be observed that the distribution of the energy among the modes is not the same for the 

different mount layouts. The dominant mode remains the (2,2) mode. As can be seen in 

Figures 15 for the 4-mount system, and Figure 13 for the 6-mount system, the (2,2) mode 

is 20dB higher than the (2,3), (2,4) and (1,4) modes which resonates at 196.3 Hz, 

279.8 Hz and 254.3 Hz, respectively. For the 8-mount system, Figure 11, the (2,4) mode 

is only 5 dB lower than the (2,2) mode. The modal decomposition for the 4-mount and 6- 

mount systems is typical of an excitation on-resonance since one mode contributes for the 

most part of the radiation. In the case of the 8-mount system, two modes contributes 

almost equally to the radiation, as if the excitation was off-resonance. 
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But as will be discussed in section 1.3., not only the number of mounts, but also the 

layout of the mounts has a significant influence on the level of the acoustic radiation and in 

the directivity pattern. Changing the number of mounts in the system implies that the 

points of attachment of the mounts on both the transmitting and receiving structure be 

modified. Therefore, the eigenproperties of the system will be changed. 

1.2. Frequency response of the system 

In this section, the sound pressure radiated from a cylinder excited by a point force 

(which will be referred to as the uncoupled cylinder) is compared to the radiation of the 

coupled plate-cylinder system when the plate is excited by a point force disturbance. 

The uncoupled cylinder is excited by a point force of amplitude 10N directed along 

the z-axis of the plate (and therefore with both a radial and circumferential component, see 

section II.1.3.) and was located at the point of coordinates (z =.62L,,@ =126°). The 

coupled raft-system has 8 mounts and is excited by a point force disturbance of amplitude 

10N at the point of coordinates (x =L,/3,y=w, /3) on the plate. 

Figures 16 and 17 present the pressure radiated form the uncoupled cylinder and the 

coupled raft-cylinder system respectively in the direction @=45° as a function of the 

frequency of excitation, i.e. the frequency response at @ = 45°. Figures 18 and 19 show 

the frequency response at @ = 60°, and Figures 20 and 21 at @=90°. It is necessary to 

look at different directivity angles @ since some modes will have notches (minima) in the 

radiation pattern at particular angles therefore giving no information on their contribution 

to the radiation. For example, the modes with a longitudinal mode number (m) equal to 3 

will have a notch in the direction @ = 60°. 
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The amplitude of the response of the uncoupled cylinder and of the coupled raft- 

cylinder system cannot be compared since the excitations are different, but the relative 

amplitudes of the resonance peaks are a good clue to understand how the plate coupling 

affects the radiation of the cylindrical shell. 

Comparing Figures 18 and 19, it appears that the resonances are less pronounced for 

the coupled raft-system. The uncoupled cylinder has high level peaks at its resonance and 

a low level of radiation off-resonance. On the contrary the coupled plate-cylinder system 

has a high level of radiation off-resonance. As mentioned in the previous section, the 

multiple excitation applied to the cylindrical shell in the case of the coupled plate-cylinder 

system enable to excite a larger number of modes than the uncoupled shell. The resonance 

peaks in the former case will not be as high as in the latter, but the radiation level off- 

resonance will be higher. Also, high damping in the coupled system at some modes will 

result in modal coupling. 

Looking at the radiation of the coupled plate-cylinder system in Figures 21, 17 and 19 

shows that the response of the low frequency modes is much higher than the high 

frequency modes. The amplitude drops dramatically after 300 Hz. The uncoupled cylinder, 

on the other hand, has modes at higher frequencies that still radiate at a level comparable 

to the low frequency modes. The mode (1,6) at 694 Hz, for example, is at a level 

comparable to the (2,3) mode at 196 Hz in the case of the cylinder, but it is 40 dB lower 

in the case of the coupled system. 

The damping effect in the passive mounts is more efficient at higher frequencies since 

the energy dissipated in the dampers is proportional to the frequency. However, the modal 

density (number of mode in a given range of frequency) is much higher in the high 

frequency range as can be seen in Tables 3 and 4, and a large number of modes will 

contribute to the radiation of the coupled plate-system. 
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This has important consequences for the control of the radiation of the system. Since 

the radiation level at high frequencies is low, it is expected to be controlled more easily. 

On the other hand, the low frequency range will require more control effort to obtain 

satisfactory results. 

1.3. Layout of the mounts 

The layout of the mounts on the cylinder is very important and has a high influence on 

its radiation. Both the longitudinal (z) and the circumferential coordinate (@) of the point 

of attachment of the mount on the cylindrical shell are critical parameters to the system 

radiation. 

1.3.1. Longitudinal coordinate of the attachment point of the mounts on the 

cylinder 

Figures 22 through 27 show the radiation of the system in the far-field and the modal 

decomposition of the sound pressure radiated by the coupled plate-cylinder system for 

different layouts of a system with 2 rows of 3 mounts symmetrical with respect to the 

(x,z)-plane of the cylinder. The layout of the mounts on the plate is shown on Figure 8. 

The modal decomposition bar-graph shows the contribution of each mode (m,n) to 

the pressure radiated at the point of coordinates . Each box corresponds to a longitudinal 

mode number m. The circumferential mode number 7 is on the horizontal axis, and the 

pressure amplitude (in decibels) on the vertical axis. 
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The mounts are laid on the cylinder in the configurations shown in Table 8. The plate 

is excited by a point force located at coordinates (x =L,/3,y=w,/ 3) at a frequency of 

303 Hz which corresponds to the (3,3) mode resonance. 

The modal decomposition shows that the system configuration A, Figure 23, does not 

allow excitation of the longitudinal mode m=3 since the forces act at its nodes of 

vibration. On the contrary, the modal response of the system configurations B, Figure 25, 

and C, Figure 27, is mainly due to the vibration of the mode (3,3) with respectively 28 dB 

and 34 dB. The latter cases also give a higher radiation for the (4,3) and (4,4) modes with 

20 dB compared to 10 dB in the former case. 

The major implication of these results is that the longitudinal position of the mounts 

(position along the z-axis of the cylindrical shell) has a dramatic influence on the sound 

pressure radiated from the system. This enables excitation or cancellation of selected 

modes by placing the mounts on their nodes or on their anti-nodes of vibration. Canceling 

or reducing the contribution of the dominant mode does not necessarily yield a reduction 

of the sound pressure level as seen on Figures 22, 24 and 26 where the maximum pressure 

is 40 dB in all cases. However, the radiation in some directions of the radiating space can 

be favored (and therefore reduced in other directions) by placing the mounts so as to 

excite selected modes. For example, exciting even longitudinal modes (m = 1, m = 3,...) 

will yield a minimum pressure level in the mid-plane directions whereas odd modes 

(m= 2, m= 4,...) will have a maximum in this direction. 

1.3.2. Circumferential coordinate of the mounts on the cylinder 

Figures 28 through 31 show the radiation of the system with 8 mounts at different 

frequencies and for different layouts of mounts. The circumferential coordinate of the 
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point of attachment of the mounts on the cylinder is respectively @ =120°, @=135° and 

¢ = 144°. Changing this parameter does not only change the location of the forces applied 

to the structure, but also changes the relative amplitude of the radial and circumferential 

component of the force. The radiation of the cylinder is due to its radial displacement only, 

therefore, changing @ yields a change in both the radiation pattern and level. Since all the 

forces are directed along the z-axis of the plate (vertical direction), the smaller @, the 

smaller the radial component, and therefore the smaller the radiation level. Moreover, the 

layout of the mounts will tend to favor the radiation of some particular modes. For 

example, two rows of mounts at @ = —120° and @=120° will tend to favor the excitation 

of modes of circumferential order n=3 since the two maxima will be separated by an 

angle of 120°. Therefore, the modes with a circumferential mode number of n=3 will 

prevail in the radiation. Two rows of mounts at @¢=—135° and ¢=135° will make the 

system radiate like a quadrupole (modes of circumferential order n = 4); and at @ = —144° 

and ¢ =144°, the modes of circumferential order n = 5 will be excited. 

In contrast to the longitudinal coordinate, there is no boundary condition on the 

circumferential coordinate. In the former case, some modes could be inhibited by placing 

forces on or close to their nodes of vibration ; in the latter case, the acoustic field will just 

be rotated, the maximum of vibration being at the location of the forces. 

Figure 28 shows the radiation at 303 Hz, resonance frequency of the mode (3,3), for 

the three different angles ¢. The radiation level is lower for ¢ =120°, than for @ =135° 

and @=144° as expected. Also, the radiation patterns of the latter cases are very close 

whereas the radiation of the former has a deeper notch in the mid-plane direction and has 

side lobes of considerably smaller amplitude. Its radiation pattern is therefore more like a 

dipole type and receives a large contribution from the (2,4) mode which has a resonance at 

280 Hz. Looking at the amplitude of the forces in the mounts reveals that they are not 

60



significantly (1 to 2%) changed by the modification of ¢. However, if the amplitude of the 

forces is not changed significantly when @ varies, the radial and circumferential 

contributions of theses forces change. This is why the sound pressure level is lower for 

¢@ = 120°, for example. 

Figure 29 displays the radiation of the 8-mount system at 242 Hz and shows only a 

variation in the level and not in the pattern for the different values of @ because no mode 

has a resonance close enough to 242 Hz to be excited. 

The radiation at 516 Hz, resonance frequency of the mode (5,4) and (4,5) is a more 

interesting case since the three radiation patterns are very different (Figure 30). For 

@ =120°, it is characteristic of a longitudinal odd mode, with a lobe in the mid-plane 

direction and two notches at @ = 60° and @=120°, therefore, the mode (5,4) contributes 

more to the radiation. When @=135°, there is no lobe in the mid-plane direction, 

therefore indicating an even longitudinal mode, here the mode m= 4, and the mode (4,5) 

dominates over the mode (5,4). If ¢ =144°, the lobe in the mid-plane direction is present, 

although "shifted" from 90° to 93°, indicating that the mode (5,4) prevails. 

The radiation off-resonance at 420 Hz, Figure 31, displays different patterns. Even 

though the lobes and the notches are at the same angles, the radiation occurs mainly 

around @=60° and @=120° for the mounts laid at ¢=120°, and around ¢=90° for 

@ =135° and @ =144°. 

Although all show different results, what is apparent from these four simulations is 

that the layout of the mounts has a dramatic influence on the radiation pattern. If the 

disturbance, and particularly its amplitude, is known, the mounts can be laid in a way such 

as to favor the radiation of some modes versus the radiation of others. 
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1.4. Location of the disturbance on the plate 

Figures 32 and 33 show the influence of the location of the disturbance on the plate at 

242 Hz and 303 Hz respectively. The further the disturbance from the center of the plate, 

the larger the displacement of the plate, and therefore, the larger the forces transmitted by 

the passive components of the mounts. Also, the location of the disturbance on the plate 

has a significant influence on the radiation pattern since it will put larger forces on some 

mounts than on others and therefore favor the radiation in some particular direction of the 

acoustical field. Changing this location can, for example, slightly shift the angle of lobes 

and notches, or change the radiation level in some particular directions. As seen in Figure 

33, the radiation pattern is different when the disturbance is at x =—-L, /3,y=w, /3 and 

atx=L,/3,y=w, /3. 

2. Plate, cylinder and mounts characteristics 

This part aims to show the influence of the characteristics of the three sub-structures 

in the coupled raft-system : the rigid plate, the elastic cylinder and the passive components 

of the mounts. 

2.1. Thickness of the raft 

Figure 34 shows the influence of the thickness of the raft (rigid plate) on the acoustic 

radiation from the system excited at 280 Hz. This parameter does not have a significant 

influence on the directivity pattern, but rather on the radiation level. The thinner the plate, 

the more displacement is obtained for a given disturbance on the plate. A light plate will 
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have less inertia than a heavy plate and thus will be set into motion more easily. The forces 

in the mounts are larger in that case since they are proportional to the relative 

displacement between the raft and the cylinder. Thus the forces acting on the cylindrical 

shell will be larger for thin plates giving a larger radiation level from the structure. 

2.2. Stiffness of the mounts 

Changing the stiffness of the mounts, Figure 35 will change only the radiation 

amplitude. An increase of the stiffness will increase the forces in the mounts in the same 

proportion since those are proportional to the stiffness. 

The resonance frequency of the plate-passive mounts system (35 Hz) is not high 

enough to have an influence on the coupling. The first resonance of the cylinder is that of 

mode (1,2) at 87 Hz. The coupled resonance is not in the range of interest, as far as the 

resonance of the radiating structure (cylindrical shell) is concerned. This means that the 

system will resonate at the resonance frequencies of the uncoupled cylindrical shell, and 

there will not be any coupled resonance frequency. 

2.3. Damping ratio in the mounts 

The damping ratio in the mounts is defined as 7 = WC, /K, where C, is the damping, 

@ the angular frequency and K, the stiffness constant. Figure 36 shows the radiation at 

242 Hz after dividing the assumed damping ratio by 2 or multiplying it by 5. The radiation 

increases as the damping ratio decreases. Less energy is dissipated in the mounts and 

therefore the forces acting on the radiating structure are larger. At 303 Hz, Figure 37, the 

radiation undergoes very little change when the damping ratio is reduced by a factor of 2. 
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For higher frequencies, however, the behavior of the system is different. Increasing the 

damping ratio will increase the radiation of the structure. By definition, the damping ratio 

is frequency dependent. Moreover, it is a linear function of the frequency. At high 

frequencies, the forces in the dampers overcome the forces in the springs. They no longer 

dissipate energy, but carry energy from the plate to the cylindrical shell. This results in a 

dramatic increase of the pressure level, as can be seen in Figure 38 where, at 1020 Hz, 

close to the resonance frequency of the mode (6,7), the level of the main lobes increases of 

10 dB when the damping ratio is multiplied by 5, and the amplitude of the forces in the 

mounts is increased by a factor of 3. However, if on the contrary the damping ratio is 

decreased by a factor of two, the forces in the mounts undergo very little change (10% 

approximately) and the radiation is not consequently modified. Therefore, increasing the 

damping in the structure is not always a valid method to reduce the radiation of the 

system. These results show agreement with those of Pan and Hansen [1]. They developed 

a model for a coupled rigid body-intermediate flexible panel-flexible cylinder where the 

panel and the cylinder where coupled via passive isolators. They showed that the use of 

passive isolators result in an increase of the vibration transmission at high frequencies. 

Off-resonance, at 220 Hz, Figure 39, increasing the damping in the passive mounts 

decreases the level of radiation from the coupled raft-cylinder system. However, the 

reduction of the pressure level is not uniform over the pressure field. The peak reduction, 

8 dB, is close to the mid-plane direction (@ = 90°). Over most of the pressure field, no 

reduction is achieved and the damping is an inefficient method to significantly reduce the 

radiation. 

Results for off-resonance cases at higher frequencies are similar to the results for on- 

resonance case, i.e. an increase in the radiation level. 
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2.4. Thickness ratio of the cylinder 

The thickness ratio of the cylinder is a very important parameter. Cylinders with a 

ratio smaller than 0.05 are considered as thin shells [25] and the method used to derive the 

expression for the vibration of the cylindrical structure is only valid for thin shells. The 

values considered here are all below this "critical value". Figure 40 shows that changing 

this value changes the radiation dramatically. The pattern is the same, but the relative 

amplitude of the lobes is different. Looking at the modal decomposition would show a 

dominant (2,4) mode at 40 dB in all cases. For h,/r, =.03, the modes (4,4) which 

resonates at 322 Hz, (5,4) at 418 Hz and (2,6) at 368 Hz contribute respectively for 

10 dB, 7dB and 20 dB to the radiation at 100°. These modes are absent from the 

radiation when h,/r, =.04 or .05. This shows that for thinner shells, modes whose 

resonance frequencies are as much as 100 Hz apart from the frequency of excitation can 

contribute significantly to the radiation. Only for h, /r, =.05 does the mode (3,3), which 

resonates at 303 Hz, contribute to the radiation at 100° with an amplitude of 20 dB. 

When the thickness ratio changes, the contribution of the different modes to the 

structure is different. The resonance frequencies are not the same and the modes do not 

appear in the same order (although the modes (1,2) and (1,3) always appear first). The 

thinner shells have Jower fundamental frequencies. In this particular case, they had a higher 

modal density around the frequency of excitation (303 Hz), which explains why the 

radiation patterns were more complex. 

At higher frequencies, above 700 Hz, the resonance frequencies are very close for the 

three different thickness ratios and the radiation patterns are very similar. 
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3. Control 

The aim of this section is to show how the radiation of the cylinder can be controlled 

using different active control methods. Different approaches have been presented and 

discussed in section I1.6.2. through II.6.6. 

Active Structural Acoustic Control techniques (as defined in section I1.6.1.) will first 

be applied to the coupled plate-cylinder system. They use the control forces of the active- 

passive mounts in the system to control acoustic quantities such as the acoustic pressure in 

one or several directions (section 11.6.2), the total acoustic power radiated from the 

structure (section II.6.3.), or the acoustic pressure evaluated with components associated 

with circumferential modes (section I].6.5.). Then Active Vibration Control (as defined in 

section I].6.1., and discussed in section IJ.6.6.) of the system will be discussed. This 

approach uses the active components of the mounts to minimize the radial displacement at 

selected locations on the radiating structure. Finally, two active-passive mounts 

configurations will be compared. The first configuration uses control forces in parallel 

with the passive components of the mounts and the second, control forces in opposition 

(as defined in section I].1.3.) 

The different control approaches will be compared according to two criteria: the 

control efficiency and the control effort required. The control efficiency will be defined as 

the ability of the control approach to perform the control, i.e. to minimize the quantity 

used to evaluate the cost function. For example, if the pressure is to be minimized over the 

whole pressure field, a technique leading to a 5 dB global control will be considered more 

efficient than a technique yielding 20 dB reduction in one region of the sound field, and no 

reduction in other regions. If the cost function is defined as the pressure in a selected 

direction of radiation, a technique yielding total control in that particular direction will be 
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considered very efficient even though the pressure level is amplified in other directions of 

minimization. Another technique leading to global control but still having pressure 

radiated in the direction of minimization will be inefficient in this case. The control effort is 

defined as the square root of the squared amplitudes of the control forces applied to the 

system : 

  

e= (0) +(2) + +(6")) (98) 

The control effort has the dimension of a force and is therefore expressed in Newtons. 

It evaluates the amount of force put into the active mounts to achieve the control. If two 

active control techniques yield the same control efficiency, i.e. have the same pressure 

after control, the approach that requires the less control effort is the more suitable. 

3.1. Control of the radiation in one particular direction 

In this section, active control of the pressure radiated by the coupled plate-cylinder 

system in one particular direction @ will be performed. This control approach is defined in 

section J1.6.2. 

First, the uncontrolled radiation of the coupled plate-cylinder system is performed. 

The only forces acting on the system are then : the disturbance F, and the forces in the 

passive mounts F,. The cost function is then calculated as the pressure at the point of 

coordinates (R,@,@ =0) in the radiation half-plane. The angle @ is equal to zero since all 

the radiation plots are shown for this particular radiating plane. The distance R from the 

center of the coordinate system, Figure 3, is large enough to be in the far-field, R=10m. 

The angle @ is the angle of minimization, i.e. the pressure after control will be minimized 
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in the particular direction (@,¢ = 0) of the pressure field. The optimal control forces, F., 

are calculated according to Equation (79). Now, the controlled radiation is performed 

with F,, F, and F. acting on the system. 

The plots in this section show both the uncontrolled and the controlled radiation of 

the coupled plate-system excited by a point-force disturbance of 10 N at the point of 

coordinates (x =L,/10,y=w,/10) on the plate. The sound pressure amplitude is in 

decibels. The dash-dotted straight line indicates the direction of pressure minimization. 

The forces on the system are show before and after control. The index of the forces refers 

to the index on Figure 9, which is the number of the active-passive mounts. The forces in 

the mounts are shown for the uncontrolled case (u) and for the controlled case (c). The 

amplitude of the forces is in Newtons and the phase of the forces, in radians, is shown 

between parenthesis. The control effort, previously defined, is also in Newtons. 

Figure 41 shows the radiation for the system with 8 active mounts at 242 Hz, 

resonance frequency of the mode (2,2), without and with control in the direction @ = 60°. 

There is no radiation in this particular direction after control, giving a local 52 dB 

reduction. Overall, the radiation is reduced from 0 to up to 40 dB at @ = 30° and 150°. In 

the directions of radiation @ = 90° and 135°, the pressure level after control is higher than 

the pressure level before control. This is called spillover. The optimal control forces are 

chosen so as to minimize the pressure in one particular direction and the pressure in other 

directions is not taken into account. The particular angles 8 = 90° and 135° are bearing 

directions of the notches in the directivity pattern of the uncontrolled system. However, 

the spillover is not greater than 5 dB. 

Also shown on Figure 41 are the amplitude and phase of the control forces and of the 

forces in the mounts for the uncontrolled (u) and controlled (c) system respectively. 

Figure 9 shows the mounts layout on the plate and their respective number corresponding 
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to the number of the forces in Figure 41. The forces in the mounts are 3 to 6 times smaller 

when the system is controlled and this is why the sound pressure is globally reduced. The 

amplitude of the control forces is comparable to that of the forces in the passive mounts 

after control, but the phase is different. The contribution of the two sets of forces tend to 

interact destructively. Moreover, before control, the forces in the mounts are almost 

symmetrical with respect to the x- and y-axes of the plate and the pairs of mounts (1,5), 

(2,6), (3,7) and (4,8) are almost in phase and have comparable amplitudes. After control, 

the symmetry is broken so as to minimize the radiation at 60° and the pairs of mounts 

(1,5) and (2,6) do no longer vibrate in phase nor have comparable amplitudes. The forces 

in the mounts have been redistributed so as to reach local minimization in the direction 

6 = 60°. This example shows that the control forces act in two ways. By reducing the 

amplitude of the forces in the mounts, they reduce the global level of radiation. By 

redistributing the forces in the mounts, they produce a local (selected) minimum. 

The radiation is minimized in one direction only with eight control forces. This means 

that the system is underdetermined. The algorithm used here is therefore the one derived 

by Nelson et al [46] and explained in section 6.7. In that section, we discussed the value of 

the parameter 8B which acts as a balance between minimizing the sound pressure radiated 

and the amplitude of the control forces. Here, 8 is chosen so as to obtain maximum 

pressure reduction in the direction @ = 60°. It is chosen as small as possible, but still large 

enough so that the matrix lfcIcy™ + Bl ] be invertible (see section II.6.7.). A good way 

to ensure that this will occur is to chose B as a function of the minimum of the matrix 

[C{c]’ . In all the simulations performed, B was taken as 10716 times this maximum 

value. The control effort is minimized, which means that the control forces are chosen so 

that their amplitude is as small as possible. 
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Now, the influence of the number of active mounts in the system on the control 

efficiency is studied. Figures 42 and 43 display the controlled and uncontrolled radiation of 

the system with respectively 6 and 4 mounts, for an excitation frequency of 242 Hz, 

resonance frequency of the mode (2,2). The corresponding mounts layout are show on 

Figures 8 and 7. The two systems undergo the same disturbance as in the case of 

Figure 41. The comparison of these three figures shows that the control is more easily 

achieved with a higher number of mounts since the control effort is considerably smaller 

for the 8-mount system. For a large number of mounts, the control is very directive 

(achieved principally in the direction @ = 60°) whereas it is global for fewer mounts. A 

large number of control forces enable to redistribute the forces on the radiating structure 

in order to minimize the desired quantity only. A small number of control forces will result 

in a global reduction by destructive interaction with the forces in the passive mounts. This 

is why the amplitude of the control forces will be higher for a small number of active- 

passive mounts. 

Figures 44 and 45 show the directivity pattern of the plate-cylinder system controlled 

in the directions 6 = 60° and @ = 90° respectively, for a frequency of excitation of 516 Hz, 

corresponding to the resonance of both modes (4,5) and (5,4). Figures 46 and 47 show the 

modal decomposition of the sound pressure radiated by the plate-cylinder systems first 

uncontrolled, then controlled at the points of coordinates , and respectively. 

Figures 46 and 47 show that the radiation of the uncontrolled plate-cylinder system is 

mainly due to the contribution of the modes (2,1) which resonates at 468 Hz, and (5,4) 

which resonates at 516 Hz. After control in the direction @ = 60°, the contribution of the 

mode (5,4) increases in the same time that the contribution of the mode (2,1) decreases. 

The controlled radiation is also characteristic of the modes having a longitudinal mode 

number m=5, with a main lobe in the mid-plane direction and two notches at 
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@ = 60° and 120°. In contrast, when the control is achieved at @ = 90°, the mode (5,4) 

ceases to contribute to the radiation and the radiation pattern is of a dipole type. The 

control effort is very low in both cases (as compared to that of Figures 41 through 43, for 

example) and the forces in the mounts are very slightly changed by the control. The global 

radiation level is not changed significantly, but the radiation pattern is totally different. The 

control forces have favored one of the contributing modes to achieve control in the 

desired direction by redistributing the amplitude of the forces in the active-passive mounts 

instead of reducing globally the level of sound pressure as in the case of Figures 41 

through 43. At 516 Hz, two modes contribute to the radiation whereas at 242 Hz, the 

mode (2,2) is strongly dominant and the mode(1,4) contributes for a smal] part to the 

radiation. Therefore, when a single mode dominates the radiation, applying control will 

yield total radiation control and the control effort will be larger. 

In some other cases, there is only one mode contributing significantly to the radiation. 

For example, at 87 Hz, which is the resonance frequency of the mode (1,2), minimizing in 

the mid-plane direction yields to global and total control over the sound field, Figure 48. 

No even longitudinal mode (characterized by a notch at @=90°) has its resonance 

frequency close enough to 87 Hz to obtain a mode restructuration as for the previous 

cases at 516 Hz. The modes having a resonance close to 87 Hz are the modes (1,1) and 

(1,3) which also have a maximum of radiation in the mid-plane direction. 

3.2. Control of the radiation in several directions 

In this section, the radiation of the coupled plate-cylinder system is control in several 

directions of the radiating half-plane. As discussed in section 11.6.2, the cost function is 

now the sum of the pressures at the points of coordinates (R,6 pP= 0) where p=1...P, 
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and P is the number of directions where the pressure will be minimized. The distance R is 

still chosen so as to be in the far-field. 

Figure 49 shows the radiation of the coupled plate-cylinder system first uncontrolled, 

and then controlled in the two directions @=50° and @=130°. The control leads to a 

global reduction of the pressure level, whereas control in one direction, Figures 44 and 45, 

lead to a very directive reduction. The forces in the mounts are not significantly changed. 

The control effort is not a lot higher than for the minimization in one direction only, 

Figure 44, but yields a much more satisfactory result. 

Figure 50 shows the radiation with control in the three directions 

@=37°, @=90° and @=143°. The contro] seems less efficient than in the previous case 

since the overall reduction is lower, although the control effort is higher. In fact, 

minimizing the pressure in the mid-plane direction cancels the whole contribution of the 

mode (5,4), thus the control effort is high. This shows that the choice of the direction(s) of 

minimization has a dramatic influence on the efficiency of the control. 

Figure 51 shows the radiation of the same coupled plate-cylinder system excited at 

516 Hz with control in the four directions 6 = 30°, @= 70°, @=110° and @=150°. This 

case yields a global and total reduction of the sound pressure field. The control forces and 

the forces in the passive mounts after control are almost of equal magnitude but opposed 

phase, and therefore they cancel each other. No force is transmitted to the cylinder, and 

thus the disturbance does not create any radiation from the cylindrical shell. The control 

effort is higher than in the other cases, but is still low (0.3755 N) compared to the 

amplitude of the disturbance (10 N). 
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The same four directions of control lead to a global reduction of the sound field at 

1020 Hz (off-resonance), Figure 52. The control effort is very low since the uncontrolled 

radiation level is low as well. The forces in the passive mounts undergo very little change 

when then control is applied. 

Other simulations show that the radiation can be totally controlled for any frequency 

by minimizing the pressure in four directions, but that the control effort required to 

achieve the global control is much higher when a single mode contributes mainly to the 

radiation. When several modes contribute to the radiation, the dynamics of the system 

after control are altered so that the modes phases are changed (in term of radiation) and 

the modes interact destructively. When one mode only contributes significantly to the 

radiation, the boundary conditions of the structure are changed, which requires 

considerably less effort. 

3.3. Active Vibration Control 

The results obtained with the Active Structural Acoustic Control (ASAC) approaches 

will here be contrasted to those of Active Vibration Control (AVC), as defined in the 

introductory part of section II.6.1. In the latter case the radial displacement of the 

radiating structure is minimized at selected points. In the following simulations, the 

displacement of the cylindrical shell is minimized at the location of the mounts which are 

the only points on the structure to undergo an excitation. Since the passive mounts and the 

control forces are collocated to form the active-passive mounts, the displacement of the 

whole cylinder and thus its acoustic radiation in the far-field are expected to be, if not 

canceled, dramatically reduced. A trivial solution to the vibration isolation problem is to 
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cancel the vibrations by the mean of control forces having equal amplitudes as the forces 

in the passive mounts, but opposed phase. 

First, the ability of ASAC and AVC to perform the control of the radiation from the 

coupled plate-cylinder system will be compared, then we wil] discuss the control effort 

required by each approach to perform the control. Since the Active Vibration Control 

reduces the vibrations in the structure, and therefore performs a global control of the 

radiation, it should be contrasted to an Active Structural Acoustic Control approach that 

minimizes the pressure field globally as well. This is why the performance of AVC at the 

location of the active-passive mounts will be contrasted to ASAC in several directions of 

the radiating space as defined in section III.3.2. 

Since the exact collocation of the passive-mounts and of the control forces is 

practically impossible to achieve, we will also discuss the case where the control forces are 

slightly apart from the passive mounts. The error in the collocation of the active-passive 

mounts is defined as 

d 
e =—*x100 (99) 

27a 

  

where d, is the offset of the mounts. 

All the simulations in this section apply to a coupled plate-cylinder system with 8 

mounts, excited by a point force disturbance located at the point of coordinates 

(x=L,/10,y=w, /10) on the plate. 

At 303 Hz, resonance frequency of the mode (3,3), the Active Vibration Control at 

the point of attachment of the mounts on the cylinder, Figure 53, and the Active Structural 

Acoustic Control in the four directions @=30°, @=70°, @=110° and @=150°, 

Figure 54, give both a global and total control of the radiation from the coupled plate- 
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cylinder system in the far-field. The two control approaches lead to the same control 

forces distribution and therefore to the same result. The control effort is also the same in 

both cases. However, if the control forces and the passive mounts are not collocated, i.e. 

the offset of control forces with respect to the passive mounts in the direction of the z-axis 

of the cylinder is d,=0.01m and e,=0.2%, the AVC, Figure 55, yields a global but not 

total reduction of the pressure field. The overall reduction is approximately 12 dB. In the 

case of ASAC, the offset of the control forces does not yield any change in the control 

performances, and the radiated pressure is canceled. If e,=0.5%, Figure 56, the AVC 

efficiency is even more impaired and the global reduction is only 6 to 10 dB. The control 

effort is not significantly changed by the delocation of the control forces. If e.=2%, which 

is high but still realistic, the control yield spillover in most of the pressure field, Figure 57. 

This shows that the efficiency of AVC is comparable to that of ASAC -in term of 

radiated pressure reduction- only when the control forces and the passive mounts are 

exactly collocated. 

AVC for collocated active-passive mounts, Figure 58, and ASAC in four directions, 

Figure 59 give the exact same result in term of sound pressure reduction an in term of 

control effort at 242 Hz, the resonance frequency of the mode (2,2). When e,.=0.2%, 

Figure 60, or e,=0.5%, Figure 61, the AVC does not yield total pressure control. 

However, the pressure after control is very low, and an overall reduction of 40 or 30 dB is 

achieved, the control effort remaining the same as for the collocated mounts. 

At 180 Hz, the resonance frequency of the mode (1,1), the AVC for collocated 

active-passive mounts, Figure 62, and the ASAC, Figure 63, also give the same results. 

The delocation, as in the previous case, has little effect on the control efficiency as shown 

in Figure 64, for e. =0.2%. The global pressure reduction is 40 dB. When the frequency is 
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low, the offset becomes smaller compared to the wavelength and the effect of the offset is 

reduced. 

Off-resonance, at 495 Hz, AVC for collocated mounts, Figure 65, and ASAC, 

Figure 66, achieve the same overall radiation reduction, and now the delocation of the 

control forces has a lot less influence on the AVC efficiency. Even if e.=1%, Figure 67, 

the pressure reduction is total. Moreover, the control effort is decreased as compared to 

the collocated case. The control forces do no longer need to have the same amplitude as 

the forces in the passive mounts in order to perform the control. However, if the distance 

between the passive mounts and the control forces is as large as 0.13m and e,=3%, 

Figure 68, the control efficiency is highly impaired. The sound pressure is only reduced by 

10 dB locally. 

Finally, the Active Vibration Control and the Active Structural Acoustic Control have 

two major differences : 

* the Active Vibration Control is highly sensitive to whether the control forces and 

the passive components of the mounts are exactly collocated or not. The further apart 

these components are, the more the control efficiency is impaired. 

* the Active Vibration Control yields only global radiation over the complete 

radiating plane, whereas the different approaches of the Active Structural Acoustic 

Control can minimize the pressure in selected directions or in selected areas of the radiated 

pressure field. 

3.4. Parallel and opposed active mounts 

In this section, two different kind of active-passive mounts will be compared : the 

parallel active-passive mount and the opposed active-passive mount as defined in 
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section 1.3. In the first case, the active control forces act both on the raft and on the 

cylinder whereas they act only on the cylinder in the second case. The two configurations 

are shown in Figure 4. 

Figures 69 through 88 show the behavior of these two methods for different kind of 

active control, i.e. control in one or several directions of radiation and control of the 

displacements at the location of the mounts. In this section the coupled plate-cylinder 

system has 8 active passive mounts and is excited by a point force disturbance located at 

the point of coordinates (x = L, /10, y= w, /10) on the plate. 

Figures 69 and 70 show the radiation of the two systems at 242 Hz, the resonance 

frequency of the mode (2,2). In both cases, the radiation is controlled in the direction 

6@=110°, but the opposed system requires more control effort. The control in two 

directions, Figures 71 and 72 or three directions, Figures 73 and 74 show the same 

behavior. 

Off-resonance, at 350 Hz, Figures 75 and 76, the opposed system does not require 

more control effort than the parallel system to perform the control in the direction 

6 = 103°. The only difference between the results of the two cases is a small variation in 

the amplitude and phase of the forces in the two systems. When Active Vibration Control 

(see section 3.3.) is applied to the displacement at the location of the mounts, Figures 77 

and 78, the opposed system requires slightly less control effort than the parallel system. 

The amplitude and phase of the control forces are different for the two system although 

they perform the control with the same efficiency. 

On resonance, at 516 Hz the performance of the opposed system is now comparable 

to that of the parallel system. The control efficiency is the same and so is the control effort 

for the control in the direction 9 = 90°, Figures 79 and 80. As for the off-resonance case, 

the control of the displacement at the mounts location, Figures 81 and 82, requires less 
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effort with the opposed system. In fact, several modes are contributing to the radiation at 

516 Hz (recall the modal decomposition of Figures 46 and 47) as for the off-resonance 

cases ; therefore the system, at this frequency, behaves like the off-resonance case. 

At low frequency, 180 Hz, resonance frequency of the mode (1,1), the two systems 

have comparable performances in term of control efficiency and control effort for 

minimization of the sound pressure in the direction @=90°, Figures 83 and 84. The 

Opposed system requires more control effort than the parallel system (3.212 N as 

compared to 3.204 N) for minimization of the radiation in the four directions @ = 30°, 

@ = 70°, @=110° and 6 = 150°, Figures 85 and 86. However, this difference is very small 

compared to on-resonance cases at higher frequencies (Figures 69 and 70 or 71 and 72, 

for example). 

Off-resonance, at low frequency (220 Hz), the contro] in one direction (@ =112°), 

Figures 87 and 88, or in four directions (@ =30°, 86=70°, @=110° and @=150°%), 

Figures 89 and 90, give approximately the same results for the parallel and the opposed 

active-passive mounts configurations. 

These results are consistent with the analysis of Nelson et al. [35]. They compared the 

performances of parallel and opposed passive-active isolator on a simple two-degree of 

freedom model. Results showed that the opposed active-passive mounts performances 

compared well to those of the parallel] mounts off-resonance and at low frequencies, but 

required much more control effort on-resonance. Simulations on the coupled plate- 

cylinder system showed that control using opposed mounts was as efficient as control 

using parallel mounts off-resonance (350 Hz and 495 Hz) and at low frequencies (180 Hz 

and 220 Hz), but had larger control forces on-resonance (242 Hz). 
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3.5. Control of the radiation by minimization of radiating components 

associated with circumferential modes 

This section presents simulations of the radiation of the coupled plate-cylinder system 

in the far-field when the pressure sound radiated is controlled by minimizing the radiating 

components associated with circumferential modes. This approach was defined in 

section II.6.5. 

The cost function is calculated as the sum of the contributions of all the modes of 

circumferential order n,,n,,...n, which contribute the most to the radiation in the 

direction @, i.e. the modes which have a high radiation efficiency. The cost function can 

take in account one or several circumferential modes 7. 

The coupled plate-cylinder system has 8 active passive mounts and is excited by a 

point force disturbance located at the point of coordinates (x = L, /10, y= w, /10) on the 

plate. 

At 516 Hz, resonance frequency of the modes (5,4) and (4,5), two modes contribute 

significantly to the radiation when the system is not controlled as shown in Figure 91 : the 

mode (2,1) and the mode (5,4). The bar graph shows the modal decomposition of the 

pressure radiated by the system in a selected direction @, first for the uncontrolled system, 

then for the system controlled minimizing selected components. Minimizing the 

contribution of components associated with the circumferential mode number of order 1 to 

the acoustic pressure radiated in the direction @= 60° cancels the contribution of the 

mode (2,1). The corresponding radiation plot is shown in Figure 92. This plots show the 

radiation of the system before and after control of the selected components, which are 

designated by their associated circumferential mode number n. The dash-dotted line 

indicates the direction @ of pressure minimization. The plot is similar to that obtained 
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when all the components were minimized in that direction, Figure 44. The modal 

decomposition of Figures 46 and 47 showed that the contribution of the mode (2,1) was 

significantly reduced. If the contribution of the components associated with the 

circumferential mode number of order4 is minimized, Figure 91 shows that the 

contribution of mode (5,4) is significantly reduced and Figure 93 shows the corresponding 

radiation plot. Again, the plot is similar to that obtained when all the components were 

minimized in the direction @ = 90°, Figure 45, and the modal decomposition of Figures 46 

and 47 showed that the contribution of the mode (5,4) was canceled after control. 

This shows that there are different ways of controlling selected modes. They can be 

canceled using selected components in the evaluation of the cost function. They can also 

be controlled by minimizing the pressure field in a direction corresponding to a maximum 

contribution from this particular mode. 

Finally, minimizing both components of order 1 and 4 yield total radiation control 

(not shown). 

At 180 Hz, resonance frequency of the mode (1,1), the radiation is dominated by the 

modes (1,1) and (2,3) as shown by the modal decomposition of Figure 94. When the 

contribution of components of order n=1 is minimized, Figure 95, the radiation is not 

very significantly reduced globally. However, the modal decomposition has changed as 

shown in Figure 94. The mode (1,1) has been reduced by 30 dB. The longitudinal modes 

of order m=1 do no longer radiate whereas those with longitudinal modes of order m= 2 

radiate more than before control. Minimizing the contribution of components of order 

n = 3, Figure 96, does not yield to significant change in the radiation level, but changes the 

modal distribution. In this case, the longitudinal modes of order m=1 radiate more than 

before control. Finally, minimizing both components corresponding to n=1 and n=3, 
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Figure 97, yields almost total control of the radiation from the coupled plate-cylinder 

system in the far-field. 

Minimizing selected components does not necessarily yield significant reduction in the 

radiation level. However, minimizing simultaneously all the components contributing 

significantly to the radiation ensures total control. 

The radiation at 242 Hz, resonance frequency of the mode (2,2), has a main 

contribution from this mode but also a significant contribution from modes (1,4), (2,3) and 

(3,4) as seen in Figure 98. Minimizing components of order n=2, Figure 99, or n=3, 

Figure 100, yield significant global control of the pressure field, but minimizing 

components of order n=4, Figure 101, does not yield any reduction of the radiation. 

However, minimizing the contribution of the modes n=2 and n =3 simultaneously, Figure 

102 does not yield total control. Total control is obtained only for minimization of the 

contribution from the three modes n=2, n=3 andn=4. 

As in the case of radiation at 180 Hz, even if the minimization of the components 

associated with n=4 seem to yield no reduction, they must be included in the cost 

function in order to get total control of the pressure radiated. 

Modal decomposition of the radiation from the system excited off-resonance at 

495 Hz, Figure 103, shows a dominant mode (2,1) and also contribution from the mode 

(2,6). This figure also shows that minimizing the contribution of the modes of 

circumferential order n=1 in the direction @ = 83° yield almost total control of all the 

modes. However, Figure 104 shows that the radiation is only canceled in that particular 

direction and not over the whole pressure field. In Figure 105, the component of order 

n= 6 is minimized. The control yields global reduction. Minimization of the cost function 

evaluated with both modes of circumferential order n =1 and n=6 yields total control of 

the radiation from the structure. 
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Finally, minimizing the pressure radiated in the far-field by selected components 

associated with circumferential mode numbers is a good way to ensure total radiation 

control over the pressure field. However, it requires knowledge of which modes 

contribute significantly to the radiation. As discussed in section II.6.5., evaluating the 

derivative of Hankel function in Equation (73) for the pressure radiated in the far-field 

enables one to see which circumferential modes are likely to radiate significantly. Modal 

decomposition of the radiation shows the relative amplitude of the modes. However, it is 

possible that the calculations could be computed in a direction where a major radiating 

mode has a notch, and thus give no information about the contribution of this particular 

mode. Nevertheless, once the significant modes are identified, this approach provides 

good global control, both on and off-resonance, and for any frequency. 
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Chapter IV 

Conclusions 

The purpose of this work was to show that control of the acoustic radiation from a 

coupled plate-cylinder system using active-passive mounts is theoretically feasible. A 

mathematical description for the sound pressure radiated by the system in the far-field was 

derived for a point force applied to the transmitting structure (the rigid plate). The 

pressure at selected points of the sound field was given primarily as a function of the 

disturbance on the plate and the control forces in the active-passive mounts. 

The coupling was first studied by varying the parameters having an influence on the 

transmission of vibrations from the transmitting structure to the receiving structure (the 

cylinder), i.e. the location of the active-passive mounts on the two structures, the number 

of the mounts and the location of the disturbance on the transmitting structure. Significant 

results were found and discussed : 

¢ The larger the number of active-passive mounts between the two structures, the 

more cylinder modes are excited for a given disturbance. 

- The coupling with the plate was shown to yield a high level of radiation off- 

resonance, whereas the radiation of an uncoupled cylinder has high peaks on- 

resonance and a low level of radiation off-resonance. 

* The location of the mounts both on the plate and on the cylindrical shell has a 

dramatic influence on the radiation from the latter structure since some 

configurations will favor the excitation of particular modes. 
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¢ The location of the disturbance on the plate has an influence on the global level of 

radiation. A disturbance close to the center of the plate will yield a relatively low 

radiated pressure level, whereas a disturbance close to the edges of the plate will 

yield higher radiation level. Also, changing the location yields a change in the 

directivity pattern by placing more energy in some particular mounts and thus 

exciting some regions of the cylindrical shell more than others. 

The characteristics of the different components of the system where then discussed 

along with their influence on the cylindrical shell radiation, showing that : 

¢ The lighter the transmitting structure, the more the system radiates. However, the 

weight of the plate does not have any influence on the directivity pattern. 

¢ The stiffness of the passive component in the mounts has an effect on the radiation 

level. The stiffer the mounts, the higher the radiation level. 

° Increasing the damping ratio in the mounts yields a global reduction of the sound 

pressure level at low frequencies. At higher frequencies, however, the radiation is 

increased. Therefore, the passive isolation technique has a limited range of 

application. 

¢ Different thickness ratio of the cylindrical shell yield different radiation patterns. 

The resonance frequencies are changed and also the modes do not appear in the 

same order ; thinner shells having a lower fundamental frequency. 

Finally, different control approaches were compared in terms of the attenuation of the 

acoustic field as well as in terms of the control effort. It was found that : 

* The control effort is lower when a large number of mounts is used to control the 

radiation, and also directive control can be enhanced more accurately. 

84



Active Structural Acoustic Control (ASAC) approaches give good results in terms 

of reducing the radiation. Total pressure control can be achieved in one selected 

direction @ of the sound field using the control forces in the active-passive mounts. 

However, this approach often yields spillover in other uncontrolled regions of the 

pressure field. 

Control of the radiation in several directions yields good results. When control is 

performed in a large number of directions, the pressure field is totally minimized. 

Control of the radiation by minimization of radiating components associated with 

circumferential modes yield good results. This approach enables to obtain total 

control by minimizing all the modes that radiate significantly. However, it requires 

that these mode be identified (either by modal decomposition of the radiation or by 

inspecting the Hankel derivative in the relation for the pressure in the far-field) in 

order to perform the control. 

The Active Vibration Control (AVC) approach gives results comparable to those 

of ASAC when the control forces and the passive components of the mounts are 

perfectly collocated. In that particular case, it yields total control over the pressure 

field. However, if the control forces are applied at a slightly different location than 

that of the passive mounts, the results of ASAC are almost unchanged whereas 

AVC yield global but not total control. In other words, the overall controlled 

sound pressure level is reduced. The performances of AVC are therefore highly 

dependent on the active-passive mounts collocation. Moreover, the AVC approach 

does not allow to perform easily directional control of the radiation whereas 

ASAC does. 

Parallel and opposed active-passive mounts configuration yield comparable 

results off-resonance, but the latter requires a much higher control effort than the 
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former to control the radiation when the cylinder is driven on-resonance. At low 

frequency, however, the opposed configuration gives slightly better results. 

Finally, the Active Structural Acoustic Control approach is to be preferred to the 

Active Vibration Control approach in our case because the quantity to be minimized is the 

pressure in the far-field, and also directional control is a very efficient mean of controlling 

the radiation. Moreover, the active-passive mounts cannot be strictly collocated in 

practice. The parallel active-passive mounts configuration is also more suitable than the 

opposed configuration since it will require less effort. 
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Chapter V 

Recommended Future Work 

The following investigations could be interesting extensions of this work : 

¢ This study considered a system composed of a rigid plate mounted inside a 

cylinder of finite length. Considering an elastic plate would be very interesting 

since it would allow a more complicated type of coupling where the resonance 

frequencies of the coupled system could be different from the resonance 

frequencies of the cylindrical shell. 

+ The active-passive mounts were considered to apply only vertical forces (in the 

direction of the z-axis of the plate coordinate system, Figure 2). Considering all the 

possible forces and moments at the two ends of each active-passive (as in [1]) 

mounts would yield more realistic results. 
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Figure 1 : Coupled raft-cylinder system 
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Figure 2 : Coordinate system of the plate 
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Figure 3 : Coordinate system of the cylinder 
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Figure 4 : Parallel and opposed active-passive mounts configurations 
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Figure 5 : Forces in the mounts : tangential and radial components 
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Figure 7 : Location of the mounts on the plate for the 4 mount system 
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Figure 8 : Location of the mounts on the plate for the 6 mount system 
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Figure 9 : Location of the mounts on the plate for the 8 mount system 
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Figure 10 : Radiation of the coupled system with 8 mounts, at 242 Hz 
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Figure 11 : Modal decomposition of the coupled system with 8 mounts at 242 Hz in 

the direction @ = 70° 
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Figure 12 : Radiation of the coupled system with 6 mounts, at 242 Hz 
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Figure 13 : Modal decomposition of the coupled system with 6 mounts at 242 Hz in 

the direction @ = 70° 
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Figure 14 : Radiation of the coupled system with 4 mounts, at 242 Hz 
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Figure 15 : Modal decomposition of the coupled system with 4 mounts at 242 Hz in 

the direction @ = 70° 
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Figure 16: Sound pressure levels radiated by the cylinder at @ = 45° 
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Figure 17: Sound pressure levels radiated by the coupled plate-cylinder system at 

@ = 45° 
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Figure 18 : Sound pressure levels radiated by the cylinder at @ = 60° 
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Figure 19 : Sound pressure levels radiated by the coupled plate-cylinder system at 

6 = 60° 
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Figure 20 : Sound pressure levels radiated by the cylinder at @ = 90° 
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6 = 90° 
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Figure 22 : Radiation of the system with 6 mounts (layout A) at 303 Hz 
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Figure 23 : Modal decomposition of the system with 6 mounts (layout A) at 303 Hz, 

in the direction @ = 120° 
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Figure 24 : Radiation of the system with 6 mounts (layout B), at 303 Hz 
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Figure 25 : Modal decomposition of the system with 6 mounts (layout B) at 303 Hz, 

in the direction @ = 120° 
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Figure 26 : Radiation of the system with 6 mounts (layout C), at 303 Hz 
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Figure 27 : Modal decomposition of the system with 6 mounts (layout C) at 303 Hz, 

in the direction @ = 120° 
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Figure 28 : Influence of the circumferential coordinate of the mounts location at 

303 Hz: @ = 22 /3 ----- 9 =30/4 -+,6=40/5 
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Figure 29 : Influence of the circumferential coordinate of the mounts location at 

242 Hz: @ = 27 /3 ----- 9 =30/4 +9 =40/5 - 
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Figure 30 : Influence of the circumferential coordinate of the mounts location at 

516 Hz: @= 27/3 ----- 9 =30 (4 5G = 40/5 = - 
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Figure 31 : Influence of the circumferential coordinate of the mounts location at 

420 Hz: @ = 27 /3 ----- 0 = 30/4 9 =471/5 ---- - 
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Figure 32 : Influence of the location of the disturbance on the plate at 242 Hz: 

(x,y) =(L, /3,w, /3) -----, (L, /5,w, /5) +--+, (L, /10,w, /10) ------ 
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Figure 33 : Influence of the location of the disturbance on the plate at 303 Hz: 

(x,y) =(-L, /3,w, /3) ----- , (LZ, /3,w, (3), (L, /5,w, 1/5) += 

117



radiation angle 

180     
60 30 30 60 

Sound Pressure Level (dB) 

Figure 34 : Influence of the thickness of the raft at 280 Hz: 
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Figure 35 : Influence of the stiffness in the passive mounts at 280 Hz: 
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Figure 36 : Influence of the damping ratio at 242 Hz: 
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Figure 37 : Influence of the damping ratio at 303 Hz 

71 =.1904 ----- , 1=.9519 -----, 7 =.09519 .-.-.- 
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Figure 38 : Influence of the damping ratio at 1020 Hz 

7 =.6409 ----- , 7 =3.204 «----, 7 =.3204 ------ 
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Figure 39 : Influence of the damping ratio at 220 Hz 

71 =.1382 ----- , 1 =.6912 -----, 7 =.06912 ------ 
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Figure 40 : Influence of the thickness ratio at 303 Hz 

h. /r,=.005 ----- ,h, /r,=.003 -----, h, /r_=.004 ------ 
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Frequency: # ~~ F. control: F. mounts (u): F. mounts (c): 

1 0.3136 (-4.111} 1.803 (-0.07883) 0.3611 (1.481) 

242 2 0.2657 (2.052) 1.876 (-0.4565) 0.3858 (-23.67) 
Effort: 3 0.3068 (-6.521) 0.9425 (0.1028) 0.3281 (1.995) 

ort. 4 0.2736 (3.197) 1.032 (0.7741) 0.394 (9.175) 
0.8293 5 0.2745 (2.186) 1,783 (-0.1612) a2189 (1.383) 

. 6 0.3247 (-4.113) 1.842 (-0.3943) 0.2771 (-2.918) 
7 0.3068 (6.521) 0.9425 (0.1028) 0.3281 (1.995) 
8 0.2736 (3.197) 1.032 (0.7741) 0.394 (9.175) 

Figure 41 : Radiation of the system with 8 mounts at 242 Hz: no control ----- , control 

at 8 = 60° ----. - 
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Freq uency: # F. control F. mounts (u): F. mounts (c): 

1 03629 (2705 2 (0.6038) 05809 —(1.182) 
242 2 06862 (1.277) 1.53 (0.4008) 0.287 (1.528) 
Effort: 3 0.4751 (5.022) 0.3431 (5.373) 0.3628 (3.258) 

ort. 4 0.6822 (1.427) ‘1.928 (0.5863) 0.4313 —«(1.267) 
4.294 5 0.3909 (2.23) 1.584 (0.4413) 0.2864 (0.5064) 

‘ 6 0.4771 (2692) 02494 (5.374) 0.2363 (87.94) 

Figure 42 : Radiation of the system with 6 mounts at 242 Hz: no control -----, control 

at 8 = 60° .-.-- - 
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Ort. 4 05353 (2.258) 1.595 (0.4459) 0.3858 _—(-0.1756) 
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Figure 43 : Radiation of the system with 4 mounts at 242 Hz: no control ----- , contro] 

at 0 = 60° --.-.- 
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Frequency: # ~— F. control: F. mounts (u): F. mounts (c): 

1 0.02476 = (-15.99) 0.2044 (2.383) 0.2076 (2.935) 
516 2 0.4313 (0.6723) 0.06192 (1.886) 0.05755 = (1.844) 
Effort: 3 0.08318 (3089) 01379 (2427) 0.14 (2.295) 

. 4 0.06131 (2658) 0.009333 (1.851) 0.01308 (-3.048) 
0.2335 5 0.05206 (10.37) 0.1826 (2.36) 0.1802 (2.448) 

. 6 0.1123 (0.4513) 0.08352 (2.049) 0.08509 (1.833) 
7 0.08318 (3.089) 0.1379 (2.427) 0.14 (2.295) 
8 0.06131 {2.658) 0.009333 (-1.651) 0.01308 (-3.048) 

Figure 44 : Radiation of the system with 8 mounts at 516 Hz: no control ----- , control 

at 8 = 60° --.-- - 
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Frequency: # F. control: F. mounts (u): F. mounts (c): 

1 007901 (3235) 02044 (2.383) 02084 (2.252) 
516 2 0.07893 (3.103) 0.06192 (1.886) 0.06247 (1.914) 
Eff rt: 3 0.02351 (1.252) 0.1379 (2.427) 0.1413 (2.324) 

ort. 4 0.0225 (1.214) 0.009333 (-1.851) 0.009921 (-2.362) 
0.1648 5 0.07928 (3.276) 0.1826 (2.36) 0.1867 (2.218) 

. 6 0.07821 (3.141) 0.08352 (2.049) 0.08417 (2.069) 
7 0.02351 (1.252) 01379 (2.427) 0.1413 (2,324) 
8 00225 (1.214) 0.009333 (-1.851) 0.009921 (-2.362) 

Figure 45 : Radiation of the system with 8 mounts at 516 Hz: no control ----- , control 
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Figure 46 : Modal decomposition of the sound pressure radiated by the system at the 

point of coordinates (R =10m,6@ =122°,¢ =0) 
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Figure 47 : Modal decomposition of the sound pressure radiated by the system at the 

point of coordinates (R = 10m, @ = 98°, @ = 0). 
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Frequency: # F. control: F. mounts (u): F. monats (c): 

1 05841 (437 2354 (-4274) 1383 (9.188) 
87 2 01162 (2057) 1.344 (-3.48) 0.6392 (4.026) 
Effort: 3 0.4423 (4.859) 2.19 (-4884) 1.305 (13.66) 

ort: 4 0.09594 (201.3) ‘1.685 (-4496) 0.9331 (8.782) 
1.058 5 0.5841 (-4.372) 1.39 (7.532) 2.259 (-731) 

. 6 01162 (2.054) 2408 (10.03) 3.011 (-10.26) 
7 04423 (-4.859) 219 (-4884) 1.305 (-13.66) 
8 0.09594 (201.3) 1.685 (-4.496) 0.9331 (-8.782)     
  

Figure 48 : Control of the radiation at 87 Hz in one direction, 6 = 90° 
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Frequency: # F. control: F. mowats (n): F. monants (c): 

1 01148 (1371) 0.2044 «= (2.383) 02065 s(2.256) 
516 2 0.01253 (1.524) 0.06192 (1.886) 0.05606 (2.044) 
Effort: 30,1021 +=» (4.093) 0.1379 (2.427) «0.1409 (2.209) 

ort: 4 01022 (3311) 0.009333. (-1.851) 0.01411 —(-6.06) 
0.2744 5 0.1373 (1.747) 0.1826 (2.36) 0.1788 (2.302) 

, 6 0.0376 (5.047) 0.08352 (2.049) —«s-0.08388 == (2.044) 
7 01021 (4.093) -0.1379=Ss (2.427) = 0.1409 (2.209) 
8 0.1022 (3311) 0.009333 (1.851) 0.01411 (6.06)     
  

Figure 49 : Control of the radiation at 516 Hz in two directions 
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Freq uency: # ~~ F. control: F. mounts (u): F. mounts (c): 

1 0.1328 (1.255) 0.2061 (2558) 02198 (2.245) 
516 2 0.04088 (0.2213) 0.06129 (1.855) 0,06353_—s«(1.725) 
Effort: 3 0.1439 (-18.44) 01394 (2.737) 0.1501 (2.336) 

: 4 0.08169 ~—(-0.04267) 0.005661 (6121) 0.008463 (3.768) 
0.3161 5 0.1545 (1.6) 0.1844 (2583) 01918 (2277) 

: 6 0.04488 (0.4501) 0.08283 (2.025) 0.09148 —(1.828) 
7 0.1439 (18.44) 0.1394 (2737) 0.1501 (2.336) 
8 0.08169 (-0.04267) 0.005661 (6.121) 0.008463 (.3.768)     
  

Figure 50 : Control of the radiation at 516 Hz in three directions 
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Frequency: # F. control: F. mounts (s): FE. mounts (c): 

1 0.1814 (1.884) 0.2044 (2.383) 0.2188 (2.102) 
516 2 0.09801 (2.422) 0.06192 (1.886) 0.06038 (1.842) 
Effort: 30.1492 (2.085) 0.1379 (2.427) 0.1492 (2.085) 

ort: 4 0.01436 = (-5.017) 0.009333. (-1.851) 0.01436 ~— (5.017) 
0.3755 5 0.2244 (2.38) 0.1826 (2.36) 0.1865 (2.173) 

. 6 0.05668 (1.22) 0.08352 (2.049) 0.09275 (1.827) 
7 0.1492 (2.085) 0.1379 (2.427) 0.1492 (2.085) 
8 0.01436 (-5.017) 0.009333. -1.851) 0.01436 —s(-5.017)       

Figure 51 : Control of the radiation at 516 Hz in four directions 
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180 

radiation angle 

  

  

0 = 90° 
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, ~~ \. Hy fs ” 
ee ~ wn x. 7 - 7 

s Nigh? 

30 15 15 30 
Sound Pressure Level (dB) 

Frequency: #  ¥F. control F. mowats (s): F. mounts (c): 

10,0487 (1.375) 0.05184 (1.46) 0.05291 (1.411) 
1020 2 0.01612 (1.398) 001197 (1.279) 0.01193 (1.255) 
Effort: 3 0.03659 (1.441) 0.03583 (1.486) 0.03659 (1.441) 

ort. 4 0.004344 (1.665) 0.004042 (1.919) 0.004344 (1.665) 
0.09015 5 0.05082 (1.463) 0.04614 (1.457) 0.0466 (1.428) 

. 6 0.01409 (1.127) 0.01766 (1.342) 0.01824 (1.267) 
7 0.03659 = (1.441) 0.03583 (1.486) 0.03659 (1.441) 
8 0.004344 (1.665) 0.004042 (1.919) 0.004344 (1.665) 

Figure 52 : Control of the radiation at 1020 Hz in four directions 
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radiation angle 

    
  

180 0 

30 15 Sound Pressure Level (dB) 15 30 

Frequency: # F. control: F. mounts (a): F. mounts (c): 

1 0.263 (2.721) 0.3158 (3.775) 0.3521 (3.252) 
303 2 0.1921 (3.804) 0.109 (2.832) 0.1028 (2.555) 

Effort: 3 0.2385 (3.428) 0.2096 (4.05) 0.2385 (3.428) 
ort: 4 0.01294 (-4.208) 0.007696 (0.07717) 0.01294 (-4.208) 

0.6111 5 0.384 (3.925) 0.2834 (3.749) 0.2939 (3.445) 
. 6 0.07616 (1.296) 0.1412 (3.079) 0.1611 (2.6) 

7 0.2385 (3.428) 0.2096 (4.05) 0.2385 (3.428) 

8 0.01294 (-4.208) 0.007696 (0.07717) 0.01294 = (-4.208)     
  

Figure 53 : Active Vibration Control at the location of the mounts at 303 Hz 
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radiation angle 

6 = 90° 

  

  

  

180 0 

30 15 Sound Pressure Level (dB) 15 30 

Frequency: # F. control: F. mounts (»): F. mounts (c): 

1 0.2629 (2.721) 0.3158 (3.775) 0.3521 (3.252) 
303 2 0.1922 (3.804) 0.109 (2.832) 0.1028 (2.555) 
Effort: 30.2385 (3.428) 0.2096 (4.05) 0.2385 (3.428) 

ort. 4 0.01291 =~ (-4.193) 0.007696 (0.07717) 0.01294 (-4.209) 
0.611 5 0.3839 (3.925) 0.2834 (3.749) 0.2939 (3.446) 

. 6 0.07617 (1.296) 0.1412 (3.079) 0.1611 (2.6) 
7 0.2385 (3.428) 0.2096 (4.05) 0.2385 (3.428) 
8 0.01291 (4.193) 0.007696 (0.07717) 0.01294 —_(-4.209)     
  

Figure 54 : Active Structural Acoustic Control in four directions at 303 Hz 
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radiation angle 

@ = 90° 

    
  

  

180 2 : 0 
30 15 Sound Pressure Level (dB) 15 30 

Frequency: # F. control: F. mounts (nu): F. mounts (c): 

1 0.2542 (2.705) s«O.3158 = (3.775) «03532 (3.245) 
303 2 0.19 (3.788) 0.109 (2.832) 0.104 (2.547) 
Effort: 30.2494 (3.416) 0.2096 ~—- (4.05) 0.239 (3.422) 

ort. 4 0.01145 (-2.683) 0.007696 (0.07717) 0.01242 ~—(-3.634) 
0.6086 5S 03731 (3.927) 0.2834 (3.749) 0.2952 (3.434) 

, 6 0.07605 (1.308) 0.8422 (3.079) «0.1622 (2.593) 
7 0.2494 (3.416) 0.2096 ~—S (4.05) 0.239 (3.422) 
8 0.01145 —(-2.683) 0.007696 (0.07717) 0.01242 ~— (3.634)     
  

Figure 55 : Active Vibration Control close to the location of the mounts ( 0.2% 

error) at 303 Hz 
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radiation angle 

    
  

180 

30 15 Sound Pressure Level (dB) 15 30 

Frequency: # F. coatrel: F. meunts (a): F. mownts (c): 

1 0.2455 (2.689) 0.3158 (3.775) 0.3542 (3.237) 
303 2 0.1881 (3.774) 0.109 (2.832) 0.1053 (2.538) 
Effort: 3 0.2603 (3.405) 0.2096 (4.05) 0.2394 (3.417) 

ort: 4 G.01035 (-1.837) 0.007696 (0.07717) 0.01192 (-3.18) 
0.607 5 0.3624 (3.931) 0.2834 (3.749) 0.2964 (3.423) 

‘ 6 0.0758 (1.317) 0.1412 (3.079) 0.1632 (2.587) 
7 0.2603 (3.405) 0.2096 (4.05) 0.2394 (3.417) 

8 0.01035 (-1.837) 0.007696 (0.07717) 0.01192 (-3.16)     
  

Figure 56 : Active Vibration Control close to the location of the mounts ( 0.5% 

error) at 303 Hz 
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radiation angle 

a OOS 
6=90° 

180 
    20 

Sound pressure level (dB) 
  

Freq uency: # F. coatrol: F. mounts (u): F. mounts (c): 

1 0.1802 (2.507) 0.3155 (3.779) 0.3597 (3.192) 
303 2 0.1747 (3.88) 0.1088 (2.836) 0.112 (2.48) 
Effort: 3 0.3413 (3.309) 0.2095 (4.052) 02419 (3.382) 

: 4 0.01957 (0.8522) «0.007699 (0.08113) 0.009747 (-1.523) 
0.6232 5 0.2959 (4.099) 0.2831 (3.753) 0.3031 (3.355) 

6 0.06389 = (1.191) 0.141 (3.083) 0.1687 (2.546) 
7 0.3413 (3.309) 0.2095 (4.052) 0.2419 (3.382) 
8 0.01957 (0.8522) 0.007699 (0.08113) 0.009747 (-1.523)     
  

Figure 57 : Active Vibration Control close to the location of the mounts ( 2% error) 

at 303 Hz 
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180 

radiation angle 

aS 
6 =90° 

  

  

  

50 25 Sound Pressure Level (dB) 25 50 

Frequency: # F. coatrel: F. mounts (»): F. mounts (c): 

1 0.3557 (1.599) 0.6271 (7.164) 0.672 (2.618) 
242 2 0.5289 (3.768) 0.2799 (15.7) 0.2045 (1.909) 
Effort: 30.4535 (2.937) 0.4005 (8.043) 0.4535 (2.937) 

ort: 4 0.02819 = (-1.39) 0.05571  (-4.062) 0.0282 (-1.39) 
1.257 5 0.8641 (3.577) 0.5706 (7.749) 0.5352 (2.878) 

, 6 0.1174 (-0.2086) 0.3361 (11.34) 0.3413 (2.037) 
7 0.4535 (2.937) 0.4005 (8.043) 0.4535 (2.937) 

8 0.02819 = (-1.39) 0.05571 (-4.062) 0.0282 (-1.39)     
  

Figure 58 : Active Vibration Control at the location of the mounts at 242 Hz 
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180 

radiation angle 

    
  

50 25 50 
Sound Pressure Level (dB) 

Frequency: # F. control: F. mowats (3): F, monats (c): 

1 0.3557 (1.601) 0.6271 (7.164) 0.6719 (2.618) 
242 2 0.5287 (3.762) 0.2799 (15.7) 0.2044 (1.908) 
Effort: 3 0.4534 (2.935) 0.4005 (8.043) 0.4535 (2.937) 

ort: 4 0.02807. (-1.385) 0.05571 (-4.062) 0.02822 (-1.391) 
1.257 5 0.8641 (3.58) 0.5706 (7.749) 0.5352 (2.877) 

. 6 0.1175 (0.2095) 0.3361 (11.34) 0.3413 (2.037) 
7 0.4534 (2.935) 0.4005 (8.043) 0.4535 (2.937) 
8 0.02807 (1.385) 0.05571 (4.062) 0.02822 (-1.391)     
  

Figure 59 : Active Structural Acoustic Control in four directions at 242 Hz 
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radiation angle 

  
  

  

180 shyt 

50 25 25 50 
Sound Pressure Level (dB) 

Freq uency: # F. control: F. mounts (u): F. mounts (c): 

1 0.3427 (1.569) 0.6271 (7.164) 0.6764 (2.604) 
242 2 0.5285 (3.753) 0.2799 (15.7) 0.209 (1.907) 
Effort: 3 0.4753 (2.91) 0.4005 (8.043) 0.4557 (2.925) 

ort: 4 0.02676 (-0.9322) 0.05571 (-4.062) 0.02722 (-1.192) 

1.258 5 0.8471 (3.595) 0.5706 (7.749) 0.5397 (2.86) 
‘ 6 0.1169 (-0.1787) 0.3361 (11.34) 0.3458 (2.031) 

7 0.4753 (2.91) 0.4005 (8.043) 0.4557 (2.925) 
8 0.02676 (-0.9322) 0.05571 (-4.062) 0.02722 (-1.192)       

Figure 60 : Active Vibration Control close to the location of the mounts ( 0.2% 

error) at 242 Hz 
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radiation angle 

aN 
6 = 90° 

180 
  

Sound Pressure Level (dB) 
  
  

Frequency: # — F. contre: 
1 0.3292 (1.536) 

242 2 0.5285 (3.741) 
. 3 0.497 (2.884) Effort: 4 0.02655 (-0.6115) 

5 0.8301 (3.616) 
1.259 6 0.1165 {-0.1522) 

7 0.497 (2.884) 
8 0.02655 (-0.6115)   

F. mounts (a): 

0.6271 (7.164) 
0.2799 (15.7) 

0.4005 (8.043) 
0.05571 (-4.062) 
0.5706 (7.749) 

0.3361 (11.34) 
0.4005 {8.043) 
0.05571 (-4.062) 

F. mounts (c): 

0.6807 {2.591} 

0.2135 (4.905) 

0.4578 (2.913) 

0.02643 (-1.018) 

0.544 (2.843) 

0.3502 (2.025) 

0.4578 (2.913) 

0.02643 {-1.018)   
  

Figure 61 : Active Vibration Control close to the location of the mounts ( 0.5% 

error) at 242 Hz 
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radiation angle 

aS 

6 = 90° 

  

  

  

180 

60 30 Sound Pressure Level (dB) 60 

Frequency: * F. control: F. mownts (8): F. mounts (c): 

1 1.196 (-2.37) 3.558 (0.3294) 0.5355 (0.4849) 
180 2 0.8751 (2.356) 3.277 (0.2481) 0.5794 (-2.945) 
Effort: 30.4479 (0.9654) 1.877 (0.5035) 0.4479 (0.9654) 

ort: 4 0.4744 (-50.96) ‘1.615 (0.1967) 0.4744 (-50.97) 
3.026 5 1.614 (2.154) 3.485 (0.3195) 0.3805 (0.4871) 

, 6 1.872 (5.698) 3.332 (0.2666) 0.575 (-1.453) 
7 0.4479 (0.9654) 1.877 (0.5035) 0.4479 (0.9654) 
8 0.4744 (-50.96) 1.615 (0.1967) 0.4744 (-50.97)     
  

Figure 62 : Active Vibration Control at the location of the mounts at 180 Hz 
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180 

radiation angle 

6 = 90 ° 

  

  

  

60 0 60 
30 Sound Pressure Level (dB) 3 

Frequency: # F. control: F. mounts (a): F, menants (c): 

1 1.194 (-2.37) 3.558 (0.3294) 0.5355 (0.4856) 
180 2 0873 (2.356) 3.277 (0.2481) 0.5792 (-2.946) 
Effort: 3 0.4476 (0.9634) 1.877 (0.5035) 0.4479 (0.9663) 

ort: 4 0.4732 (48.55) 1.615 (0.1967) 0.4744 (-51.26) 
3.024 5 1.614 (2.156) 3.485 (0.3195) 0.3805 (0.4878) 

, 6 1.872 (-5.713) 3.332 (0.2666) 0.5747 (-1.453) 
7 0.4476 (0.9634) 1.877 (0.5035) 0.4479 (0.9663) 
8 0.4732 (-48.55) 1.615 (0.1967) 0.4744 (-51.26)     
  

Figure 63 : Active Structural Acoustic Control in four directions at 180 Hz 
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radiation angle 

aS 
6 = 90° 

  

  

  

180 . 0 

60 30 30 60 
Sound Pressure Level (dB) 

Freq uency; * F. control: F. mounts (ms): F. mounts (c): 

1 1.226 (-2.453) 3.558 (0.3294) 0.5393 (0.4522) 
180 2 =: 0.8983 (2.34) 3.277 (0.2481) 0.5891 (-2.848} 
Effort: 3 0.4643 (0.9211) 1.877 (0.5035) 0.4469 (0.9296) 

ort. 4 0.4968 (-29.6) 1,615 (0.1967) 0.4773 {-36.6) 

3.054 5 1.605 (2.161) 3.485 (0.3195) 0.3843 (0.4515) 

. 6 1.875 (-5.585) 3.332 (0.2666) 0.5894 (-1.437) 
7 0.4643 (0.9211) 1.877 (0.5035) 0.4469 (0.9296) 
8 0.4968 (-29.6) 1.615 (0.1967) 0.4773 (-36.6)     
  

Figure 64 : Active Vibration Control close to the location of the mounts ( 0.2% 

error) at 180 Hz 
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180 

radiation angle 

am OS 
6 = 90° 

  

  

10 

  

20 10 Sound Pressure Level (dB) 20 

Frequency: # F. control: F. mounts (u): F. mounts (c): 

1 0.09439 (2.628) 0.1019 (2.9) 0.1063 (2.752) 

495 2 0.03778 (2.808) 0.02575 (2.456) 0.02592 (2.397) 

Effort: 3 0.07323 (2.794) 0.06979 (2.964) 0.07323 (2.794) 
ort: 4 0.007207 = (4.508) 0.006079 = (6.405) 0.007207 (4.508) 

0.1812 5 0.1044 (2.933) 0.09081 (2.893) 0.09248 (2.814) 

. 6 0.02799 (1.987) 0.03681 (2.594) 0.03972 (2.4) 
7 0.07323 (2.794) 0.06979 (2.964) 0.07323 (2.794) 

8 0.007207 (4.508) 0.006079 = (6.405) 0.007207 = (4.508)     
  

Figure 65 : Active Vibration Control at the location of the mounts at 495 Hz 
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radiation angle 

  
  

  

N, a 
N, 7 

‘. 7 
N, 7 

~“ . . . “ 

~ . . 

. oa: 

180 

20 
20 10 Sound Pressure Level (dB) 10 

Frequency: # F. coatrol: F. mounts (a): F. mounts (c): 

1 0.09438 (2628) 0.1019 (2.9) 0.1063 (2.752) 
495 2 0.03776 —- (2,808) 0.02575 (2.456) 0.02592 (2.396) 
Effort: 3 0.07323 (2.794) 0.06979 (2.964) 0.07323 (2.794) 

ort. 4 0.007203 (4.509) 0.006079 (6.405) 0.007206 (4.508) 
0.1812 5 0.1044 (2.933) 0.09081 (2.893) 0.09248 (2.814) 

. 6 0.02798 (1.986) 0.03681 (2.594) 0.03972 (2.4) 
7 0.07323 (2.794) 0.06979 (2.964) 0.07323 (2.794) 
8 0.007203 (4.509) 0.006079 (6.405) 0.007206 (4.508)     
  

Figure 66 : Active Structural Acoustic Control in four directions at 495 Hz 
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radiation angle 

a 

6 = 90° 

180 
    10 

  

20 10 
Sound Pressure Level (dB) 

  

Frequency: # F. coutrol: F. mounts (w): F. mounts (c): 

1 0.09108 (26) 0.1019 (2.9) 0.1063 (2.75) 
495 2 0.03718 (2722) 0.02575 = (2.456) «0.02604 ~— (2.39) 
Effort: 3 0.07609 = (2.794) 0.06979 (2.964) 0.07325 (2.792 

. 4 0.007269 (4.649) 0.006079 (6.405) «0.007137 (4.585) 
0.1797 5 0.1008 (2.904) 0.09081 (2.893) 0.0926 (2.811) 

. 6 0.02773 (1.935) 0.03681 += (2.594) 0.0398 (2.396) 
7 0.07609 = (2.794) «0.06979 (2.964) «0.07325 (2.792) 
8 0.007269 (4.649) 0.006079 (6.405) «0.007137 (4.585)     
  

Figure 67 : Active Vibration Control close to the location of the mounts ( 1% error) 

at 495 Hz 
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radiation angle 

    
  

180 

20 10 10 20 
Sound Pressure Level (dB) 

Frequency: # F. comtrol: F. mounts (m): F. mouats (c): 

1 0.0369 (2.356) 0.1019 (2.9) 0.1064 (2.761) 
495 2 0.04845 (2.226) 0.02575 (2.456) 0.02721 (2.347) 
Effort: 3 0.09949 = (2.954) 0.06979 (2.964) 0.07302 (2.812) 

ort: 4 0.003618 + (-0.5844) 0.006079 (6.405) «0.00633 (6.035) 
0.1649 5 0.04457 (2.906) 0.09081 (2.893) 0.09316 (2.816) 

’ 6 0.04108 (1.822) 0.03681 (2.594) 0.04048 (2.377) 
7 0.0999 = (2.954) 0.06979 (2.964) 0.07302 (2.812) 
8 0.003618 (-0.5844) 0.006079 (6.405) 0.00633 (6.035)       

Figure 68 : Active Vibration Control close to the location of the mounts ( 3% error) 

at 495 Hz 
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180 

radiation angle 

6 = 90° 

  

  

  

Bo 40 Sound Pressure Level (dB) 4° 80 

Frequency: # ~— F. control: F. mounts (u): F. mounts (c): 

1 OS28 (-4.121) 8896 (0.1223) 0.5071 (1.193) 
242 2 0.4694 (3.318) 8.933 (0.1412) 0.2894 (2.078) 
Effort: 3 05023 (6596) 4464 (0.1167) 0.4201 (1.713) 

: 4 0.4691 (4857) 4.475 = (-0.2216) 0.297. (-28.1) 
1.386 5 04634 (345) 8.891 (0.1267) 0.3609 —(1.157) 

6 0S187 (3.886) 8927 (0.1382) 0.2506 (0.6787) 
7 0.8023 (6596) 4464 (0.1167) 0.4201 (1.713) 
8 04691 (4857) 4475 (0.2216) 0.207 = (25.1)     
  

Figure 69 : Parallel system with 8 mounts, 242 Hz, control at @ = 132° 
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180 

radiation angle 

6 =90° 

  

  

  

80 40 40 80 
Sound Pressure Level (dB) 

Frequency: # ~~ F. control: F. mounts (u): F. mounts (c): 

1 1.465 (-1.181) 8.896 (0.1223) 1.211 (0.05717) 
242 2 1.212 (0.8516) 8.933 (0.1412) 0.8192 (0.3866) 
Effort: 3 1.264 (-1.855) 4.464 (-0.1167} 0.771 (0.3007) 

. 4 1,099 (1.283) 4.475 (-0.2216) 0.3282 = (-0.5402) 
3.565 5 1.162 (0.8722) 9.891 (-0.1267) 0.8606 (0.09276) 

. 6 1.46 (-1.107) 8,927 (0.1382) 1.157 (-0.2728) 
7 1.264 (-1.855) 4.464 (-0.1167) 0.771 (0.3007) 
8 ‘1.099 (1.283) 4.475 (-0.2216) 03262 (-0.5402)     
  

Figure 70 : Opposed system with 8 mounts, 242 Hz, control at @ = 132° 
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180 

radiation angle 

6 = 90° 

  

  

  

80 40 40 80 
Sound Pressure Level (dB) 

Frequency: # F. control: F. mounts (u): F. mounts (c): 

1 1,301 (-1.359) 8.896 (0.1223) 0.4122 (0.4522) 
242 2 0.9326 (-3.377) 8.933 (0.1412) 0.4136 (5.623) 
Effort: 3 0.294 (-2.952) 4.464 (-0.1167) 0.3516 (0.8557) 

‘ 4 0.2392 (0.8852) 4.475 (0.2216) 0.3518 (7.742) 
1.854 5 0.5673 (0.5426) 8.891 (-0.1267) 0.2735 (0.3727) 

. 6 0.5166 (5.354) 8.927 (-0.1382) 0.3817 (-1.71) 
7 0,284 (-2.952) 4.464 {-0.1167) 0.3516 (0.8557) 
8 0.2392 (0.8852) 4,475 (-0.2216) 0.3518 {7.742)       

Figure 71 : Parallel system with 8 mounts, 242 Hz, control in 2 directions 
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180 

radiation angle 

    
  

80 40 40 80 
Sound Pressure Level (dB) 

Frequency: # ~~ F. control: F. mounts (u): F. mounts (c): 
1 2.699 (-0.7882) 8.896 (0.1223) 1.459 {-0.1955) 

242 2 1.664 (1.855) 6.933 (0.1412) 0.9212 (0.6335) 
Effort: 3 1.038 (-0.8643) 4.464 (-0.1167) 0.897 (-0.002067) 

. 4 0.7324 (08228) 4.475 (-0.2216) 0.3277 = (-1.046) 
4.108 5 1.446 (0.2546) 8.891 (-0.1267) 1.007 (-0.193) 

. 6 1,226 (-1.34) 8,927 (-0.1382) 1.35 (-0.4596) 
7 1.038 (-0.8643) 4.464 {-0.1167) 0.897 {-0.002067) 

8 0.7324 (0.5228) 4.475 {-0.2216} 0.3277 {-1.046)     
  

Figure 72 : Opposed system with 8 mounts, 242 Hz, control in 2 directions 
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180 

radiation angle 

    
  

80 40 40 80 
Sound Pressure Level (dB) 

Frequency: # ~=-F. control: F. mounts (u): F. mounts (c): 

1 1.358 (-2.364) 8.896 (0.1223) 0.5723 ——(-0.1838) 
242 2 0.455 (1.209) 8.933 (-0.1412) 0.858 (-4.833) 
Effort: 3 0.438 (0.305) 4.464 (-0.1167} 0.4081 (0.3442) 

ort: 4 06133 (396.6) 4.475 (0.2216) 0.6091 (17.14) 
3.033 5 1.271 (1.573) 8.891 (0.1267) 0.409 (-0.1302) 

6 2.098 (-8.858) 8.927 (-0.1382) 0.9462 (2.417) 
7 0.438 (0.305) 4.464 (0.1167) 0.4081 (0.3442) 
8 06133 (-396.6) 4.475 (0.2216) 0.6091 —« (17.14)     
  

Figure 73 : Parallel system with 8 mounts, 242 Hz, control in 3 directions 
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180 

radiation angle 

    
  

Sound Pressure Level (dB) 

Frequency: # ~~ F. control: F. mounts (u): F. mounts (c): 

1 2567 (-0.7698) 8.896 (-0.1223) 1.927 (-0.2833) 
242 2 =: 1.296 (0.4668) 8.933 (0.1412) 1.385 (-0.8544) 
Effort: 3 ‘1.288 (0.1444) 4.464 (-0.1167) 1.144 (-0.09255) 

ort: 4 07375 (1.529) 4.475 (-0.2216) 0.6045 —(-2.18) 
5.071 5 1.988 (0.6045) 8.891 (-0.1267) 1.333 (-0.2433) 

, 6 3.015 (1.111) 8.927 (-0.1382) 1.951 (-0.6116) 
7 1.288 (-0.1444) 4.464 (-0.1167) 1.144 (-0.09255) 
8 0.7375 (1.529) 4.475 (-0.2216) 0.6045 = (-2.16)     
  

Figure 74 : Opposed system with 8 mounts, 242 Hz, control in 3 directions 
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180 

radiation angle 

    
  

40 20 Sound Pressure Level (dB) 20 40 

Frequency: # =~ F. control: F. mounts (u): F. mounts (c): 

1 0.2944 (0.8976) 0.5847 (3.208) 0.5696 (3.631) 
350 2 0.2148 (2.203) 0.3813 (3092) 0.3813 (4.041) 
Effort: 3 0.09779 (0.1934) 0.3438 (3.487) 0.3391 (3.847) 

: 4 032006 (1.344) O14 (2932) 0122 (4.261) 
0.71 5 0.3532 (1.23) 0.5127 (3.197) 0.4785 — (3.876) 

’ 6 0.1475 (-1.304) 0.4532 (3163) 0.4416 (3.747) 
7 0.09779 (-0.1934) 0.3438 (3.487) 0.3391 (3.847) 
8 0.3206 (1.344) 0.141 (2.932) 0.122 (4.261)     
  

Figure 75 : Parallel system with 8 mounts, 350 Hz, control at @ = 103° 
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180 

radiation angle 

0 = 90° 

  

  

  

40 20 Sound Pressure Level (dB) 20 40 

Frequency: # ~~ F. control: F. mounts (u): F. mounts (c}: 
1 0.2944 (08977) 0.5847 (3.208) 0.5698 (3.632) 

350 2 02148 (2.203) 03813 (3092) 0.3513 (4.041) 
Effort: 3 0.09777 (-0.1938) 0.3438 (3487) 0.3392 (3.844) 

: 4 0.3206 (1.344) 0.141 (2.932) 0.122 (4.258) 
0.71 5 0.3532 (1.23) 05127 (3197) 0.4795 (3.877) 

‘ 6 0.1475 {-1.304) 0.4532 (3.163) 0.4416 (3.747) 

7 0.09777 (-0.1939) 0.3438 (3487) 0.3392 (3.844) 
8 0.3206 (1.344) 0.141 (2932) 0.122 (4.258)     
  

Figure 76 : Opposed system with 8 mounts, 350 Hz, control at @ =103° 
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radiation angle 

a 

6 = 90° 

    
  

  

180 

40 20 Sound Pressure Level (dB) 20 40 

Frequency: # ~~ F. control: F. mounts (u): F. mounts (c): 

1 0.4745 (2.619) 0.5847 (3.208) 0.6154 (2.963) 
350 2 0.5023 (3.61) 0.3813 (3.092) 0.3604 (3.123) 
Effort: 3 0.3714 (3.158) 0.3438 (3.487) 0.3714 (3.158) 

ort: 4 0.1165 (3.184) 0.141 (2.932) 0.1165 (3.184) 
1.143 5 0.6447 (3.461) 0.5127 (3.197) 0.5026 (3.163) 

‘ 6 0.333 (2.405) 0.4532 (3.163) 0.4732 (2.947) 
7 0.3714 (3.158) 0.3438 (3.487) 0.3714 (3.158) 
8 0.1165 (3.184) 0.141 (2.932) 0.1165 (3.184)     
  

Figure 77: Parallel system with 8 mounts, 350 Hz, control of the displacement at the 

location of the mounts 
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radiation angle 

  

  

  

180 

40 20 ; 20 40 
Sound Pressure Level (dB) 

Frequency: # ~~ F. control: F. mounts (u): F. mounts (c): 

1 0.5487 (3.202) 0.5847 (3.208) 0.6239 (2.999) 
350 2 0.4175 (3.127) 0.3813 (3.092) 0.3707 (3.156) 
Effort: 3 0.3432 (3.487) 0.3438 (3.487) 0.3752 (3.205) 

ort: 40,1401 (2.935) 0.141 (2.932) 0.1221 (3.216) 
1.107 5 0.5487 (3.202) 0.5127 (3.197) 0.5115 (3.201) 

‘ 6 0.4175 (3.127) 0.4532 (3.163) 0.4832 (2.981) 
7 0.3432 (3.487) 0.3438 (3.487) 0.3752 (3.205) 
8 0.1401 (2.935) 0.141 (2.932) 0.1221 (3.216)     
  

Figure 78: Opposed system with 8 mounts, 350 Hz, control of the displacement at the 

location of the mounts 
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radiation angle 

    
  

180 

30 15 30 
Sound Pressure Level (dB) 

Frequency: # F. control F. mounts (u): F. mounts (c): 

1 0.08057 (3.67) 0.2061 (2558) 0.2104 (2.412) 
S16 2 0.08051 (3.501) 0.06123 (1.855) 0.06175 (1.884) 
Effort: 3 0.02393 (1.344) 0.1394 (2737) 0.1429 (2.611) 

ort: 4 0.02291 (1.302) 0.005661 (-6.121) 0.006512 (-18.32) 
0.168 5 0.08086 (3.721) 0.1844 (2553) 0.1686 (2.304) 

, 6 0.0808 (3.548) 0.08263 (2025) 0.08345 (2.046) 
7 0.02303 (1.344) 01304 (2737) 0.1429 (2.611) 
® 0.02201 (1.302) 0.005661 (6.121) 0.006512 (-18.32)     
  

Figure 79 : Parallel system with 8 mounts, 516 Hz, control in 1 direction, @ = 90° 
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radiation angle 

    
  

180 

30 15 15 30 
Sound Pressure Level (dB) 

Frequency: # F. control: F. mounts (u): F. mounts (c): 

1 0.08052 (3.661) 0.2061 (2558) 0.2103 (2.41) 
516 2 0.08045 (3.496) 0.06123-(1.855) —«0.06177_—(1.885) 
Effort: 3 0.02396 (1.341) 0.1304 (2737) 0.1428 (2.609) 

ort: 4 0.02293 (1.209) 0.005661 (6.121) 0.006557 (-17.94) 
0.1679 5 0.08081 (3.713) 0.1844 (2553) 0.1885 (2.391) 

. 6 0.08073 (3544) 0.08283 (2025) 0.08348 (2.047) 
7 0.02396 (1341) 0.1994 (2737) 0.1428 (2.609) 
8 0.02293 (1.299) 0.005661 (-6.121}) 0.006557 (-17.94)     
  

Figure 80 : Opposed system with 8 mounts, 516 Hz, control in 1 direction, @ = 90° 
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radiation angle 

    
  

180 0 

30 15 Sound Pressure Level (dB) 15 30 

Frequency: # =~ F. control: F. mounts (u): F. mounts (c): 

1 0.183 (2.015} 0.2061 (2.558) 0.2208 (2.244) 

S16 2 0.09736 (2423) 0.06129 (1.855) 0.05959 (1.798) 
Effort: 3. 0.1508 (2.317) 0.1394 (2.737) 0.1508 (2.317) 

ort: 4 0.01148 (22.16) 0.005661 (-6.121) 0.01148 (22.16) 

0.3784 5 0.2266 (2.556) 0.1044 (2.553) 0.1884 (2.34) 
‘ 6 0.0561 (1.178) 0.08283 «= (2.025) 0.09213 (1.814) 

7 0.1508 (2.317) 0.1304 (2.737) 0.1508 (2.317) 
8 0.01148 (2216) 0.005661 (6.121) 0.01148 (22.16)     
  

Figure 81 : Parallel system with 8 mounts, 516 Hz, control of the displacement at the 

location of the mounts 
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radiation angle 

a 
6 = 90° 

  

  

  

180 

30 15 30 
1s Sound Pressure Level (dB) 

Frequency: # F. control: F. mounts (u): F. mounts (c): 

1 0.1944 (2.461) 0.2061 (2.558) 0.2226 (2.278) 

516 2 0.07237 (1.964) 0.06123. (1.855) «0.06222 (1.841) 
Eff rt: 3 0.1386 (2.574} 0.1304 (2.737) 0.1514 (2.383) 

ort. 4 0.007399 (-2.571) 0.005661 (-6.121) 0.01005 (-67.73) 

0.353 5 0.1944 (2461) 0.1844 (2553) 0.1906 (2.365) 
. 8 0.07237 (1.964) 0,08283 (2.025) 0.08429 (1.662) 

7 01386 (2574) 0.1394 (2737) 0.1514 (2.353) 
8 0.007399 (-2.571) 0.005661 (6.121) 0.01005 = (-67.73)     
  

Figure 82 : Opposed system with 8 mounts, 516 Hz, control of the displacement at 

the location of the mounts 
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radiation angle 

180 

6 =90° 

  

Sound Pressure Level (dB) 
  
  

F. control: 

0.2481 

0.4455 

0.4076 

Frequency: 

180 

Effort: 

1.173 0.2559 

0.4518 

0.4076 
0.5068 P

r
A
I
n
A
W
N
 

B
W
 

& 

‘
 

  

(3.916) 
(7.958) 
(5.202) 
(6.752) 
(3.327) 
(6.531) 
(5.202) 
(6.752) 

F. mounts (s): 

3.358 

3.277 

1.877 
1.615 

3.485 

3.332 
1.877 

1.615 

(0.3294) 
(0.2481) 
(0.5035) 
(0.1967) 
(0.3195) 
(0.2666) 
(0.5035) 
(0.1967) 

F, mounts (c): 

5.179 

4.732 
2.742 

2.298 

3.112 
4.787 
2.742 
2.298 

(0.2412) 
(0.2017) 
(0.378) 
(0.1868) 
(0.2383) 
(0.2087) 
(0.378) 
(0.1868)   

  

Figure 83 : Parallel system with 8 mounts, 180 Hz, control in the direction 6 = 90° 
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radiation angle 

6=90° 

  

  

  

180 

60 30 Sound Pressure Level (dB) 30 60 

Frequency: # F. control: F. mounts (#): F. mounts (c): 

1 0.2548 (2.49) 3.558 (0.3294) 5.048 (0.2566) 
180 2 0.4373 (7.409) 3.277 (0.2481) 4.543 (0.2239) 
Effort: 3 0.4057 (3.804) 1.877 (0.5035) 2.684 (0.4025) 

ort: 4 0.4985 (5.786) «1.615 (0.1967) 2.179 (0.2263) 
1.16 5 0.2612 (2.246) 3.485 (0.3195) 4.971 (0.2546) 

. 6 0.4411 (6.197) 3.332 (0.2666) 4.609 (0.2296) 
7 0.4057 (3.804) 1.877 (0.5035) 2.684 (0.4025) 
8 0.4985 (5.786) 1.615 (0.1967) 2.179 (0.2263)     
  

Figure 84 : Opposed system with 8 mounts, 180 Hz, control in the direction @ = 90° 
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180 

radiation angle 

6 = 90° 

  

  

  

60 30 Sound Pressure Level (dB) 30 60 

Frequency: # F. control: F. mounts (u): F. mounts (c): 

1 1.194 (-2.37) 3.558 (0.3294) 0.5355 (0.4856) 
180 2 0.873 (2.356) 3.277 (0.2481) 0.5792 (-2.946) 
Effort: 3 0.4476 (0.9634) 1.877 (0.5035) 0.4479 (0.9663) 

: 4 0.4732 (-48.55) 1.615 (0.1967) 0.4744 (-51.26) 
3.024 5 1.614 (2.156) 3.485 (0.3195) 0.3805 (0.4878) 

. 6 1.872 (5.713) 3.332 (0.2666) 0.5747 (-1.453) 
7 0.4476 (0.9634) 1.877 (0.5035) 0.4479 (0.9663) 
8 0.4732 (-48.55) 1.615 (0.1967) 0.4744 (-51.26)     
  

Figure 85 : Parallel system with 8 mounts, 180 Hz, control in four directions 
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radiation angle 

6 =90° 

  

  

  

180 0 

60 30 Sound Pressure Level (dB) 30 60 

Frequency: # ~~ F. coatrel: F. mosats (s): F. mounts (c): 
1 1.218 (3.637 «3.558 (0.3294) 0.6239 (0.4415) 

180 2 1.083 (1418) 3.277 (0.2481) 0.5486 —(-2.285) 
Effort: 3 0.5087 (0.803) 1.877 (0.5035) 0.5061 (0.8048) 

ort: 4 (0.4367 (17.38) 1.615 (0.1967) 0.4379 (-17.86) 
3.212 5 1.791 (1.396) 3.485 (0.3195) 0.4421 (0.4446) 

. 6 1.887 (-25.63) 3.332 (0.2666) 0.5706 (-1.101) 
7 0.5057 (0.803) 1.877 (0.5035) 0.5061 (0.8048) 
8 0.4367 (17.38) 1.615 (0.1967) 0.4379 (-17.86)     
  

Figure 86 : Opposed system with 8 mounts, 180 Hz, control in four directions 
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radiation angle 

    
  

180 

40 20 Sound Pressure Level (dB) 20 40 

Frequency: # F. control: F. mounts (u): F. mounts (c): 

i 0.0809 (2.706) 0.9135 (2.577) 0.5858 (10.01) 
220 2 0.6583 (1.443) 0.4936 (2.023) 0.107 (-2.28) 
Effort: 3 0.01533 (1.041) (0.5638 (3.169) 0.4165 (7.87) 

ort. 40.4754 (1.665) 0.1476 (1.366) 0.08613 (1.598) 
1.248 5S 0.7646 (5.16) 0.8414 (2.551) 0.4436 (-26.33) 

. 6 0.2823 (D477) 0.5644 (2.159) 0.2395 (9.077) 
7 0.01533 (1.041) 0.5638 (3.169) 0.4165 (7.87) 
8 0.4754 (1.665) 0.1476 (1.366) 0.08613 (1.598)   
  

Figure 87 : Parallel system with 8 mounts, 220 Hz, control in the direction @ = 112° 
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radiation angle 

      
  

180 

Sound Pressure Level (dB) 

Frequency: # F. control: F. mowats (a): F. monats (c): 

1 0.08684 = (2.829) 0.9135 (2.577) 0.5927 (9.486) 
220 2 0.663 (1.431) 0.4936 (2.023) 0.1106 (-2.557) 
Effort: 3 0.01967 (1.435) 0.5638 (3.169) 0.4209 (7.617) 

ort: 40.4775 (1.648) 0.1476 (1.366) 0.08309 — (1.598) 
1.256 5 0.7704 (5.133) 0.8414 (2.551) 0.4492 (-31.93) 

. 6 0.2846 (0.4573) 0.5644 (2.159) 0.2458 (8.182) 
7 0.01967 (1.435) 0.5638 (3.169) 0.4209 (7.617) 
8 0.4775 (1.648) 0.1476 (1.366) 0.08309 (1.598)     
  

Figure 88 : Opposed system with 8 mounts, 220 Hz, control in the direction @ =112° 

172



radiation angle 

      

  

  

~, . 
~, 2 

~~, 7 
s, . 

~ . ~ . , . a“ 

mL 

180 

40 20 40 
Sound Pressure Level (dB) 

Frequency: # F. coatrel: F. monnts (n): F. mossts (c): 

1 0.3142 (0.6184) 0.9135 (2.577) 0.8479 (2.068) 

220 2 0.8265 (3379) 0.4936 (2.023) 0.234 (1.255) 
Effort: 30.5799 (2.423) 0.5638 (3.169) 0.5799 (2.423) 

ort: 4 0.06475 (-2.066) 0.1476 (1.366) 0.06476 ~—_(-2.067) 
1.776 5 1.262 (3.035) 0.8414 (2.551) 0.6539 (2.308) 

’ 6 0.3124 (1.457) 0.5644 (2.159) 0.4259 (1.502) 
7 0.5799 (2.423) 0.5638 (3.169) 0.5799 (2.423) 
8 0.06475 (2.066) 0.1476 (1.366) 0.06476 — (2.067)     
  

Figure 89 : Parallel system with 8 mounts, 220 Hz, control in four directions 

173



180 

radiation angle 

      

40 20 

  

  

20 Sound Pressure Level (dB) 40 

Frequency: ” F. control F. mounts (3): F. mounts (c): 

1 0.3199 (0.6449) 0.9135 (2.577) 0.8535 (2.066) 

220 2 0.8279 (3.362) 0.4936 (2.023) 0.2378 (1,274) 

Effort: 30.832 (2.423) 0.5638 (3.169) 0.5832 (2.423) 
ort: 4 0.06308 = (-1.972) 0.1476 (1.366) 0.06309 (1.973) 

1.779 5 1.264 (3.021) 0.8414 (2.551) 0.6584 (2.309) 
. 6 0.3064 (-1.403) 0.5644 (2.159) 0.431 (1.512) 

7 0.5832 (2.423) 0.5638 (3.169) 0.5832 (2.423) 

8 0.06308  (-1.972) 0.1476 (1.366) 0.06309 ~—(-1.973)   
  

Figure 90 : Opposed system with 8 mounts, 220 Hz, control in four directions 
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Figure 91: System with 8 mounts, 516 Hz, modal decomposition of the pressure in 

the direction @ = 83° 

[ |no control , if n=1 , 
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radiation angle 

8=90° 

  

  

  

180 0 

30 15 Sound Pressure Level (dB) 15 30 

Frequency: # F. control: F. mounts (u): F, mounts (c): 

1 0.04944 «= (1.541) (0.09379 (2.899) 0.09435 (2.869) 
516 2 0.05885 (6.124) 0.02333. «= (2.304) = s«<0.02213 (2.36) 
Effort: 3 0.03047 (6.645) «0.06446 (3.025) (0.065 (2.845) 

ort 4 0.03662 ~—«(1.617) —=—«0,008497 (3.013) «0.006903 (3.905) 
0.1273 5 0.05634 (1.839) «0.08362 (2.905) «0.08211 (2.956) 

' 6 0.05094 (5.272) 0.03348 (2454) 0.0344 (2.374) 
7 0.03047 (6.645) «(0.06446 = (3.025) 0.065 (2.845) 
8 0.03662 (1.617) «0.005497 (3.013) «0.006903 (3.905)     
  

Figure 92 : System with 8 mounts, 516 Hz, minimization of components associated 

with n=1 
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radiation angle 

8=90° 

  

  

  

180 0 

30 15 Sound Pressure Level (dB) 15 30 

Frequency: # F, control: F. mounts (u): F. mounts (c): 

1 0.05089 (5.165) 0.09379 (2.899) 0.0946 (2.726) 

516 2 0.03916 (6.534) 0.02333 (2.304) 0.02299 (2.414) 

Effort: 3 0.02885 Q..503) 0.06446 (3.025) 0.06519 (2.849) 
, 4 0.01313 (-7.115) 0.005497 = (3.013) 0.006324 = (3.404) 

0.1029 5 0.05271 (5.359) 0.08362 (2.905) 0.08395 (2.728) 

. 6 0.041 (6.853) 0.03348 (2.454) 0.03364 (2,507) 

7 0.02885 (1.503) 0.06446 (3.025) 0.06519 (2.849) 

8 0.01313 (-7.115) 0.005497 = (3.013) 0.006324 (3.404)   
    

Figure 93 : System with 8 mounts, 516 Hz, minimization of components associated 

with n=4 
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Figure 94 : System with 8 mounts, 180 Hz, modal decomposition of the pressure in 

the direction @ = 83° 

|_| no control , If n=1 , 
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radiation angle 

180 
  

60 30   
  

Sound Pressure Level (dB) 

Frequency: # F, control: F. mounts (u): F, mounts (c}: 

1 0.2441 (4.531) 3.558 (0.3294) $.169 (0.2445) 
180 2 0.4392 (9.67) 3.277 (0.2481) 4.72 (0.2064) 
Effort: 3 0.3985 (6.077) 1.877 (0.5035) 2.737 (0.3842) 

: 4 0.497 (8.054) 1.615 (0.1967) 2.292 (0.1962) 
1.146 5 0.2435 (3.209) 3.485 (0.3195) 5.101 (0.2417) 

. 6 0.4359 (6.546) 3.332 (0.2666) 4.776 (0.2131) 
7 0.3985 (6.077) 1.877 (0.5035) 2.737 (0.3842) 
8 0497 (8.054) 1.615 (0.1967) 2.292 (0.1962)     
  

Figure 95 : System with 8 mounts, 180 Hz, minimization of components associated 

with n=1 
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radiation angle 

  
  

  

180 

70 
70 35 Sound Pressure Level (dB) 35 

Frequency: # F. control: F. mounts (u): F. mounts (¢): 

1 0.4489 (-4.287) 3.558 (0.3294) 0.4046 (-3.11) 

180 2 0.5803 (3.895) 3.277 (0.2481) 0.2312 (2.204) 
Eff t: 3 0.4592 (-7.679) 1.877 (0.5035) 0.3518 (-4.145) 

ort: 4 0.5495 (5.357) 1.615 (0.1967) 0.2561 (8.595) 

1.484 5 0.6235 (4.696) 3.485 (0.3195) 0.3007 (-1.405) 
‘ 6 0.4983 (4.058) 3.332 (0.2666) 0.08176 (1.724) 

7 0.4592 (-7.679) 1.877 (8.5035) 0.3518 (4.145) 

8 0.5495 (5.357) 1.615 (0.1967) 0.2561 (8.595)     
  

Figure 96 : System with 8 mounts, 180 Hz, minimization of components associated 

with n=3 
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radiation angle 

8=90° 

  

  

  

180 0 

60 30 Sound Pressure Level (dB) 30 60 

Frequency : # F. control: F. mounts (u): F. mounts (c): 

1 0.4337 (-0.9215) 3.558 (0.3294) 0.5158 (0.7873) 
180 2 0.1703 (0.5693) 3.277 (0.2481) 0.535 (4.122) 
Effort: 30.2625 (0.1101) 1.877 (0.5035) 0.464 (1.329) 

ort: 4 0.1004 (-2.499) 1.615 (0.1967) 0.475 (34.66) 
711 § 1779 (2.671) 3.485 (0.3195) 0.367 (0.7861) 

’ 6 1.951 (-15.6) 3.332 (0.2666) 0.4838 (-1.749) 
70,2625 (0.1101) 1.877 (0.5035) 0.464 (1.329) 
8 0.1004 (-2.499) 1.615 (0.1967) 0.475 (34.66)     
  

Figure 97 : System with 8 mounts, 180 Hz, minimization of components associated 

with n=1 & 3 
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Figure 98 : System with 8 mounts, 242 Hz, modal decomposition of the pressure in 

the direction @ = 83° 

[_] no control , Jj n=2 
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radiation angle 

g9=90° 

  

  

  

180 0 

50 25 Sound Pressure Level (dB) 25 50 

Frequency: 4 F. control: 

1 0.2574 —‘(7.685) 
242 2 0.262 (7.976) 

. 3 0.1687 _— (7.672) 
Effort: 4 0.1729 (8.092) 

5 0.2574 (7.688) 
0.6217 6 0.262 (7.975) 

7 0.1687 —- (7.672) 
8 0.1729 (8.092)       

Figure 99 : System with 8 mounts, 242 Hz, minimization of components associated 

with n=2 
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radiation angle 

6=90° 

180 
    25 

Sound Pressure Level (dB) 

  

Frequency: # F. control: 

1 0.2395 (2.636) 
242 2 0.2449 (-2.549) 

. 3 0.1633 (2.857) Effort: 4 0.163 (-2.71} 
5 0.2395 (2.636) 0.5842 6 02449 (2.549) 
7 0.1633 (2.857) 
8 0.163 (-2.71)       

Figure 100 : System with 8 mounts, 242 Hz, minimization of components associated 

with n=3 
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radiation angle 

@=90° 

180 

  

  

$0 26 Sound Pressure Level (dB) 25 50 

  

Frequency: # =~ -F. control: F, mounts (u): F. mounts (c): 

1 0.1523 (1.193) 0.6271 (7.164) 0.6908 — (2.703) 
242 2 0.2224 (-0.1006) 0.2799 (15.7) 0.3149 (2.19) 
Effort: 3 0.2071 (0.7467) 0.4005 (8.043) 0.4414 (3.272) 

. 4 0.2407 (0.1395) 0.05571 (-4.062) 0.06583 = (1.498) 
0.5765 5 0.1904 (14.11) 0.5706 ~=—s- (7.749) «0.6227 —S (2.504) 

. 6 0.1475 (0.3846) 0.9361 (11.34) 0.9819 (2.623) 
7 0.2071 (0.7467) 0.4005 (8.043) 0.4414 (3.272) 
B 0.2407 (0.1395) 0.05571 (-4.062) 0.06583 = (1.498)     
  

Figure 101 : System with 8 mounts, 242 Hz, minimization of components associated 

with n=4 
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radiation angle 

6=90° 

  

  

  

180 0 

50 25 Sound Pressure Level (dB) 2s 50 

Frequency: # =~ F. control: F. mounte (u): F. mounts (c): 

1 04415 (2.292) 0.6271 (7.164) 0.5745 ~—« (2.963) 
242 2 0.2142 (3.245) 0.2799 (18.7) 0.1346 (1.93) 
Effort: 3 0.2084 (2.284) 0.4005 (8.043) _—=0.399 (3.268) 

: 4 0.2308 (6.78) 0.05571 (4.062) 0.04912 (-13.7) 
1 O86 6 0.8378 (3.943) 0.8706 (7.749) 0.4541 (3.247) 

. 6 0.2145 (-3.569) 0.3961 (11.34) 0.2549 ~~ (2.187) 
7 0.2054 (2.284) 0.4005 (8.043) 0,399 (3.268) 
8 0.2308 (6.78) 0.06571 (-4.062) 0.04912 (-13.7)       

Figure 102 : System with 8 mounts, 242 Hz, minimization of components associated 

with n=2 & 3 
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Figure 103 : System with 8 mounts, 495 Hz, modal decomposition of the pressure in 

the direction @ = 83° 

n=6 

  

[_|no control , Mf n=1, |. 
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radiation angle 

    
  

180 

Sound Pressure Level (dB) 

Frequency: # F. control: F, mounts (u): F, mounts (c): 

1 0.05292 (2.348) «0.1019 —s«(2.9) 0.1026 (2.832) 
495 2 0.0632 (5.034) «0.02575 = (2.456) «0.02407 =~ (2.4611) 
Effort: 3 0.03367 © (2.176) «(0.06979 (2.964) «0.07068 +=: (2876) 

ort 4 0.04348 = (5.37) 0.006079 (6.405) 0.007482 (4.421) 
0.1399 5 0.06182 (2.888) 0.09081 (2.893) «0.08898 + (2.888) 

. 6 0.0538 (4.074) 0.03681 (2.594) —«-0.0377-Ss«(2.485) 
7 0.03367 (2.176) «0.06979 (2.964) «0.07068 + (2.876) 
8 0.04348 (5.37) 0.006079 (6.405) 0.007482 (4.421)     
  

Figure 104 : System with 8 mounts, 495 Hz, minimization of components associated 

with n=1 
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radiation angle 

    
  

    
  

180 

20 10 Sound Pressure Level (dB) 10 

Frequency: # F. coutrel: F. mowats (u): F. mounts (c): 

1 0.03891 (3.273) 0.1019 (2.9) 0.1033 (2.661) 
495 2 0.04474 (-0,9484) 0.02575 (2.456) 0.02549 (1.978) 
Effort: 3 0.04166 (0.9251) 0.06979 (2.964) 0.07098 (2.734) 

ort: 4 0.04517 = (-0.3028) 0.006079 (6.405) 0.006943 (13.55) 
0.12 5S 0.04273 (5.319) 0.09081 (2.893) 0.09071 (2.584) 

, 6 0.03894 (-0.8969) 0.03681 (2.594) 0.03795 (2.314) 
7 0.04166 (0.9251) 0.06979 —_ (2.964) 0.07098 (2.734) 
8 0.04517 —_(-0.3028) 0.006079 (6.405) 0.006943 (13.55) 

Figure 105 : System with 8 mounts, 495 Hz, minimization of components associated 

with n=6 
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Tables 

Table 1: Specifications of the rigid plate 

  

  

  

  

  

  

      

L, 2m 

L, 1.1m 

h, 0.002 m 

E, 19.2e10 N/m? 

V, 0.3 

n, 1.5 % 

Pp 7800 kg/m3     
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Table 2 : Specifications of the elastic cylinder 

  

  

  

  

  

  

        

r. 0.7m 

h,/r, 0.05 

L. 1m 

E. 19.2e10 N/m2 

V. 0.3 

nN. 1.5 % 

p. 7 800 kg/m3 
  

L. is the half-length of the cylinder. The cylinder has a large radius compared to its 

length. 

The thickness of the shell is defined by the ratio h,/r. and the value 0.05 sets the 

limits of application of the thin shell theory. 

Note: the damping of the structure is included in Young's modulus E, = E,(1+ j7,), 

where 7), is the structural damping in the cylindrical shell. 
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Table 3: Natural frequencies (Hz) of the cylinder 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

n=0 n=1 

Qin Qs Qin Qin Qe Qn 

384.6 609.1 1204 179.9 906.3 1733 

769.3 1030 1424 467.7 1235 1956 

1103 1154 1997 708.6 1514 2373 

1119 1539 2630 870.6 1793 2907 

1128 1923 3273 968.5 2107 3492 

1138 2308 3919 1031 2449 4100 

n=2 n=3 

ae 02 a®) a2 02 a®) 
87.09 1484 2704 139.2 2146 3789 

241.5 1686 2888 196.3 2276 3934 

422.6 1932 3192 303.9 2462 4172 

587 2195 3597 431.2 2683 4493 

722.5 2475 4075 558.2 2930 4882 

831.2 2775 4601 676.9 3198 5325               
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Table 3: Natural frequencies (Hz) of the cylinder 

  

  

  

  

  

  

  

              

  

  

  

  

  

  

  

        

n=4 n=5 

Qin Qin Qn Qn Qin Qn 

254.3 2831 4916 407 3522 6063 

279.8 2923 5034 425.3 3593 6162 

334.9 3065 5227 461 3706 6324 

417.2 3246 5490 516.3 3855 6545 

516.3 3457 5814 589.8 4035 6821 

622.9 3692 6191 677.3 4240 7146 

n=6 

Qaim Qin Qh 

594.5 4217 7222 

610.9 4275 7306 

640.4 4368 7445 

684.5 4493 7635 

743.8 4647 7874 

817.2 4827 8158       

Note : Q® , Q® and Q© are the three resonance frequencies for each mode (m,n) 
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Table 4 : Sorted natural frequencies (Hz) of the cylinder 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Frequency m n Frequency m n 

87 1 2 587 4 2 

139 1 3 590 5 5 

180 1 1 594 1 6 

196 2 3 609 1 0 

242 2 2 611 2 6 

254 1 4 623 6 4 

280 2 4 640 3 6 

304 3 3 677 6 3 

335 3 4 677 6 5 

385 1 0 685 4 6 

407 1 5 709 3 1 

417 4 4 723 5 2 

423 3 2 732 7 4 

425 2 5 744 5 6 

431 4 3 769 2 0 

461 3 5 775 7 5 

468 2 1 786 7 3 

516 5 4 816 1 7 

516 4 5 817 6 6 

558 5 3 831 6 2             
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Table 4 : Sorted natural frequencies (Hz) of the cylinder 

  

  

  

  

  

  

  

  

  

  

                

Frequency n Frequency m n 

832 7 950 9 4 

841 4 952 5 7 

859 7 968 5 1 

871 1 985 9 3 

880 5 990 9 5 

888 3 998 8 2 

899 7 1000 8 6 

903 6 1017 6 7 

906 1 1030 2 0 

920 2 1031 6 1 
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Table 5 : Coordinates of the points of attachment of the 8 active-passive mounts on the 

  

  

  

          

cylinder 

@ zl z2 Z3 z4 

27/3 0.9 x L, 0.4L. 0.4 x L. 0.9x L, 

—2n /3 -0.9* 7 0.4 xL. 0.4xL, 0.9* LE     
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Table 6 : Coordinates of the points of attachment of the 8 active-passive mounts on the 

  

  

  

          

plate 

y x1 x2 x3 x4 

0.45xw, | -09xL, | -04xL, | 04xL, | 09%4e 

0.45xw, | -09*L | -04xL, | 04x, 0.9*L     
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Table 7 : Specifications of the passive mounts 

  

K 10° N/m 
  

      C 102 N.s 
  

Except where notified, the system has 8 active-passive mounts attached to the plate 

and to the cylinder as described in Tables 5 and 6: 
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Table 8: Configurations of the 6-mount system 

  

  

  

      

Configuration A: 

? 2 7) 43 

2a /3 —-0.9xL, 0 0.9x L, 

—2n /3 -~0.9xL, 0 0.9XL,     
  

Configuration B: 
  

  

  

    

d 2) 24 23 

20/3 -L, /3 0 L, /3 

27 /3 -L,/3 0 L, /3       
  

Configuration C: 
  

  

  

          

d Z, Zy 23 

2n 13 -L,/4 0 L,/4 

21 /3 -L,/4 0 L,/4 
  

were @ is the circumferential coordinate and z,, z, and z, the longitudinal coordinates of 

the points of attachment of the active-passive mounts on the cylinder. 
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Table 9: Cut-off frequencies of the circumferential modes 

  

  

  

  

  

  

n f, (Hz) 
2 45.2 

3 130.0 

4 245.0 

5 390.0 

6 561.5       
  

These frequencies are the cut-off frequencies of the circumferential modes in the case 

of an infinite cylinder. They give a rough estimation of whether the circumferential mode is 

propagating or not in the finite-length structure. The modes n =0 and n=1 propagate for 

all frequencies. 
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Appendix 1 

Orthogonality conditions of cylinder modes 

The two integrations (with respect to z and @) can be performed separately since 

they are totally independent. 

First, for the integration with respect to @: 

[" cos(ng)cos(g9)do =0 if n# p 

=[" cos*(n@)\dg = Cc csr lae =a if (n= p)#0(100) 

=27 if n= p=0 

which can be written in the following form: 

5*[" cos(ng)cos(qg)dp =6,, with e,=1 and &,,) =2 (101) 

The same kind of derivation shows that: 

+ [* sin(x@)sin(q9)d9 = 6, (102) 

Now, for the integration with respect to z: 
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[i coslk,, (z+L, )] cos{k, (z+L, ) az =0 if m#p 

= [i cos*[k, (2+ L)fe= S14 00s{ (2+ 2.) fe 
1 2L Me ~1 coi n( Mm _| if me = A 24 on sin( 2 @+2.)}} L, if m=p 

(103) 

  

Similarly, 

[i sin[k, (2+ 2, )]sin[k, (2+L,)fz = L, (104) 

Finally, the result of the double integral is: 

  Ee ZL. +f [i cos(ng)coslk,, (z+L,)|cos(q¢)cos[k, ( (z+L,) )egdz = 6 nq® mp 

= hn   cl, [i -sin(ng)sin[k,,( (z+L .)}sin(q¢)sin|k, ( (z+L,) ) gaz = Ong mp (105) 

    SEE , 7f. [i cos(ng) sin|k »(Z+L,)]cos(qo)sin|k, ( (z+L,) )agdz = 5 nq® mp 
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Appendix 2 

Hankel function derivative and large-argument 

asymptotic value 

The large-argument asymptotic value gives: 

a 1 a 

H (x)= (2) are ) foe x >> 0? 41 

therefore 

The derivative of Hankel function is evaluated as follow: 

For n #0, 

Hy? (x) = J,,(x) + JY, (%) 

H® (x) =F, (x)+ JY, (x) 
=F) -J.n)]+ 1524) -Yn@] 

= F118) + ¥1@))- FU) + Koa] 

=F [AY (x) -42,(2)] 

where J, (x) and Y (x) are Bessel's function of first and second kind respectively. 

(106) 

(107) 

(108) 
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For n=0, 

HO (x) = 4 [HO (x) - HP (®))= 5-H @)- APC) =-HP~@) (109) 
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Appendix 3 

Stationary phase approximation 

Starting from the expression of the pressure in spherical coordinates, 

pheno ght} REOOE (4 
  

  

w* a vn jefe ee 
P(R,8,) =?" _Y Py, (g)(-ie"* fF" _— “dy (110) 

(22*Rsin 8)? »=0"=0 (ky? -y7)' HO  (&,? -7*)*r, | 

Separating the modulus and the phase, the pressure integral can be written 

f=[ ye" ay (111) 

P(y) = 3 Sa(Y) 1 (112) 
(k,” _ y?)' H® (cs -¥°)'r. | 

W(y)= Al (ky - y?)? sin 0+ 00s (113) 

The derivative of the phase is 
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4 = _ysing o +cos@ 114 
Y (ky” ~y’) ( ) 

=0 for y=¥ =k, cos@ 

The second derivative is 

    

    

  

    

  

d? ; 1 Y Ty? Y(v) =—Rsin 0 prt > (115) 

Y (k, —7 ) (ka ~7 ) 

d* 1 ky” cos’ @ 1, cos*é R 
Wik =~—R —~ + = —R| — + | = - — | (116 

dy’ (ko cos) me E sn@  k,*sin°@ k, k,sin?@ ky sin? 

E(k, cos@ (ie, cos) = ——2n Ko ©089) (117) 
(k, sin @)* H® [k, sin @r, | 

The stationary-phase approximation is: 

le (22)? @(7)e _ (22)2é, (k, cos@)e 7" 
~ 1 ~ 1 

2w/a)\|2 3 2 
d ¥7) (k, sin 0)? H® [k, sin 6r, Fear] 
dy k, sin“ @ (118)   

  

(2n)2 E. (k, cos @)e ieee) 
~ T 

k, (sin 9)? [Aq sin Or, |R? 
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since the second derivative of the phase is negative, -7/4 is to be used in the 

approximation formula above. 

Finally, 

E. (k cosO)e Mee) 

H® Tie, sin 6] 
P(R6,0) = eres LV an OCD"   (119) 
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started a degree in Mechanical Engineering. In 1990, he went to Glasgow, in Scotland, for 

5 months as an exchange student. There he learnt "a wee bit" of English : enough to read a 

book on advanced vibrations, but at the end of his stay, he still had trouble with the 

Scottish accent when getting a beer in a pub. Back in France, his British friends made fun 

of his Scottish accent. In 1992, he landed in the United States, his briefcase full of French 

cheese, to attend school at Virginia Tech. He was taken to the mountains of Virginia by a 

Greyhound bus. Had the driver spoken Japanese, it would have been the same ; later on, 

he learned it was called the Southern accent. When the bus dropped his travel companions 

and him in a desolated tractor shop (the Greyhound bus station), they thought of going 

back. But Blacksburg turned out to be better than it had seemed first. Then, Eric first met 

his advisor. Having trouble with the Australian accent, he naively thought he could rely on 

his notes, but unfortunately his advisor's handwriting didn't make more sense either. After 

completing his Master of Science, he now understands the "Aussie" language as well as 

"Américain", but still, he has no idea of what the car mechanics says when he goes to the 

shop. Eric is now headed to Israel to do his military service as a research assistant at the 

University of the Negev. He was told that everybody speaks English in Israel, but from 

what he learned, he thinks he will be better off learning Hebrew. 
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