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Abstract 

An array of small, lightweight acoustic sources was investigated to determine how 

such an arrangement of sources would acoustically interact with a duct similar to that of a 

turbofan engine inlet. The sources were cylindrically curved aluminum panels excited in 

vibration by the application of a sinusoidally varying voltage to a piezoceramic actuator 

bonded to them. The finite element method was used as a design tool to size the panel 

based on desired vibration characteristics. A boundary element acoustic analysis was used 

to predict the acoustic output from various arrangements of sources. 

The central portion of the research was a series of experiments using an array of 

twelve sources arranged circumferentially in a duct. Measurements of the performance of 

each source revealed that the performance of the acoustic sources varied from source to 

source. This variation was assumed to have been caused by differences in the quality of 

the bond of each of the piezoceramic actuators to the panels. Directivity measurements 

were made in the far field. Measurements were also taken of the pressure field established 

in the duct cross-section. Modal decomposition was applied to the data. It was found 

that the dominant acoustic modes in the duct are those whose cut-on frequencies were 

near the frequency of excitation.
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CHAPTER 1 INTRODUCTION 

1.1 Purpose 

The purpose of this research was to investigate the performance of an array of 

compact, piezoelectrically driven sound sources and the duct in which they were mounted. 

The motivation for this work came from the desire to demonstrate that an array of sources 

of this type can serve as a secondary source for the active control of compressor noise in 

turbofan engines. Successful completion of this work will bring the application of active 

control to aircraft engine noise reduction one step closer to reality. Lightweight, 

dimensionally small actuators that are powerful enough to cancel the noise generated by a 

compressor are needed to fit within the size and weight restrictions placed on aircraft. 

Such an actuator was originally investigated by Dungan [1]. This work uses that concept 

as a Starting point in the design, construction, and development of the array. 

1.2 Background 

Control of noise from aircraft engines has been a concern since turbojets 

supplanted propellers as a means for aircraft propulsion. The ability of turbojets to power 

aircraft at higher speeds than propellers made them attractive and more economical for 

commercial use. As these power plants were placed on commercial aircraft, the noise 

levels to which the public was subjected increased [2]. Somewhat fortunately, the same 

desire for speed and fuel economy that drove propellers out of use drove turbojets out of 

use as well. Turbofan engines provided a more efficient means of propulsion. 

The lower jet velocity of a turbofan versus a turbojet results in lower jet sound 

levels. By Lighthill's analogy, the sound power of a jet is related to its velocity raised to



the eighth power [3]. Thus, any decrease in the velocity of the jet results in a significant 

decrease in the jet sound power. This reduction in sound from the jet results in the 

compressor being the dominant source of noise in a turbofan engine [3]. In addition, the 

high fan tip speed associated with high bypass ratio engines results in higher fan noise than 

in lower bypass ratio engines [4]. The mechanisms by which fan noise is generated are 

discussed in Chapter 2. 

1.3 Regulation 

AS noise became a recognized environmental problem, legislation was passed to 

limit the acoustic radiation from aircraft. In 1969, the United States Congress passed a 

law which resulted in Federal Aviation Regulation Part 36 (FAR 36) [5]. This law 

prescribes noise standards for certification of aircraft. No commercial aircraft can fly 

without passing the requirements set forth in this document. 

The noise limits are imposed in three increasingly stringent stages. Aircraft flying 

today must meet a combination of Stage 2 and Stage 3 requirements. Manufacturers are 

now designing aircraft to meet the Stage 3 requirements. The FAR 36 requirements are 

presented in graphical form in Figure 1.1(a, b, and c). FAR 36 sets forth noise 

requirements based on aircraft weight and number of engines. Sound is measured for both 

takeoff and approach conditions. Under the law, the maximum sound level permitted is 

106 EPNdB (Effective Perceived Noise Level) measured at a point 6500 m from the start 

of the take off roll for an aircraft weighing 850,000 pounds with more than three engines 

[5]. 

With regulations becoming increasingly strict, airlines are being required to modify 

or replace older aircraft to bring them into FAR 36 compliance. Retrofitted noise
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abatement systems, or “hush kits", are in place on several types of aircraft. These 

additions usually consist of passive liners or jet flow mixers. [6]. These kits enable airlines 

to fly older aircraft without facing immediate replacement due to increased noise 

standards. 

1.4 Noise Control 

Control of noise may be accomplished by either passive or active means, or a 

combination of the two. The basic principle of noise reduction is the creation of an 

impedance match between the fluid and the absorbing material to prevent sound wave 

reflections while absorbing the sound energy [7]. Prevention of reflection helps keep the 

sound from propagating through the enclosure, while absorption of energy prevents the 

transmission of the sound. 

Passive control is usually achieved with absorbing liners. The liners are generally 

made of a honeycomb material with one perforated face sheet and one solid face sheet. 

The liner is place with the perforated side facing the sound source [8]. By designing the 

perforations and the gap between the face sheets, the liner can be tuned to attenuate 

specific tones in the engine spectrum. Such liners are placed in the inlet, exhaust nozzle, 

and even in the combustor [9]. Passive treatment has resulted in reductions of up to 15 

dB in the fan blade passage frequency (BPF) tone [8]. Other means of passive control 

have resulted in reductions of jet noise. 

Since jet noise is caused by the interaction of hot, fast exhaust gas with the cool, 

still atmosphere, attempts to control it are based on mixing cooler, slower air with the 

exhaust [6]. Core and bypass streams are mixed in the exhaust nozzle of an engine 

lowering the average temperature and velocity of the jet. These reductions result in lower



shear forces along the boundary of the jet which results in lower sound levels. However, 

as much as passive control can accomplish, it does have a major limitation. 

A limitation to passive acoustic treatment of compressors and fans is the inability 

to control low frequency noise [7, 10]. The thickness of material needed to effectively 

attenuate a tone increases as frequency decreases. With weight and volume constraints on 

aircraft, a space and mass efficient system must be applied to control noise. Active 

control is a solution to this problem. 

The idea of active control of noise is simple, in theory. It is an application of 

Young's principle of interference [11]. The addition of inverse sound waves produces 

silence. The first stated application of this principle was made by P. Lueg in a German 

patent in 1933 [11]. The first work in the area was performed by Olson and May in 1953 

[10]. A simple inverting amplifier was used to generate the control signal for a loud 

speaker to cancel noise at a microphone. Variations of the microphone, amplifier, and 

loudspeaker used in this first research are still used today. An active noise control system 

requires a sensor to detect the sound to be controlled due to the primary source, a control 

system to determine the appropriate system response, and a secondary source to generate 

the signal used to cancel the sound of the primary source. Work is progressing on 

advanced sensors and controllers, and work has been performed in controlling the BPF 

from an actual engine [12]. A practical actuator has been investigated [1]. It is this 

actuator that forms the basis for this work. 

1.5 Overview 

The contents of this work presented in five categories; background information, 

design, analysis, experimentation, and discussion. This chapter and the one that follows



make up the background information. In Chapter 2, a review of past and present literature 

on the subjects of duct acoustics, sound generation in axial compressors, active control of 

sound, and piezoelectric actuators is presented. It is the goal of this chapter to provide the 

reader with an understanding of the basic concepts used in this work. It is also intended to 

give the reader an idea of the research that has been performed in these areas. Chapter 3 

describes the design of the source panels and the supporting structure. The purpose of 

this chapter is to give the reader a good overall understanding of how the experimental 

system was designed and constructed. Chapter 4 is a presentation of the analyses and 

predictions performed. The analyses are intended to be used in concert with the test 

results to explain the phenomena occurring in the system. Chapter 5 contains details of 

the tests performed in support of this work. The test setups are detailed and the 

procedures used are described. The data recorded during the test are also presented. 

Chapter 6 is a discussion of the results of the tests. It contains comparisons of tests and 

analyses as well as possible explanations for observed phenomena. Chapter 6 also 

contains a summary of the work performed and the conclusions reached from both 

experiments and analysis. Recommendations for future research are presented in this 

chapter.



CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

In this chapter a review of previous research performed in areas of concern for the 

active control of aircraft engine noise is presented. A review of the basic principles of 

duct acoustics is given to provide an understanding of the processes occurring in the 

propagation of sound in an aircraft engine inlet. The particular case of sound generated by 

an aircraft engine compressor is addressed next. Following this summary is a review of 

recent work in the area of active control of sound, particularly sound in ducts. Finally, a 

review is presented of the use of piezoelectric materials as actuators for active control. 

Highlighted in this review is the construction of a curved panel source of acoustic control. 

2.2 Duct Acoustics 

In the study of noise control in the inlet of an aircraft engine, it is vital to have an 

understanding of the processes by which sound propagates in a duct. Fortunately, this 

subject is one which has been studied for many years. Many textbooks [13, 14] and 

papers have covered the basic fundamentals of duct acoustics. A paper by Doak [15] 

provides excellent coverage of the case of sound propagation in a rigid-walled duct. 

Among the conclusions of this paper are that the duct sound field is critically sensitive to 

both duct mode structure and source position, and that the mean square pressure in 

relatively short ducts can be dominated by contributions from cut-off modes [15]. In 

reaching these conclusions, Doak provides a good explanation of basic duct acoustics. 

A good starting point for understanding the processes in a real duct is the ideal 

case of a rigid duct of infinite length with no mean flow. This duct is excited by a single



point source. The source is assumed to be a constant volume velocity source located at 

coordinates (x', y’, z'), somewhere in the duct cross-section. The duct is shown in Fig. 2.1. 

The rigid-wall boundary condition is implemented by setting the pressure gradient normal 

to the wall to zero at the wall. The infinite length assumption allows one to neglect the 

reflections which would be present from the terminations of the duct. In addition to these 

assumptions, a radiation condition applies. This condition requires that as z, the axial 

coordinate, approaches tee, the sound must appear to be coming from the source. These 

ideal assumptions allow the solution of the pressure equation. This equation, as given by 

Doak [15] is, 

1 0’p Q ; V2 ~— # e _ im _ +’ _ _ 9’ P~Zaa = Po 5, (Qe )3(x-x’) 8(y—y) 8(z-2’), (1) 
o 

where Q, is the volume velocity amplitude, @ is the forcing function frequency in radians 

per second, 6 is the Dirac delta function, and p, and c, are, respectively, the ambient 

density and the speed of sound in the medium. The wave number is defined as k = @/c.,. 

The solution to this equation is found via a linear superposition of contributions of each of 

the characteristic duct modes. The modes are complementary functions satisfying the 

homogeneous part of the acoustic pressure equation, Eq. 1, and can be written as (from 

reference 15) 

WV an (Xs y) [a,.e° rm + beter em l | (2) 

The y,,(x, y) are representations of the patterns of pressure nodes and antinodes unique 

to the duct geometry and occurring through the action of standing waves in the duct 

cross-section. These modes are subject to the boundary condition 

OY mi(%sY) _ 9 
1 (3) 
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Volume Velocity Source 

Figure 2.1 - Infinite Rigid Walled Duct 
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and the equation 

2 oO” 5 

ax? ays wm VW ma(X Y) = 0. (4) 

The characteristic wave numbers, x,,, are defined along with the axial wave number, k,_,, 

as comprising the overall wave number k 

=k +K?... (5) 

The overall pressure field in the duct is 2 summation of the contributions of all 

modes. Assuming the radiation condition, the solution is given (modified from [15]) as 

P= > PoCwn (OQ, /2A) Winn(X's¥') Winn (259) (6) 

where c,,, the characteristic mode speed, is equal to w/k,,, and yw. (x, y) is the complex 

conjugate of the mode shape yw, (x, y). The contribution of these modes is a function of 

the location of the source and the frequency of excitation [15]. 

A phenomenon known as "cut-on" limits the mode excitation [15]. By rewriting 

Eq. 5 as 

k, =k’ -K2,, (7) 

it can be seen that if xK,,, increases monotonically with modal order (7m, n), then a value of 

K,,, Will be reached that is greater than k. This condition results in a k,, that is imaginary. 

"Modes having imaginary axial wave numbers do not propagate as waves, but decay in an 

exponential fashion with axial distance from the source [15]." Such modes are "cut-off". 

The frequency of excitation for which k,, is real (or zero) is referred to as the "cut-on” 
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frequency. For values of @ above cx, the wave propagates. Modal cut-off does not, 

however, mean that the modes do not contribute to the overall pressure field. 

All modes, whether cut-off or cut-on, make a contribution to the mean square 

pressure averaged over the duct cross-section [15]. This statement is true even though 

cut-off modes contribute nothing to the mean acoustic power [15]. No contribution is 

made to the power because in cut-off waves, c,, is pure imaginary. With power defined as 

A r ni} Qo 
v=4nel PoCmnlY mn (X »y’) a (8) 

2 

  

  

the imaginary c,,, in cut-off modes yields no contribution. 

As well as defining power contributions, the characteristic mode speed is used in 

explaining the dispersion of waves. Morse and Ingard define a dispersive medium as one 

"in which the wave velocity is frequency dependent [13]." They also give the velocity of 

the n® mode in a rigid duct as 

Cc @ q=— =, (9) 
"ke fi-(cx,/o) 

where c, is the phase speed and is equal to c,,,, k, is the axial wave number equal to k,,, 

and K, = K,,,, the characteristic wave number. The higher modes in a rigid duct are 

dispersive [13]. In a soft-walled duct, all modes are dispersive [13]. 

The principles discussed above generally hold in soft-walled ducts. Morse and 

Ingard present a general formulation of a model of the acoustic field in a duct accounting 

for wall impedance. They state, "if the duct walls yield somewhat to the internal pressure, 

the equation of continuity ... must be modified [13].". A duct with yielding walls 
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undergoes a fractional change in cross-sectional area which dilutes the increased 

compression of the gas due to the passing wave [13]. For higher modes, the action of 

non-zero admittance (finite impedance) is to change the amplitude and phase of the waves 

[13]. In solving the acoustic wave equation, the non-rigidity of the walls is accounted for 

in the mode shape boundary condition. The gradient of y normal to the wall at the wall is 

set equal to a function of the wall admittance, rather than to zero [13]. Thus, in the 

solution for the characteristic wave number, the non-zero admittance of the wall is a 

factor. Such solutions exist but are dependent on determination of the wall impedance. 

Determination of the impedance in a lined duct is crucial to predicting the wave 

attenuation in the duct. Wirt has made note of the problems in determining the 

performance of a lined duct [16]. Wirt shows experimentally that the impedance of a non- 

linear liner material is greatly affected by the presence of broad band noise. Linear 

materials show this effect to a much smaller degree. Wirt states that in order "to attain 

good correlation between attenuation measured in a flow duct and attenuation predicted 

from impedance measurements ... it is desirable ... to use impedance measured in the 

presence of broad band noise [16]." Wirt also notes that the impedance changes along the 

duct due to the decreasing sound pressure. All of these considerations should be taken 

into account when trying to estimate the attenuation in a non-rigid duct. 

Of particular interest in the study of fan noise is an understanding of the behavior 

of the higher order modes of the duct. Once such type of mode is the spinning mode. The 

spinning mode is a steady pressure pattern that rotates around the interior of the duct [17]. 

Morfey uses this type of mode in a description of the sound field generated by a fan in a 

duct [17]. Morfey states, "the rotor of a fan or axial compressor carries round a constant 

pressure distribution at shaft speed [17]." Morfey goes on to conclude that if the fan is in 
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"an axisymmetric duct, the rotor excites some of the spinning modes of the duct [17]." 

Experimental verification of the cut-off phenomenon is also made in Ref. 17. The 

importance of duct opening impedance on radial modes is stated as is the close link 

between source distribution and sound transmission later examined by Doak [15]. 

The influence of source distribution on modal excitation is not limited to the fan 

itself. Cummings shows a simple relationship between the position of flush mounted 

sources in a duct and the modal structure of the pressure within the duct [18]. The 

excitation of standing modes is accomplished by using sources situated at the pressure 

antinodes of the mode. To excite the (m, n) mode, one would use 2m sources placed at 

angles of 8, 0. + 2/m, @ + 27m, ..., 8. + (2m-1)z/m with phases incremented from zero by 

z [18]. Spinning modes may also be excited by using the standing mode array with 

sources placed mid-way between the original sources, all with amplitudes QO, Qe’”’,Qe“, ... 

Qe"? [18]. The additional intermediate sources provide destructive interference in 

waves rotating in the negative @-direction [18]. 

Several researchers have conducted investigations into the measurement of modal 

spectra in ducts. Bolleter and Crocker have developed a method to separate the first nine 

cross-modes of a duct [19]. The method uses a circumferentially averaged pressure cross- 

spectral density. Nine arrangements of microphones are used to obtain a set of nine 

linearly independent equations which are solved for the modal pressure spectra [19]. The 

response as measured by each microphone arrangement is dominated by one mode over all 

others. This fact is used to help determine the modal content of the pressure patterns in 

the duct. Among the conclusions of this research is the observation that higher modes 

carry more energy than the plane wave mode does [19]. 
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Salikuddin investigated the modal spectra in ducts as it pertains to radiation from 

the duct [20]. In that work, complex pressure measurements taken from the inlet are 

decomposed mathematically into the corresponding modal components. It is shown that 

the transmitted power is not affected by higher order modes, as stated by Morfey[17]. 

Silcox has investigated the radiation from a duct as well, but with an emphasis on 

the effects of inlet geometry [21]. It is shown that "geometry effects associated with ... 

practical inlet shapes become less important for fixed cut-off ratio as the mode order and 

frequency are increased [21]." For frequencies with ka around 6, duct geometry seems to 

have little effect on the exterior radiation from the duct. 

The works previously cited have agreed that source distribution plays a large role 

in the acoustic properties of a duct system. Snow has investigated "the effect of different 

initial modal distributions on duct attenuation [22]." Several initial pressure profiles are 

examined. For a plane wave mode, Snow states that most of the attenuation in the duct 

occurs with a distance equal to one duct diameter away from the source [22]. Profiles 

that more closely approximate the pressure profiles generated by rotating turbomachinery 

are also investigated. Snow makes reference to the work of J. H. Prindle in the Acoustical 

Research Council Publication ARC 24882, "Whine noise in fan ducts" of 1963. Prindle is 

quoted as stating that "a disturbance of flow over a blade might be expected to develop a 

local pressure source of strength proportional to the variation of the square of the local 

velocity [22]." Snow shows larger attenuation for this type of initial profile than that for a 

plane wave. Such dependence of attenuation on initial pressure patterns is one of the 

driving factors in the study of the causes of noise from fans and axial turbomachinery. 
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2.3. Sound Generation in Axial Compressors 

Control of inlet noise in a modern turbofan engine requires knowledge of the type 

of noise being suppressed. The spectrum of the noise is of the utmost importance in 

determining the requirements of the control system. Knowledge of the spectral 

characteristics of the sound generated by a compressor is used in the design and 

application of a control approach. The spectrum of the sound generated by the fan is used 

to design the control source. With this purpose in mind, a review of literature on the noise 

generated by axial flow compressors follows. 

2.3.1 Overall Spectrum 

Numerous researchers [3 and 23 for example] have shown that the spectrum of 

noise generated by an axial flow compressor has a distinct form. The spectrum is made up 

of broad band noise extending over a wide range of frequencies upon which several 

discrete frequency peaks are superimposed. These peaks occur at frequencies associated 

with the geometry and speed of the compressor. The broad band noise is associated with 

random fluctuations. 

2.3.2 Discrete Tone Noise 

The discrete tones in the spectrum of noise from an axial flow compressor are 

created by periodic forces exerted upon the air passing through the fan [23]. The 

fluctuations are of a period related to the number of rotor blades and stator vanes in the 

Stages of the compressor as well as to the speed at which the compressor is running. Two 

disturbances are used to explain this phenomenon in a compressor. The first disturbance is 

a rotation of the steady pressure field associated with the rotor and the second is the 

impingement of rotor and stator wakes on the blades passing through them. 
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Rotation of the pressure field has been examined by Moore [24]. An investigation 

of the noise caused by a ducted rotor moving alone in the presence of flow distortions was 

performed with the intent of explaining the phenomenon with a combination of two 

theories. The first theory is that of tones produced by a ducted rotor with the wakes of a 

stator. The second theory is that of a rotor interacting with distortions in a free flow. 

A rotor in a constant flow in a duct excites only the acoustic modes of the duct 

that exist at the harmonics of engine rotation frequency. Any stationary distortion of the 

flow, however, produces energy in other modes. If the distortion is not stationary, the 

phase and amplitude relationships between the modes vary. This effect causes broadening 

of the tone. If the size of the distortion is small compared to the blade, then broad band 

noise is generated. 

Sharland suggests that the propeller noise is not significant because experiments 

have shown that the noise levels that are expected of a free running propeller are much 

less than those measured from an actual compressor [23]. Instead, it is believed that the 

interaction noise between rotor and stator is the main cause of the discrete frequency tone. 

The interactions between the rotor blades and stator wakes set up periodically 

fluctuating aerodynamic forces on the blades themselves [23]. The absolute velocity of air 

leaving the stator row varies periodically along the row exit plane due to the potential flow 

field of the stator and to the wakes of individual blades [23]. The potential field is the 

decaying acoustic near field of the velocity disturbance associated with individual blades 

[25]. These flow fluctuations cause periodic lift variations on the blade. Sharland [23] 

has shown that the presence of a downstream stator increases the level of noise produced 

by a single stage by as much as 8 dB over a rotor alone. A similar increase is seen with 

the addition of two more stages and an inlet guide vane (IGV) row. While the value of the 
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increase is dependent upon the specific rotor and stator in question, the result is enough to 

show that interaction effects can dominate the noise spectrum. 

Mugridge and Morfey also relate the sound generated at particular tones to the 

fluctuating forces induced on the blades by their periodic interaction with an unsteady flow 

field [25]. Mechanisms are presented for the conversion of vorticity into sound. The 

unsteady blade forces set up by the vorticity field is one mechanism. The vorticity 

encountered is that present in the wakes of preceding blades or stator vanes. The vorticity 

may also be due to the distortion of the flow caused by duct asymmetries, cross-flow, 

upstream distortions, or ingested vortices [25]. 

As stated before, the frequency of the discrete tones are dependent upon the 

number of blades in the rotor, B, the number of vanes in the stator, V, and the rotational 

speed of the engine, N. The wave form generated by the interactions of blades and vanes 

is periodic with a frequency BVN [3]. This value is the blade passage frequency (BPF) of 

the engine. Non-ideal conditions can alter the frequency spectrum perceived at locations 

around the engine. These conditions concern the observation point and the symmetry of 

the system. First, if the observer is located at a point that is not on the axis of the 

compressor, then the sound pulses produced by the blade-stator interactions will reach 

that point at different times [3]. Second, even if the observer is at a point on the axis, 

non-uniformities in the flow, the blades, or both produce pulses of varying amplitude and 

phase such that the times of arrival of the pulses at the observer are varied [3]. Both of 

these conditions result in modulation of the signal frequency with a basic frequency of BN 

[3]. The spectrum of sound from the engine has peaks at the BPF and its multiples. Each 

of these peaks is surrounded by smaller peaks spaced at frequency intervals of BN [3]. 

Cyclic variations produce harmonics of the BPF while random variations produce white 

19



noise [3]. Griffiths [3] presents an in-depth investigation into the spectral structure of 

noise from a compressor and uses signal analysis techniques to show relationships between 

the sound spectrum and blade interactions. Another interesting aspect of the noise signal 

that Griffiths analyzes is the structure of the tones themselves. 

Griffiths presents an argument that the discrete tones are not discrete at all, but 

occupy a finite bandwidth [3]. Experimental evidence is shown that is used to argue that 

the discrete tone is random noise restricted to a narrow band width [3]. Griffiths shows 

that such random noise has the characteristics of a sinusoidal wave of randomly varying 

amplitude and phase with a frequency of the center of the band [3]. 

Another study of the structure of the compressor noise spectrum is that of 

Benzakein [26]. Benzakein has noted the presence of tones in the spectrum of fan noise 

other than those due to the BPF. These multiple pure tones (MPTs) are detected only in 

the inlet duct and propagate only when the rotor tip Mach number exceeds one [26]. The 

strongest MPTs exist in general at frequencies below the BPF and at integral multiples of 

the engine speed. These MPTs are associated with the irregularities in the fan and with 

the fan near field. They are also associated with the cut-off frequency of a spinning mode. 

2.3.3 Broad Band Noise 

The second component of the spectrum of sound from an axial flow compressor is 

a broad band noise signal. The broad band component of the spectrum is due to randomly 

fluctuating lift forces on the blades [23]. Sharland lists three causes of this type of 

fluctuation [23]. The first cause is the surface pressure field of a turbulent boundary layer 

[23]. The second mechanism is the shed vorticity from an upstream body [23]. The third 

phenomenon is the turbulence initially present in the flow [23]. All of these conditions 
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produce random variations in the lift on the blade. These random forces produce white 

noise. 

Turbulent boundary layer fluctuations are considered a primary source of broad 

band noise. Estimations of the strengths of the random forces caused by these fluctuations 

as sources have been made. The basis of these relations is the expression of the radiation 

from the blade as that from a dipole source distribution [23]. The aerodynamic surface 

pressure distribution due to the turbulent boundary layer is represented as a dipole source 

distribution across the blade [23]. Sharland presents relations for the total radiated energy 

from such a surface [23]. Mugridge and Morfey have experimentally verified the work of 

Sharland [25]. They show that the contributions from the action of the boundary layer 

over the surface can be broken down into two components, one from the surface and one 

from the outer edge of the layer. A correlation was made between the measured surface 

pressure and the streamwise component of the boundary-layer turbulent velocity to 

determine to what extent the boundary layer turbulence contributes to the surface pressure 

fluctuations on the blade. Experiments show that fluid near the surface is partly 

responsible for generating the surface pressure fluctuation [25]. However, an additional 

influence is found to be exerted by the outer portion of the layer. Random fluctuations in 

the thickness of the layer cause random pressure fluctuations to appear on the blade 

surface. These random pressure fluctuations in turn produce white noise in the spectrum. 

The shed vorticity of upstream bodies also serves as a cause for pressure 

fluctuations [23]. The vortices shed from the surface of rigid bodies in flow contain 

random turbulence. When an object, a rotor blade for instance, passes through these areas 

of random turbulence, the angle of incidence of the fluid on the blade, and thus the lift 

generated by the blade varies randomly [23]. This random force fluctuation gives rise to 
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random noise. A similar effect is caused by the ingestion of initially turbulent flow into the 

duct. 

Another mechanism for random noise is proposed by Mugridge and Morfey [25]. 

The secondary or three-dimensional flows in a compressor blade system can cause random 

noise. Two types of secondary flow are identified as causes. The first is the generation of 

a vortex at the blade tip. This vortex is caused by the difference in pressure across the 

pressure and suction sides of the blades. The fluid on the pressure side of the blade is 

drawn to the suction side across the blade tip. This motion of fluid produces a vortex 

streaming back from the tip of the blade. The size and acoustic power of the vortex is a 

function of the tip clearance. The second source is a blade-passage vortex. This type of 

secondary flow is generated as the slower moving fluid in the duct wall boundary layer is 

drawn towards the suction surface of the blade passage. Both of these vortices cause 

noise to be generated. However, the vortices turn in opposite directions. Because of their 

opposing effects, the combination can be optimized to give a minimum noise increase [25]. 

Later research by Glegg has shown the wall boundary layer thickness, 6, to dominate in 

the level of broad band noise generated in a turbofan inlet [27]. Low frequency levels 

have been shown to vary as & while high frequencies vary by 6° [27]. Also noted is the 

lowering of the peak frequency of broad band noise as d increases. 

The acoustic radiation from the airfoil is measured as a function of tip clearance 

and wall boundary layer thickness. It is found that for a given boundary layer thickness 

losses increase as tip gap increases until a point is reached where the tip and passage 

vortices trade off. The loss drops at this point but increases again as the tip vortex 

dominates through a larger tip gap. The broad band noise increases and decreases with 

the losses. 
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Other theories on how the broad band noise in the spectrum is generated have been 

proposed. One of these theories is due to Benzakein who suggests that the broad band 

noise is not really broad band but is "dominated by a number of tones at a multitude of 

frequencies [26]." The theory is based on the amplitude modulation caused by varying 

forces in the duct. If the force applied by the flow on a rotating blade varies as its position 

in the duct varies, the pressure pattern will be spatially modulated [26]. Any inlet 

distortion such as cross-flow, uneven wall boundary layer thickness, inlet turbulence, or 

blade vibration can lead to this modulation [26]. The result of the modulation is the 

creation of modes at the harmonics or sub-harmonics of the BPF that would propagate in 

the duct. If the disturbance is swirling, then the modulation produces tones characterized 

as the side bands of the BPF. Benzakein suggests that these tones may represent "an 

important fraction of what was for a long time erroneously labeled as ‘broad-band noise’ 

[26]." 

Benzakein defends the connection between the broad band noise and the BPF by 

examining the effects of varying several geometric properties of the compressor. These 

experiments showed simultaneous reductions in the BPF and the broad band potion of the 

spectrum [26]. The parameters investigated include rotor-stator spacing, vane-blade ratio, 

and vane lean effects. In the case of spacing effects, a decrease in the BPF sound level is 

measured as would be expected since the near field effects of the rotor are diminished by 

the time they reach the stator [26]. A reduction in the broad band noise was also 

measured. Similar decreases in broad band noise are measured as the vane-blade ratio is 

increased [26]. Finally, variations in the blade lean, with the intended effect of phasing the 

interactions of the rotor wakes with the stators to reduce the BPF also produce a decrease 

in the broad band portion of the spectrum [26]. These three results lead Benzakein to 

conclude that the BPF and the broad band noise are related. 
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A summary of the theory of noise generation in an axial flow compressor is as 

follows. Two types of noise are generated in an axial flow compressor, discrete tones and 

broad band noise. The discrete tones are created by the periodic interference between the 

rotor wakes and the following stator vanes. The periodic interference creates a pressure 

pulse which in turn creates a sound wave with the frequency of the blade passage or its 

harmonics. There is some evidence to believe that the discrete tones are random noise 

concentrated into a narrow frequency band. The broad band noise is generated by random 

fluctuations occurring on the surface of the blades and is caused by random variations in 

the flow. Evidence has been presented to link the broad band noise and the noise 

generated at the BPF. 

2.4 Active Control of Sound 

The concept of active control of sound is relatively simple. It is based upon the 

principle of destructive interference. When a sound wave is superposed with one of equal 

pressure amplitude and frequency but of opposite phase, the result is silence. The two 

waves completely cancel one another. Active sound control is the process of superposing 

a secondary sound wave with a primary sound wave with the purpose of canceling the 

primary sound wave. 

2.4.1 Basic Principle and Motivation 

Ffowcs-Williams has explained the principle of active control of sound as that of 

superposition of linear signals [28]. These signals, when coherent, interfere effectively 

with one another, either destructively or constructively. The operation of an active sound 

control system is such that “two pressure fields are arranged to overlap precisely with 

exactly opposite wave forms ... [producing] ... the constant pressure which is the condition 
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of silence [28].”" It is the production of the secondary pressure field that is the function of 

the active noise control system. 

Control of low frequency sound using passive systems is difficult. Absorbing liners 

must be bulky to provide significant sound level reduction [10]. Resonators can be used 

to augment absorbing liners, but they too are bulky when applied to low frequency noise 

and are effective over only a narrow frequency band [10]. The answer to control of low 

frequency sound over a wide range is active noise control. 

2.4.2 Early Developments 

Destructive interference as a means of controlling sound has been investigated 

since the 1930's. Paul Lueg filed a patent for a "Process of Controlling Sound 

Oscillations” in Germany in 1933 and in the United States in 1934 [11]. Lueg's ideas for 

the cancellation of sound formed the basis for the work performed by later researchers. 

Construction and evaluation of systems using Lueg's work began in the 1950's. 

Olson and May constructed an active sound control system in 1953. The system 

consisted of a microphone, an amplifier, and a loudspeaker. All of these components were 

designed to have frequency independent responses over the low frequency range. When 

applied to a plane wave, the system provided 10 dB reductions in sound pressure level at 

the microphone [10]. Olson and May envisioned applications for this type of system in 

aircraft and in industrial settings as small-zone silencers. A similar system was constructed 

by Bleazey in 1962 and applied to a window-type air-conditioner, a source of random, 

low-frequency noise [7]. Reductions in sound pressure level of up to 8 dB were measured 

at the microphone. 
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2.4.3 Control System Components 

The first investigators of active sound control defined the main components of the 

systems. An active control system must have a means of sensing the sound pressure field 

being controlled, the primary signal, or some phenomenon associated with it. It also must 

have a means of determining the system response to that primary signal. Finally, a means 

of transmitting a canceling, or secondary, signal to achieve sound level reduction is 

required. The components of the system must have frequency independent response to be 

effective over a wide frequency range. The components also must be designed to 

minimize phase shift of the signals [10]. 

2.4.4 Control Systems 

Several methods of control exist. One of the most common is the "virtual earth" 

method. Trinder and Nelson describe this system as one that is designed to reduce the 

pressure fluctuations at the microphone to zero [29]. This is the method that was used by 

Olson and May [10] and Bleazey [7]. For broad-band noise, the virtual earth method is 

equivalent to establishing a perfectly reflecting open end to the duct at the sensor location 

[29]. This type of controller is particularly effective at the frequencies of the longitudinal 

duct resonances [29]. Trinder and Nelson measured a sound pressure level reduction of 

20 dB when applying this type of system to broad-band noise in a rectangular duct [29]. 

It also was shown that this type of system is relatively insensitive to phase errors and thus 

can be realized "without the necessity for precision in the design of the system phase 

response [29].” 

A second type of control is based on the minimization of acoustic energy in the 

duct system. In this form of control, one must have prior knowledge of the primary 
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source sound field [30]. The total time averaged acoustic potential energy is minimized 

using unconstrained optimization [31]. This method of control results in reduction of the 

sound field throughout the duct. The minimization is accomplished by suitable choices of 

the complex strengths of the secondary sources [31]. When the wavelength of sound 

being attenuated is much smaller than the dimensions of the duct, the locations of the 

sensors and secondary sources are vital to the system performance [31]. Improper 

placement of either the sensors or secondary sources could result in an increase in sound 

level. 

2.4.5 Adaptive Control 

In many control applications, the process being controlled is static, i.e., it does not 

change in time. In these cases, a controller with a fixed control law will provide full 

control. However, many other applications exist where the process is not static. In these 

cases a controller that can alter its control law to fit the changing process is needed. A 

controller that determines process and signal models on-line and in real-time in a closed 

loop is considered an adaptive controller [32]. Adaptive control systems adjust their 

behavior to the changing properties of controlled processes and signals. Isermann 

discusses adaptive control and classifies adaptive control systems into two categories, 

feedback and feedforward [32]. In feedback control, the effect of the control input is 

measured at some point in the control field. This measurement is compared with a desired 

condition and the control input is altered appropriately. This method of control is used in 

cases where changes in the sound field cannot be observed directly. If a relationship 

between some reference signal and the primary source sound pressure field is known, then 

feedforward adaptation can be used [32]. In such a system, the relationship between the 

reference signal and the primary source is known so that as the adaptation algorithm 
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receives the reference signal, the controller is altered to act upon the primary sound field 

accordingly [32]. Both types of controllers are used in the active control of noise. 

2.4.6 Modeling 

Investigators have been attempting to model active sound control systems in order 

to understand the processes occurring during sound attenuation. These models are used in 

the design of control systems for various applications. 

Recently, researchers have investigated the need to account for the influence of the 

secondary sources in the overall control system. The sound from the secondary sources is 

fed back through the control system [33]. The effects of the control inputs from the 

secondary sources are detected by the sensors in the duct. The presence of this secondary 

wave influences the performance of the system. Eriksson and Allie have developed a 

system including feedback of the secondary source output as a part of the overall system 

model [33]. The presence of the secondary sources also alters the acoustical properties of 

the primary source. 

Snyder and Hansen have developed a model which accounts for the presence of 

both primary and secondary sources in the system [34]. This work is traced back to that 

of Ffowcs-Williams who was the first to report that the secondary source has an influence 

on the primary source power input [28]. The secondary source changes the radiation 

impedance of the primary source and reduces its overall sound output [34]. The model 

developed by Snyder and Hansen accounts for this phenomenon in a realistic setting. The 

secondary source is modeled as a finite source mounted in the duct wall. The acoustic 

field generated by a finite source will have phase lag associated with the size of the source 

[34]. The sound generated at one end of the source will not, in general, reach a given 
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point at the same time as sound generated at the other end of the source. The model is 

also extended to two secondary sources. It is also shown that the arrangement of the 

primary and secondary sources must be modeled accurately for the estimate to be valid. A 

model with the primary and secondary sources both mounted in the duct wall will not 

properly estimate the performance of a system with a primary source in the duct cross 

section. Phase changes across the faces of both sources, which are a strong factor in the 

performance of active sound control systems, are not accounted for properly in an 

incorrect configuration [34]. 

Perhaps the most interesting conclusion reached by Snyder and Hansen regards the 

mechanisms in sound level attenuation. It is shown that suppression of sound power flow 

down a duct is accomplished by a combination of two mechanisms [34]. These two 

mechanisms are suppression of primary source power output and absorption of primary 

source energy by the secondary source(s) [34]. These mechanisms are identical to those 

involved in passive control. Due to this observation, Snyder and Hansen caution the use 

of the word "cancellation" in the description of active sound control in ducts. The 

mechanisms involved in this process are more than wave interferences. 

2.4.7 Applications 

As theory and modeling have become more complete, active noise control is being 

applied to numerous practical situations. Noise control in and around aircraft is one of the 

most prominent applications. Methods are being developed to control multiple duct 

acoustic modes as well as far field noise. 

Goodman and Burlage have developed a method for removing the interfering 

effects of the higher order duct modes in a single input- single output (SISO) controller 
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[35]. When multiple modes are present, a SISO controller may become unstable because 

such a system can only control the plane wave mode. This restriction is due to the 

assumption inherent to SISO that the sound pressure at the sensor has the same phase and 

amplitude throughout the entire sensor plane. To control N number of modes, at least N 

sensors and actuators are necessary. However, if it is wished to establish control of only 

the plane wave mode, the key to effective control is to not generate higher order modes 

with the secondary sources. It has been experimentally demonstrated that placement of 

the sensors and sources in locations where higher order modes were not detected or 

excited was effective in the case where the (1,0) mode was present as well as the (0,0) 

plane wave mode. 

Smith, et. al. have addressed the issue of feedback of secondary source sound [36]. 

A feedforward algorithm was used to control noise in a short duct. The system also used 

a feedback compensation filter to account for the feedback path from the speaker to the 

reference microphone and subtract it from the reference signal. 

Sutliff and Nagel have achieved a 14 dB reduction in the far field of a ducted 

propeller using a feedforward controller [37]. No error microphone was used, instead, 

information on frequency, phase and amplitude is stored in the controller memory. In a 

follow-up paper, a Light Emitting Diode (LED) system was shown for use in measuring 

the passage of the fan blades [38]. 

Burdisso, et. al. used an adaptive Filtered-X Least Mean Squares algorithm in the 

control of fan noise from a turbofan engine [39]. The reference signals were provided by 

two sensors mounted on the engine. One sensor indicated the passage of each fan blade. 

Another obtained information on the high pressure compressor blade passage by 

monitoring its tachometer shaft. These signals were chosen because they are not acoustic 
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and are not be affected by the action of the control input(s) [39]. Control was obtained in 

the fan BPF (FBPF), the first harmonic of the FBPF (2FBPF) and the high pressure 

compressor BPF (HPBPF). Primarily, the control was obtained on the (0,0) and (1,0) 

modes which were excited by rods placed upstream of the fan. The secondary sources 

were twelve magnetic horn-drivers. They were driven in both SISO and multiple input 

multiple output (MIMO) configurations. In SISO, the drivers were operated in phase. In 

MIMO, they were driven in three groups of four. Large polyvinylidine-fluoride (PVDF) 

film microphones were used as error sensors, to avoid the effects of the highly directive 

and unsteady far field. A maximum reduction of 20 dB in the FBPF was achieved along 

the engine centerline with SISO. However, significant spillover of acoustic energy 

occurred along the engine sidelines. Simultaneous control of the FBPF and 2FBPF was 

obtained with two identical SISO controllers in parallel. A reduction of 17 dB was 

measured in the FBPF and 10 dB reduction was measured in the 2FBPF. The overall 

sound level was reduced by about 10 dB. The MIMO controller achieved less spillover in 

control of the FBPF tone. The three channel MIMO was also used to control spinning 

modes occurring at both the FBPF alone and in combination with the HPBPF. Overall 

reductions in sound pressure level were measured in both cases. 

2.5 Piezoelectric Actuators 

In order to make the design of a lightweight, compact, powerful acoustic actuator 

feasible, some method must be developed that will allow high level forces to be generated 

with a minimum of weight and size. In the case of the curved panel actuator, a 

piezoelectric ceramic is one of the best options for force generation. Piezoelectric 

materials have been used in the active control of structures [40] and in acoustic sources 
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[1]. What follows is a brief review of the basic principles of piezoelectricity and the 

application of piezoelectric materials to active control of sound and vibration. 

2.5.1 Piezoelectricity 

Piezoelectric materials have been known since 1880, when J. and P. Curie 

discovered that under mechanical stress, certain crystals produced an electric charge [41]. 

A piezoelectric material is defined as one that produces an electric charge in proportion to 

a mechanical stress. The converse effect is also true. A mechanical stress develops in a 

piezoelectric material in response to an applied charge [41]. It is this dual operation that 

enables piezoelectric materials to be used as both sensors and actuators. 

The piezoelectric effect was originally found in crystals. The crystals displaying 

this property all have structures with an absence of a center of symmetry [41]. This 

asymmetry determines the direction of polarity of the crystal. It has also been noticed that 

most of the piezoelectric crystals transform into a highly symmetric, non-piezoelectric 

phase at higher temperatures [41]. This temperature is known as the Curie temperature 

and it is only below this temperature that the materials exhibit piezoelectric properties. 

Originally, the piezoelectric effect was thought to be limited to single crystals. It 

was felt that the randomly oriented polarity vectors of multi-crystalline structures would 

cancel one another, giving a zero net effect [41]. In the 1940s, however, ceramics were 

discovered that could be given polarity when subjected to a strong electric field and high 

temperature [41]. It is these ceramics that are primarily in use today. 

Two parameters are used to describe the properties of piezoelectric materials. 

These parameters are the piezoelectric coupling coefficient and the voltage coefficient. 
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The piezoelectric coupling coefficient, d, is the proportionality constant between the 

charge per unit area, P, and the stress in the material, o, 

P=do. (10) 

It is desired to have a high d constant for actuator materials, where a high force is 

necessary for a given voltage. 

The voltage coefficient, g, is the ratio between d and the permittivity, €, 

g=d/e. (11) 

A high g constant is desired in sensor materials where high voltages need to be generated 

by weak mechanical stresses. 

Piezoelectric materials have been used or proposed for use in many different 

applications. The material serves as a lightweight, compact sensor or actuator, whose size 

and mass are small enough that its presence does not effect the dynamic properties of the 

system. Piezoelectrics have found applications in intelligent structures and as drivers for 

acoustic control. 

Since much of the use of piezoelectric materials in active control involves 

"intelligent structures", it would be helpful to define the term. An intelligent structure is 

defined as “a structure with highly distributed actuator, sensor, and processor networks 

[40]." Such a structure would be able to sense changes in its environment and alter itself, 

according to its programmed control laws, to adapt to those changes. Since piezoelectric 

materials can serve as both actuators and sensors and are small and light enough to be 

mounted without altering the dynamic properties of the system, they are perfectly suited 

for use in intelligent structures. It is proposed that the active control of sound is an 

33



intelligent structure application. In this case, however, the structure is not just the 

physical components making up an aircraft engine, but also the fluid within that engine. 

Therefore, the active control of sound propagation in the fluid is equivalent to the active 

control of vibration in an intelligent structure. 

2.5.2 Modeling of Piezoelectric Actuators 

To be applied by engineers in an intelligent structure, the method by which 

piezoelectric actuators (and sensors) interact with the structure to which they are mounted 

must be modeled. Such models exist, most based on the work of Crawley and de Luis in 

1986. In their paper, Crawley and de Luis developed "analytic models of the coupling of 

segmented piezoelectric actuators to the dynamics of the structural member [40]." This 

development gives one the ability to determine the response of the structure to a particular 

excitation of the actuator. Both surface mounted and embedded actuators are considered. 

The models developed are then verified through experiment. 

In the Crawley and de Luis model, the actuators are considered applied on 

opposite sides of a flat plate. In this configuration, they can be driven either in-phase to 

produce a stretching load, or out-of-phase to generate a bending load. When the 

actuators are driven in phase, the strains that they generate at the surface of the plate are 

in the same direction, as a result, there is a net stretching or contracting of the plate mid- 

plane. When the actuators are driven in anti-phase, the surface strains are of opposite 

signs so that at the mid-plane the strain is zero and no net extension or contraction of the 

mid-plane occurs [42]. In both cases, the amount of strain induced on the panel is a 

function of the stiffness of the bonding layer. Under the assumption of a perfectly bonded 

actuator, the strain is transferred between the actuator and the structure over an 

infinitesimal distance near the ends of the actuator patch. For a perfectly bonded patch, 
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“piezoelectrics are more effective in exciting surface strain in bending than in extension 

[40]." 

The location of the actuators determines the amount of control an active system 

will have over a structure. "The actuators should be placed at positions to excite the 

desired modes most effectively [40].". They should be placed in regions of high average 

strain and away from areas of zero strain [40]. 

A follow up to the work of Crawley and de Luis has been performed by 

Dimitriadis, et. al. [42]. Piezoelectric elements which are finite in two dimensions were 

considered. It was shown that modes can be excited in two dimensional structures using 

patch type actuators. It was also shown that modes can be excited to dominance if the 

actuators are in the proper location and driven with the proper frequency. This conclusion 

is of great import in the design of actuators for the control of tonal noise. 

In cases of control of vibration and sound with structures other than flat plates, 

(i.e. shells) models must be derived that account for the effects of curvature on the 

interaction between the piezoelectric actuator and the structure. A model has been 

derived that can be used in the application of finite patches of piezoelectric material to 

curved shells [43]. This model accounts for the two changes to the basic shell equation 

that are made due to the presence of the actuator patch. The first effect is on the material 

properties of the shell. The actuators add thickness to the shell and have material 

properties that usually differ from that of the shell. The second change is due to the 

strains induced by the patch on the shell. Including the effects of curvature allows for 

more accurate results to be obtained in cases where a piezoelectric actuator is driving a 

shell. 

35



An extension of the modeling of piezoelectric actuators with shells is work to 

model active sound and vibration control in cylinders [44]. In this work, it was noted that 

the low order cylinder modes readily couple with the interior cavity modes. Because of 

this interaction, it is desired to control the low order cavity modes. A bending model was 

used with two piezoelectric actuators operated out of phase collocated on opposite sides 

of a cylinder. This approach was used because, assuming that the patches are small 

enough to allow flat plate models to apply, such a configuration couples more efficiently 

with the low order cylinder modes. 

2.5.3 Applications of Piezoelectric Actuators 

Investigations into the use of piezoelectric actuators in the control of panel 

vibrations have been performed [45]. In one example, a digital control law was used that 

artificially increased the damping of the modes that dominated the plate response. 

Piezoelectric actuators were used to apply forces to achieve this increase in damping. A 

decrease in RMS system output of almost 33% was measured [45]. 

Piezoelectric elements have been applied to the active control of aircraft fuselage 

interior noise. Fuller, et. al. applied piezoelectric ceramics as actuators in the active 

control of noise in a model aircraft fuselage [46]. The actuators were mounted on the 

exterior surface of the model. Reductions internal to the cylinder of the simulated engine 

noise of up to 10 dB were obtained [46]. 

Piezoelectric elements were used as both sensors and actuators in active control of 

structurally radiated sound from an enclosed cylinder [47]. Three piezoelectric actuators 

were used in conjunction with PVDF sensors to achieve up 25 dB reductions in sound 

generated by axial modes [47]. Six piezoelectric actuators were placed in two different 
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configurations to control sound generated by circumferential vibration. When the 

actuators were placed in a helical pattern around the cylinder 10 dB of global attenuation 

was achieved when microphones were used as sensors while little or no attenuation was 

achieved with PVDF sensors [47]. It is believed that one reason for this low attenuation is 

the high modal density at the frequency of excitation [47]. A second possible reason is the 

interaction between modes with the same circumferential modal index but different axial 

modal indices [47]. The vibration response of modes with the same number of 

circumferential modes can be minimized at the PVDF sensors, but the total response of 

each mode can be left unattenuated. 

A final application of piezoelectric actuators is mentioned here. A method has 

been developed to use piezoelectric actuators to drive curved plates as secondary sources 

in the active control of sound generated in the inlet of a turbofan engine [1]. In this work, 

a curved plate was constructed with a radius of curvature simulating that of an inlet of a 

turbofan engine (Fig. 2.2). The purpose of this work was to experimentally evaluate the 

operation of a piezoelectrically driven source, to measure the performance of such a 

source, and to develop analytical tools needed in the design of this type of sound source 

[1]. 

The finite element method was used as a design technique. A finite element model 

of the panel was developed and a solution for its natural frequencies of vibration and 

vibration mode shapes was found. A finite element analysis procedure was developed. 

The steps of the procedure included creating a finite element model of the source panel 

and solving for its normal modes including the mass of the actuator. An attempt should be 

made to accurately model the boundary conditions of the model. Once the model was 

created and solved, preliminary experiments were performed to validate the model. 
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Outer Piezoactuator Aluminum Panel 

  
Inner Piezoactuator 

Figure 2.2 - Compact Acoustic Source from Dungan [1] 
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A curved aluminum panel was built and prepared for testing. Piezoelectric patch 

actuators were mounted on both sides of the panel and the entire assembly was mounted 

in aduct. Vibration measurements were made to verify the results obtained from the finite 

element model. Modifications were made to the finite element model so that it more 

accurately represented the performance of the hardware. 

Acoustic measurements were made of the performance of the source both internal 

and external to the duct. The panel was driven at the frequency of its (1,1) mode, since 

this mode is the most effective radiator of acoustic energy [1]. Actuator configuration, 

response versus excitation voltage, response versus frequency, and the effects of duct 

length and duct termination were among the parameters measured in the investigation. 

Four actuator configurations were possible, bending, stretching, inside actuator 

alone, and outside actuator alone. Bending was accomplished by exciting the two 

actuators out-of-phase with one another. Stretching was accomplished by exciting the 

actuators in-phase. It was found that the outside actuator driven by itself radiated the 

greatest level of acoustic energy [1]. In this configuration, a sound pressure level of 120 

dB was measured internal to the duct [1]. In measurements of response versus excitation 

voltage, it was show that the performance of the source varied linearly from 8.75 Vins up 

to about 110 Vis. Measurements were made of response interior to the duct. These 

measurements showed average sound pressure levels of up to 103 dB at the source plane. 

Far field measurements were made of the sound pressure for various excitation 

frequencies. Maximum levels were found at acoustic resonance frequencies as expected. 

It was also shown that a rigid duct termination increased the sound pressure levels 

radiated to the far field by 6 dB over an anechoic termination [1]. The source panel was 

mounted in a shorter duct to determine the effects of duct length. Sound levels were only 
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slightly lower for the frequency studied for the short duct. This result was expected 

because the cross-sectional duct modes are not functions of the duct length. 

Another part of this research was the development of a method for analyzing the 

acoustic performance of the sources in the duct. A finite element analysis package was 

used to determine the motion of the plate at a particular frequency. This information was 

converted into real and imaginary components of velocity and input as boundary condition 

in a boundary element model created for SYSNOISE. This modeling technique proved 

adequate for design of the curved panel and for prediction of the radiated noise. 

Overall, the results of this work [1] encourage future efforts to investigate the 

performance of these sources. The key result was that these sources produce high sound 

levels interior to the duct (130 dB) and should be further investigated for use in active 

control of engine noise. 
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CHAPTER3 ARRAY DESIGN 

3.1 Introduction 

The compact acoustic source array is an arrangement of a series of acoustic drivers 

designed for use in the active control of fan noise. The array investigated in this work 

consists of twelve sources of the type developed by Dungan [1]. As explained in that 

reference, the source is a cylindrically curved aluminum panel set in oscillating motion by 

the application of a sinusoidally varying voltage to a piezoelectric patch bonded to the 

panel surface. The panels are mounted at equal spacings circumferentially around the inlet 

of a turbofan engine. 

Fig. 3.1 is a photograph of the array. Source panels are mounted to a rigid frame 

which can be bolted to an engine inlet or to a section of duct. The sources are mounted in 

such a manner that they fit flush with the inlet wall. Arranging acoustic sources in this 

way allows for the generation of circumferential modes within the duct by the out-of- 

phase excitation of sources on opposite sides of the duct. 

The source panels themselves are curved aluminum sheets with lead zirconate 

titanate (PZT) piezoceramic transducers bonded to them. Fig. 3.2 is a photograph of a . 

source panel. For ease of application, the PZT is bonded to an area of the panel which is 

milled flat. Holes are drilled in the straight edges of the panel to allow it to be clamped to 

the support frame. 

3.2. Source and Array Design 

The design of the sources and the array was performed simultaneously. Certain 

reStraints placed on the array placed restraints on the panel and vice versa. Overall design 
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Figure 3.1 - Acoustic Source Array 
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Figure 3.2 - Source Panel 
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restraints were determined and applied to both the panel and array. After applying the 

overall restraints, the independent parameters of the source were determined. 

The overall restraints included the number of sources, the inlet curvature, and the 

overall axial dimension of the array. The array consists of twelve sources, spaced equally 

around the inlet duct. This number of sources was chosen because it makes the array 

suited for the 3 and 6 channel controllers in use on the JT15D test engine at Virginia Tech. 

To fit flush with the inlet wall, the radius of curvature of the source panels must match 

that of the engine inlet. The inlet diameter is 0.53 m (20.975 in.). This diameter limits the 

value of the panel curvature to no less than 0.27 m (10.6 in.). The overall length of the 

atray , in the axial direction, is limited to 0.152 m (6 in.). This limit is applied to allow the 

array to be mounted to the test engine with a minimum of modification to the engine 

structure. 

Keeping the previously listed restraints in mind, a frame was designed to rigidly 

support the source panels. The frame is shown in Fig. 3.3. It consists of two aluminum 

rings connected by twelve identical aluminum ribs. Both the ribs and ring have flanges to 

which the source panel is mounted. The ring has an L-shaped cross-section. The curved 

edge of the panel is clamped to the ring flange by a circular band clamp. The straight 

edges are screwed to flanges on the ribs. The clamping force of the screws is distributed 

along the edge of the panel by a thin, rectangular bar. The screws are put in place from 

outside of the inlet and are secured with lock washers. No hardware is placed inside the 

inlet where it could accidentally be ingested by the engine. 

The construction of the support frame resulted in further restraints on the panel 

size. Further examination of Figs. 3.1 and 3.3 helps to show how this is so. As stated



Ring (2) Band Clamp (2) 

  Clamp Plate Source Panel 

(2 per Panel) 

Figure 3.3 - Support Frame Detail 
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previously, the panel is mounted to flanges on both the rings and the ribs. The twelve 

sources are mounted on 30 degree centers, thus the ribs are also 30 degrees apart. Since 

the ribs must support the hardware used to fasten the frame together, they must be wide 

enough for tapped holes. The width of the ribs reduces the space in which the panel can 

fit to about 27 degrees. The radius of curvature of the panel is also limited by the frame 

construction. The ring flange must have sufficient thickness to give the source panel rigid 

support. Since the array itself must fit flush within the engine inlet, the flange inner 

diameter must be equal to the engine inlet diameter. Thus, the source panel curvature 

must be greater than the inlet radius. With the ring flange having a thickness of 4.8 mm 

(0.188 in.), the panel curvature is set at 0.271 m (10.7 in.). 

3.3. Source Panel Design Analysis 

With the previous geometric constraints in mind, the source panel was designed 

using the procedure developed by Dungan [1]. In Ref. 1, it is stated that the source panel 

will radiate with maximum efficiency when it is vibrating in its (1,1) mode. When the 

panel is moving in this manner, all of the points on its surface are moving approximately in 

phase. No acoustic cancellation is caused by the opposing motion of two points on the 

panel surface. Therefore, the panel was sized such that its (1,1) mode of vibration occurs 

at the frequency of sound being controlled. This frequency is the BPF of the JT15D at 

idle, 2400 Hz. Assuming the width, curvature, and thickness of the source panel are fixed, 

the panel length was the variable in the analysis of the panel vibration characteristics. 

A finite element model of the panel was made and used in a normal modes analysis. 

This type of analysis solves the matrix equations of motion of a structure modeled as a 

series of finite elements for its eigenvalues. These eigenvalues are the natural frequencies 

of vibration of the system. The panel was modeled using four node, bilinear, 
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isoparametric shell elements. In this type of element, the same functions are used to 

interpolate displacements and nodal coordinates [48]. The functions represented at the 

nodes are assumed to be linear with distance along the sides in both the x- and y- 

directions. PATRAN3 was used to create a model for input into NASTRAN. Figure 3.4 

shows the model. The elements used were QUAD4 elements. The elements were meshed 

from a portion of a cylinder with a radius of curvature of 0.272 m (10.7 in.). Figure 3.4 

shows the finite element model. 

After designing the model mesh, element and material properties were entered. 

The values required were the panel thickness, the material elastic modulus, the material 

density, and the material Poisson's ratio. Table 3.1 lists the parameters used. 

Table 3.1 - Element and material properties used in NASTRAN model 

  

  

  

        

Thickness mm (in.) 1.59 (0.0625) 

Elastic Modulus GPa (psi 69 (10.0x10°) 

Poisson's Ratio 0.3 

Density kg/m’ (Ib_/in’) 2710 (0.098) 
  

Boundary conditions were chosen which were believed to accurately represent the 

given situation. It was assumed that the panel was clamped along all edges. While 

clamped boundary conditions are generally unobtainable, it was believed that this 

assumption was sufficient to give a good estimate of panel performance. 

With the element properties and boundary conditions defined, the next step in the 

analysis was refinement of the element mesh. Mesh refinement is a systematic method of 
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Figure 3.4 - Panel Finite Element Model 

48



increasing the element density until the change in a specific model result is sufficiently 

small from one mesh iteration to the next. This process ensures that the model represents 

the actual structure as closely as possible. The criteria chosen for guidelines were 

frequencies of the first ten modes of vibration. The model was considered converged 

when the frequencies of all modes between successive refinements changed by less than 

one percent. Table 3.2 shows the convergence of the model as a function of mesh size. A 

20 x 20 mesh was chosen. 

Table 3.2 - Mesh refinement 

  

  

  

  

  

  

  

  

  

  

  

                

Mesh Size, n (n x n) 

Mode 12 14 16 18 20 

(1,1) 2523 2509 2501 2496 2492 

(1,2) 2152 2138 2129 2123 2119 

(2,1) 3179 3163 3154 3148 3144 

(2,2) 3273 3244 3228 3218 3211 

(1,3) 3638 3600 3574 3558 3547 

3,1) 4319 4277 4250 4233 4221 

(2,3) 4370 4305 4269 4248 4234 

@,2) 4717 4648 4608 4585 4569 

asd 5411 5282 5201 5150 5109 

(3,3) 5819 5693 5625 5585 5561 
  

Figure 3.5 shows the first three symmetric modes of the panel. 
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Figure 3.5 - First Three Calculated Symmetric Normal Modes of Panel Vibration 
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The next step in the analysis was the inclusion of the effect of the PZT on the 

vibration characteristics of the panel. The primary effect that the PZT has on the vibration 

characteristics of the panel is a reduction in the natural frequencies due to its mass. The 

actuator mass is included in the finite element model as a series of lumped mass elements. 

These one-dimensional elements are placed on the nodes within the boundary of the PZT. 

The mass of the PZT is equally distributed among them. The effects of different size 

patches were investigated.. Table 3.3 lists the sizes, the number of included nodes, the 

PZT mass, the nodal mass, and the (1,1) mode frequency. 

Table 3.3 - Effect of PZT mass on (1,1) mode natural frequency 

  

  

  

  

  

                

Size (mm) No. of Nodes Mass Nodal Mass_| (1,1) Mode 

Length | Width | Length | Width (kg) (kg/node) (Hz) 

0 0 - - - - 2492 

25.4 | 25.4 5 5 | 0.9156x10-3 | 0.3663x10-4 2352 

50.8 | 25.4 9 5 | 0.1831x10-2 | 0.4096x10-4 2267 

50.8 | 50.8 9 9 | 0.3663x10-2 | 034522x10-4 2214 
    
As expected, the smallest patch has the least effect on the (1,1) mode frequency, 

lowering it 140 Hz from the no patch case. Since the (1,1) mode is estimated to occur so 

closely to the desired value, the 25.4 x 25.4 mm (1 in. x 1 in.) patch was chosen for 

further investigation. A second patch was also chosen for evaluation, a 25.4 x 50.8 mm (1 

x 2 in.) patch. The reasoning behind this choice is that a larger PZT should generate 

Even though the (1,1) mode greater forces for a given voltage than a smaller one. 

frequency is shifted more by the presence of the larger PZT (225 Hz) than by the presence 
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of the smaller PZT, the larger PZT may result in higher displacements due to higher forces 

at 2400 Hz. 

3.4 Source Construction 

The source panel was modified to allow for mounting of the PZT. Since 

piezoceramic materials are brittle, they do not conform to curved surfaces. Any attempt 

to make them fit to curved surfaces usually results in cracking [1]. In order to avoid 

cracking of the PZT during its application, a flat area was milled into the panel. This flat 

area made application of the actuator to the panel much simpler and more reliable than 

application to a curved surface. 

Application of the PZT was performed using a two-step process. First, a layer of 

M-Bond 200 adhesive was applied to the panel to provide an electrically insulating layer 

between the PZT and the panel. Enough adhesive was applied to the plate to fit under the 

PZT. A TEFLON sheet was placed over the wet adhesive. A small aluminum plate, of 

dimensions slightly larger than the PZT patch, was placed over the TEFLON. The plate 

was used to ensure that the area under the PZT would be flat. A weight was then set over 

the panel. This pressure created an even, flat area for bonding of the PZT. The layer was 

allowed to cure for 15 minutes. 

While the insulating layer was being formed, the PZT was prepared with a brass 

electrode. A thin piece of brass shim was cut about 5 x 15 mm (0.2 x 0.6 in.). One end of 

the shim was dipped in soldering flux. A small bead of solder was smoothed into a very 

thin layer over the end of the electrode with the flux on it. This end of the electrode was 

placed, solder side down, on the PZT. Brief contact with a soldering iron fixed the 

electrode to the PZT. 
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After the insulating layer cured, the PZT, with electrode, was bonded to the panel. 

Another layer of adhesive was placed on top of the insulating layer. The PZT was laid, 

electrode side down, on the adhesive layer. The TEFLON sheet was placed on top of the 

PZT and the weight was again placed over the panel. This time, however, a layer of 

cushioning foam was set on the TEFLON before the weight was applied. This cushion 

helped to distribute the force of the weight and protected the PZT. After the PZT was 

bonded to the panel, leads were soldered to the electrode and to the exposed side of the 

PZT. 
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CHAPTER4 ANALYSIS 

4.1 Introduction 

An analysis of the source/duct system was performed in an attempt to better 

understand the acoustic processes occurring between the two components. A simple 

analysis was used to define the acoustic properties of a rigid duct. A numerical analysis 

was used to predict the acoustic radiation from the sources and the inlet. The analyses can 

be combined with experimentation to give a clear picture of the acoustic properties 

occurring in the duct. 

4.2 Cut-on Frequencies 

The first analysis performed was a determination of the cut-on frequencies for a 

rigid duct of the dimensions of the inlet. Following analyses presented in Refs. 13 and 14, 

the eigenvalues of the wave equation in a rigid walled duct were found from J'p,(*_,,9) = 

0. J’ is the derivative of the mh order Bessel function with respect to its argument. 

Zeroes of this function are given in Ref. 14, and can be used along with the definition of 

the wave number, K,, = @/c to give the cut-on frequency for the (m,n)th mode as 

_ CKD 
On (12) f, 

where c is the speed of sound (343 m/s) and 5b is the duct radius (0.266 m). The cut-on 

frequencies for various modes were calculated and are presented in Table 4.1. It should 

be noted that m is the circumferential index and n is the radial index. At an excitation 

frequency of 2400 Hz, 17 modes will propagate down the duct. 
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Table 4.1 - Rigid-walled duct cut-on frequencies 

  

  

  

  

  

  

    

n 

0 1 2 3 4 

0 0 786 1440 2087 2734 

1 378 1090 1750 2403 3050 

m 2 626 1380 2050 2703 3355 

3 862 1650 2329 2994 3651 

4 1090 1900 2602 3275 3940 

5 1320 2159 2871 3552 4224             
  

4.3. Numerical Analysis 

An analysis of the acoustic performance of the sources in the duct was performed 

numerically. SYSNOISE, an acoustic simulation code, was used for this purpose. A 

boundary value problem was set up and SYSNOISE generated Green's functions to solve 

the problem of acoustic propagation throughout the model volume. The function was 

solved for acoustic pressure fluctuations at various field points to give a picture of the 

sound pressure in the duct as a result of the excitation of a source or sources. 

The modeling procedure is fairly straightforward following a flow diagram given in 

Fig. 4.1. A finite element mesh of the duct is created in PATRAN3. NASTRAN solves 

this mesh for its normal modes of vibration. The model mesh is imported to SYSNOISE 

through a PATRANS3 neutral file. A NASTRAN punch file is used to transfer the normal 
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FORTRAN Program 

  

  

      

Figure 4.1 - SYSNOISE Modeling Procedure 
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modes information to SYSNOISE. A forcing function is defined, in this case a model of a 

piezoceramic actuator was used. Node meshes are then defined in PATRAN3 to serve as 

locations for the evaluation of pressure. These meshes are sent to SYSNOISE in neutral 

file format. SYSNOISE then generates pressure values at the results nodes. The values 

of pressure are given as fluctuations about the ambient pressure. The results are given in 

real, imaginary, magnitude, RMS, decibels, and phase and are written to an output file. 

These files are then read by the post-processing FORTRAN program. 

The model used in SYSNOISE is a derivative of the NASTRAN model used in the 

normal modes analysis. In fact, solution of a normal modes problem is the first step in the 

SYSNOISE modeling process. The duct is modeled with a single source panel. Fig. 4.2 

shows the SYSNOISE model. Symmetry is assumed about the center of the panel. All 

nodes other than those in the panel are held fixed in a cylindrical coordinate system. 

Additional restraints are applied to the panel because of symmetry. Since the panel motion 

is Symmetrical, no circumferential motion will occur at the panel center. In addition, since 

the piezoactuator is mounted at the center of the panel, only modes symmetric about the 

center of the panel will be excited. Therefore, rotation about the duct axis direction is 

fixed along the edge of symmetry. PATRAN3 was used to generate the mesh of 

NASTRAN QUAD4 elements. The automatic mesh function was used to generate a 

smooth transition between the relatively fine grid of the panel surface and the coarse grid 

of the duct. 

The model mesh is defined by a rule of thumb stating that five or six elements per 

wave length provide an accurate model. It is not known why this recommendation is 

given, but it is followed because no other criterion for defining the mesh is known. 
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Results meshes are defined at various axial locations within the duct as well as in 

the far field of the duct. Table 4.2 provides a list of those locations. Post-processing of 

the results gives the pressures over a full duct cross-section. Since SYSNOISE generates 

pressure magnitude and phase information, the effects of multiple sources can also be 

modeled by rotation and superposition of the pressure field due to a single source. 

Table 4.2 - Cross-sectional results planes locations 

  

  

  

  

  

        

Results Plane Axial Location (m) 

A 0.1143 (source plane) 

B 0.3683 

C 0.6223 

D 0.8763 

E 1.2446 (duct inlet) 
  

Results planes are also defined every 30° outside the inlet to the duct (Fig. 4.3) 

These meshes are created in this manner so that the directivity of the radiation from the 

duct can be found in the plane of any other source. The pressure values in these meshes 

can be superposed on one another to find the directivities of multiple sources. 

The forcing functions input into SYSNOISE are representative of the forces and 

moments generated by a perfectly bonded, curved piezoelectric patch. Functions derived 

in Ref. 43 are used to generated the force and moment inputs for SYSNOISE. In Ref. 43, 

equations for the interaction of piezoelectric patches with shells are derived. The 

relationship is based on a modification of the Donnell-Mushtari shell equations. The four 
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Figure 4.2 - SYSNOISE Model 
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basic assumptions of shell theory are: a) shell thickness is small compared with radius of 

curvature,. b)shell deformations are small enough to allow higher powers to be neglected 

in comparison to the first powers, c) stress in the direction normal to the shell surface is 

negligible, and d) a line normal to the surface before deformation remains normal after 

deformation. 

In Ref. 42 expressions are presented for the forces and moments acting upon a 

shell due to the application of voltage to a piezoceramic patch bonded to it. Fig. 4.4 

shows the forces, moments and the dimensions used in the calculation. Line moments and 

forces are given as 

2 3 

M,.=-—~-|4 ($+7 | —y\yit a(S+7) ~# lle 
ve Tv 82 24\°\2 pe 

E|1f fh _y 
M,,. =-——|—| 4/-+7 | -? ore =i € ) 

(13) 

A FORTRAN program was written to evaluate the forces and moments to be 

applied to the model in SYSNOISE. Inputs to this code were material properties of the 

shell and the piezoceramic actuator and the dimensions of the patch and the shell. Table 

4.3 lists the material properties and geometry entered into the code. 
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h = Shell Thickness 

Figure 4.4 - Piezoceramic Actuator Model Forces and Moments 
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Table 4.3 - Inputs to piezoceramic transducer model 

  

  

  

  

  

  

  

  

  

  

      

Shell Modulus of Elasticity, E 69 GPa 

Shell Poisson's Ratio, v 0.3 

Shell Thickness, h 1.59 mm 

Shell Radius, R 271.8 mm 

Piezoactuator Thickness, T 0.1905 mm 

Piezoactuator Strain Constant, d,, 262x10-12m/v 

Piezoactuator Length, | 25.4 mm 

Piezoactuator Width, w 25.4 mm 

Piezoactuator Length in Nodes 5 

Piezoactuator Width in Nodes 5 

Voltage , V 25 Vix 
    

With the forcing functions and the model defined, the next step in the analysis is 

the solution of the pressure field. A SYSNOISE input file (Sample - Appendix A) was 

created to instruct SYSNOISE how to solve the problem. The boundary element method 

was specified because the geometry of the problem was such that conditions could be 

specified on the duct walls. A coupled analysis includes the effects of fluid loading on the 

performance of the panels. The duct was modeled as unbaffled. A value of system 

damping was estimated from previous work. In Ref. 1, a value of damping of 0.05 was 

chosen. Since the design for this research has a less viscous fixture, a lower value of 

damping of 0.03 was chosen. The model mesh was read into SYSNOISE as were the first 

20 symmetric panel modes of vibration. Symmetry was declared about the center plane of 
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the duct. Loads as calculated from Ref. 43 were applied on the nodes at the edge of the 

piezoactuator mounting area. A frequency of excitation was chosen and the model was 

solved for pressures at the output field mesh. 

A FORTRAN program was written to read real and imaginary pressure values 

from SYSNOISE output and generate a full duct cross-section pressure field. This code 

has the capability to account for up to twelve sources arranged around the inlet duct. The 

pressure pattern resulting from any combination of the sources either in- or out-of-phase 

can be calculated by rotating and superposing the pressure pattern from one source. The 

pressure field due to a single source is determined in SYSNOISE. To simulate the effect 

of multiple sources, this field is rotated in the duct cross-section through an angle 

representing the angular separation between the sources being modeled. The single source 

pressure fields are then superimposed on one another to obtain the resulting pressure field. 

Similarly, a program was written to obtain far field results in the horizontal and vertical 

plane of any source. 

Now that the analysis tool has been described, the results of several different cases 

are presented. In control experiments on the JT15D at Virginia Tech, researchers have 

controlled plane waves and first order spinning modes on an actual engine. In an effort to 

determine what modes were established by various excitation configuration, four cases 

were studied. These cases are, one panel operating alone, two opposing panels operated 

180° out-of-phase, two adjacent panels operated 180° out-of-phase, and twelve panels 

operated in-phase. Both panel on- and off-resonance frequencies were used to judge the 

effect of panel resonance on the sound pressure field in the duct. Analysis was performed 

with an excitation voltage of 25 Vims at frequencies of 2100 and 2400 Hz.



The pressure patterns internal to the duct were calculated using SYSNOISE. 

After the pressure values were recorded, a modal decomposition was performed to 

determine to what extent each mode contributed to the overall duct sound pressure field. 

A modal decomposition is the solution of the system p = ‘Ya, where p is the complex 

vector of measured pressure, ‘¥ is the mode shape, or spatial, matrix, and a is the vector of 

complex modal amplitudes. Since the pressure field in a duct can be represented as a 

linear combination of a set of mode shapes, the matrix of equations representing the 

pressure at a series of points within the cross-section can be solved for the coefficients of 

each mode. The theoretical mode shapes are known and only the coefficients, the modal 

amplitudes, are unknown. The system is derived from writing the equation 

P(X Y) = GoW 09 (XY) + oW 19 (4, Y) ++ Gay W uy (4% Y) (14) 

for a set of (x, y) coordinates at which the pressure was measured. The Wrn(%, y) are the 

theoretical mode shapes for the acoustic modes in a rigid walled duct found from 

y,. =cos(md) J, (#4=0" (15) 

In the above equation , 7 and @ are the cylindrical coordinates in the cross section, 

b is the duct radius and the 7p are the solutions to the rigid-wall boundary condition 

equation J'y)(%@mn) = 0. To perform the modal decompostion, a MATLAB routine was 

used. It was decided to solve for the modal composition assuming the presence of the first 

22 modes of radial order less than four. Pressure values calculated at 96 locations within 

the duct were used to solve the system. This number of points is more than sufficient for 

the calculation of 22 modes. The sampling theorem requires at least two points be used 

for each mode. The use of 96 points enables up to 48 modes to be calculated. The values 

of theoretical mode shapes were calculated at the points where the pressure was given. A 

65



96 x 22 matrix resulted from this calculation. A Least Mean Squares routine was used to 

solve the over-determined system. After the modal amplitudes were determined, the 

system was solved for the pressure field and the resulting p' vector was compared with the 

original vector from SYSNOISE data. The p' vector was calculated first assuming only 

the first mode was present, then the first and the second, all the way up to the first 22 

modes. In this way, the error due to the assumption of the presence of a particular mode 

can, with the modal amplitudes, help in determining which modes are actually present in 

the duct. It also gives a quantity for estimating the quality of the estimate. Table 4.4 

presents the minimum mean squared error (MSE) for each excitation condition and lists 

the mode at which it occurs. This value is defined as the average of the squared difference 

between the values estimated by modal reconstruction and the SYSNOISE calculated 

values. It should also be noted that in increasing the modes which are cut-on, sudden 

drops in the MSE are observed. These drops occur in accordance with the inclusion of 

the dominant mode. 

The first analysis case investigated was that of a single source panel. Figures 4.5a 

and 4.5b show the pressure pattern obtained in this case with a 2400 Hz excitation. This 

value of excitation was chosen because it is the BPF of the JT15D for which this source 

array was designed. The plot shows the imaginary and real components of pressure as 

well as the sound pressure level. In this and the following plots, the source is located at 3 

o'clock on the duct cross-section. Fig 4.5a is the pressure at the source plane. Figure 

4.5b is the pressure at the duct inlet plane. As would be expected, the pressure field is 

very complex. As stated earlier, there are 17 cross-sectional modes which can propagate 

at an excitation frequency of 2400 Hz. Of course, at the source plane, all duct modes are 

present. At the inlet plane, the number of modes present is reduced by the decay of many 

of the cut-off modes. The maximum sound pressure level has dropped 
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Table 4.4 - Modes of Minimum Mean Squared Error 

  

  

  

  

  

  

  

  

  

            

Source Plane Inlet Plane 

Case Mode MSE Mode MSE 

Single Source, 2400 Hz (3,3) 2.260x10-4 (3,3) 3.687x10-4 

Single Source, 2100 Hz (3,3) 1.495x10-5 (3,3) 2.849x10-5 

Opposite Sources, 2400 Hz (0,0) 0.1321 (0,0) 4.908 

Opposite Sources, 2100 Hz (2,3) 0.2061 (3,3) 6.295x10-4 

Twelve Sources, 2400 Hz (0,3) 6.546x10-4 (0,3) 9.480x10-4 

Twelve Sources, 2100 Hz (0,3) 5.072x10-5 (0,3) 1.620x10-5 

Adjacent Sources, 2400 Hz (0,0) 0.7489 (2,3) 12.95 

Adjacent Sources, 2100 Hz (0,0) 0.1522 (0,0) 4.554x10°3 
  

significantly from 123 dB at the source plane to 115 dB at the inlet plane. This drop is 

due to the effect of cut-off. At the source plane, all modes contribute to the pressure field, 

but down the duct only the propagating modes contribute. The results of the modal 

decomposition (Fig 4.6) show the dominant mode in both the source and inlet planes to be 

the (1,3) mode. This mode has a cut-on frequency of 2403 Hz. The mean squared error 

between the pressure field estimated from the modal amplitudes and the SYSNOISE 

pressure field drops significantly with the addition of the (1,3) mode to the computation. 

In fact, the error continues to drop off with the addition of modes up to the (3,3). This 

trend in MSE would seem to indicate that the (1,3) mode is indeed the most important 

mode in the duct. The error continues to drop as the number of modes is increased in the 
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source plane. These modes must have some significant impact on the pressure field. At 

the inlet plane, the error rises with the inclusion of these higher order modes, indicating 

that they are not propagating. In fact, the modal amplitudes are reduced at the inlet. 

The 2400 Hz case was compared with a simulated excitation at 2100 Hz. This 

frequency was chosen because it is off-resonance for the panel. It was desired to examine 

what effects different excitation frequencies would have on the pressure field in the duct. 

Examination of the pressure pattern established at the source plane (Fig. 4.7a) reveals a 

clear fifth order circumferential mode. The plot of the imaginary component of sound 

pressure exhibits this mode shape clearly. In fact, it appears that a (5,1) mode has been 

excited, with a nodal circle near the duct wall. Modal decomposition (Fig. 4.8) shows the 

dominance of this mode to be the case. The next mode with the next highest amplitude is 

the (5,0) mode. This mode may not be a major contributor because the MSE calculated 

including this mode increased over the cases where it was excluded. Of note in the 

examination of the MSE is the fact that the error decreases with the inclusion of the (0,3) 

mode. The cut-on frequency for this mode is 2087 Hz and it could be a major contributor 

to the sound field even thought its modal amplitude is less than that of the (5,1) mode. At 

the duct inlet (Fig 4.7b), the 5th order mode is less in evidence, but is still the dominant 

mode. Again, cut-off is displayed as the modes above the (5,1) have small amplitudes. 

The next case investigated was one of two sources on opposite sides of the duct 

excited 180° out-of-phase with respect to one another. In this case the sources are 

located at 3 and 9 o'clock. Figures 4.9a and 4.9b show the pressure pattern internal to the 

duct at an excitation frequency of 2400 Hz. The opposing phase of each of the sources 

can be seen in the plots of imaginary sound pressure at both the source and inlet planes. A 

nodal line is forming at the center of the duct and can be clearly seen in the plot of sound 
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pressure level. At the source plane (Fig 4.9a), there is a region of non-zero pressure 

fluctuation near the duct center. Contributions of the evanescent modes at this point are 

most likely the cause. Modal decomposition (Fig 4.10) shows the (1,3) mode again to be 

dominant at 2400 Hz. The (5,0), (2,3), and (3,3) modes also have significant amplitude at 

the source plane, although that is not seen in the plots. At the inlet plane (Fig. 4.9b), 

however, there is a clear nodal line. The sound pressure away from the source is relatively 

uniform, showing a (1,0) mode, however, the modal amplitude of the (1,0) mode is small. 

The third order modes have the largest modal amplitudes. The (3,3) mode, which has a 

cut-on frequency of 2994 Hz is dominant at the inlet. Such a mode should not propagate, 

and the modal decomposition may be in error. Despite the information from the modal 

decomposition, the (1,0) mode seems to be dominant. Examining the mean squared error 

between the estimated and analytical pressure fields, it appears that the modal 

decomposition of this case is inaccurate. 

The 2400 Hz case is again compared with the off-resonance case of 2100 Hz. 

Figures 4.11a and 4.11b show the phase differences due to the source vibration at 2100 

Hz at the source and inlet planes. Figure 4.12 shows the modal amplitudes at the source 

and inlet planes. The (5,1) mode dominates at both the source and inlet planes. At the 

source plane, all of the fifth order circumferential modes are in evidence. The (1,0) mode 

is not clearly indicated. At the inlet plane, the (5,1) mode is still the dominant mode. 

Some first order circumferential modes are more strongly excited at the inlet than at the 

source. The error in the modal amplitudes is not nearly as large as for the 2100 Hz case, 

but it is large enough to prevent it from allowing more conclusions to be made about the 

pressure field in the duct. 

69



The case of all twelve sources excited in-phase was investigated next. Figures 

4.13a and 4.13b present the pressure patterns generated internal to the duct at 2400 Hz. 

Figure 4.14 shows the modal amplitudes. At the source plane (Fig. 4.13a), the near field 

contributions of the sources are clearly evident. At the inlet plane (Fig 4.13b), the pattern 

is purely radial. The only non-zero modal amplitudes are at the purely radial modes (the 

(0,0) mode included). All of the purely radial modes of the 22 modes examined are cut on 

at 2400 Hz, and all are clearly excited. The MSE is very large when the (0,3) and higher 

modes are excluded from the pressure computation. Including that mode, reduces the 

MSE by several orders of magnitude. It is clear that this mode is the dominant one in the 

system. 

The pressure pattern established by twelve identical sources at 2100 Hz is similar 

to that of the 2400 Hz case (Figs. 4.15 and b). The modal content is nearly identical to 

the 2400 Hz case, but the amplitudes are much smaller (Fig 4.16). Again, the near field of 

the sources dies off at the inlet and a third order radial mode is excited. The errors are 

less, but there is still a several order of magnitude drop in the error after the inclusion of 

the (0,3) mode. 

Two adjacent sources were excited 180° out-of phase. These sources are at 3 

o'clock and 2 o'clock. The reason for investigating this case was to see how effectively 

such an arrangement radiated acoustic energy. Figures 4.17a and 4.17b show the pressure 

patterns internal to the duct at 2400 Hz. It is difficult to make any conclusions about the 

pressure field from the plots of real and imaginary sound pressure. The plot of modal 

amplitudes (Fig. 4.18) is not much clearer. The (1,3) mode is dominant and, at the source 

plane, the (5,0) mode is strongly excited as well. The nodal line present at the source 

plane is likely due to the dominance of the (1,3) mode. The resulting pressure field, at the 
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source plane, is more uniform than the single source case. The average sound pressure 

level seems to be higher for the adjacent source case than for the single source case, away 

from the nodal line. Sound pressure levels are approximately 110 dB in the regions on 

either side of the nodal line. At the inlet plane, the pressure field is again much more 

uniform for the adjacent source case than for the single source case and again the average 

levels are higher. 

The pressure patterns due to two out-of-phase adjacent sources vibrating at 2100 

Hz are presented in Figures 4.19a and 4.19b. The patterns are similar to those of the 2400 

Hz case, a nodal line is established between the two sources in the source plane (Fig. 

4.19a). A significant difference between the 2400 Hz and the 2100 Hz cases is the 

pressure field at the inlet plane. At the inlet plane, the overall radiation is much less than 

at the source plane (Fig. 4.19b). No real nodal line is evident although there is a region of 

relatively low sound pressure level at the same location in the cross-section as the nodal 

line. By far, the dominant mode in both the source and the inlet planes is the (5,1) mode. 

Since 2100 Hz is near the cut on for this mode, it is the dominant mode in the duct. 

Compared with a single source, the sound pressure due to adjacent sources is more 

uniform at the source plane. The maximum sound pressure at the source plane is lower in 

the adjacent panel case, 114 dB as compared to 117 dB, but the average level appears to 

be higher. At the inlet plane, the pressure field is less uniform than at the source plane. In 

comparison with the single panel case, the maximum sound pressure level is higher, 110 

dB compared with 104 dB for the single panel. 

The radiation from two adjacent panels excited out-of-phase was investigated 

analytically. In this case, the sound pressure field was seen to be more uniform than for a 

single panel excitation. The effect of this excitation configuration on the sound pressure 
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levels in the duct seems to be frequency dependent, with much less variation between 

maximum levels for the 2400 Hz case than for the 2100 Hz case. This effect may be due 

to the fact that at 2400 Hz, the panel is excited in vibrational resonance. This frequency is 

also much closer to an acoustic resonance than 2100 Hz is. The combination of 

vibrational and acoustic resonances should have a significant effect on the sound field 

produced in the duct. 

Figures 4.21a and 4.21b show the directivity patterns obtained with SYSNOISE 

for the 2400 Hz single panel case. Fig. 4.21a shows the measurement in the horizontal 

plane. The pattern is symmetric with a maximum SPL of 95 dB approximately 55° off the 

centerline at a distance of 1.1 m. The notches in the directivity, may be indicators of the 

nodal circles present in the (1,3) mode that has the largest amplitude in this case. In the 

vertical plane, as expected, the directivity is not symmetric. The source is located at 90°. 

The sound pressure levels are in general higher along that side of the plot. Interestingly, 

the maximum level is found at about -40°. The directivity has several notches in the 

negative side of the plot, indicative of the non uniform pressure pattern present at the duct 

inlet. 

Examination of the directivity patterns for 2100 Hz (Figs. 4.22a and b) shows a 

relationship between the horizontal and vertical planes that is similar to that of the 2400 

Hz case. The sound pressure levels are, however, well below those of the 2400 Hz case. 

This effect is due to the reduced motion of a panel vibrating off-resonance as compared to 

one vibrating on resonance. 

The directivity plot in Figure 4.23 shows clearly the type of far field pressure 

distribution generated by a (1,0) mode. A notch of zero pressure is present along the duct 

centerline. Everywhere else, the sound pressure level varies from 80 to 95 dB. The field 
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is fairly symmetric about the centerline and is directive beyond 45 degrees. This plot is 

further evidence of the dominance of the (1,0) mode when two opposite sources are 

excited 180° out-of-phase. 

The directivity of the radiation from the duct at 2100 Hz is shown in Figure 4.24. 

The pattern is similar to that of the 2400 Hz case. A notch is present at 0° and the pattern 

is roughly symmetric. The levels are lower than those of the 2400 Hz case, as expected. 

The directivity pattern for twelve sources at 2400 Hz is presented in Figure 4.25 

The pattern is symmetric with a maximum sound pressure level of 110 dB along the 

centerline. The notches in the pattern may indicate the radial modes excited in this 

configuration. The directivity is slightly different than the 2400 Hz case. The pattern is 

shown in Figure 4.26. The pattern is symmetric, but its maxima lie about 20° off the duct 

axis. These maxima have sound pressure levels of 100 dB. 

4.4 Summary 

The analysis performed in this work produced two sets of results. Analytical 

calculations were used to give the cut-on frequencies for the modes present in a rigid 

walled duct. A numerical analysis was used to estimate the sound pressure generated by a 

vibrating distributed source. A modal decomposition of the results quantified the 

participation of the duct modes in the pressure field. The results were combined to 

describe the sound pressure field in and around a rigid walled duct. Observing the modal 

amplitudes, one can conclude that the dominant mode in a duct is the one closest to cut- 

on. For each of the frequency cases run in this analysis, the dominant mode was the one 

with the cut-on frequency nearest the excitation frequency. As examples the (1,3) mode 
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(cut-on at 2403 Hz) dominated the 2400 Hz case and the (5,1) mode, which is cut-on at 

2159 Hz, and the (0,3) mode, cut-on at 2087 Hz dominated at 2100 Hz. It can also be 

concluded from this analysis that operation at the panel (1,1) mode resonance frequency of 

2400 Hz produces the best acoustic output from the system. The sound levels and modal 

amplitudes were higher for the 2400 Hz excitation in all but the single panel excitation 

cases. One can also conclude that first order circumferential modes can be established 

with this system. The effect of adjacent panel excitation on the pressure field in the duct 

appears to be frequency dependent. A more uniform sound field than that produced by a 

single source is produced in this configuration, but the effects on the maximum sound 

levels is different depending on the frequency of excitation. The proximity of the 

excitation frequency to structural and acoustic resonances seems to have a significant 

effect on the level of sound produced by the sources. To investigate these conclusions a 

program of experimentation was undertaken. A description of the tests and their results 

follows this chapter. 
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Figure 4.19a - SYSNOISE Internal Pressure - Adjacent Sources - 2100 Hz - Source Plane 
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CHAPTER 5 EXPERIMENTAL INVESTIGATION 

5.1 Introduction 

Several tests were performed to determine the performance of the array. Vibration 

measurements were made to both assess the performance of the design tool and as 

reference in establishing the relationship between panel vibration and acoustic 

performance. Acoustic measurements were made of several different configurations of 

actuators and sources in order to quantify their effects on acoustic performance. The 

acoustic performance of two different size actuator patches was investigated. Acoustic 

tests also helped determine the suitability of the array for use as a control source on a 

turbofan engine. 

5.2 Panel Testing 

Tests were performed to determine the vibration characteristics of the source 

panels. Frequency response function measurements and displacement measurements were 

made to verify the finite element analysis design tool. FRF measurements were also used 

to determine what effect, if any, the duct had on the vibration characteristics of panel. 

Velocity measurements were used to investigate the effect of panel vibration on acoustic 

performance. Additional tests were performed to verify the isolation of each source panel. 

To determine the frequency response function of the panel, random noise was used 

to excite the piezoactuator. The motion of the panel at various locations was then 

measured. An accelerometer and a laser vibrometer were used to measure the response of 

the panel. 
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The first test performed was the determination of the panel FRF while the array 

was separated from the duct. This test was performed to both verify the design and to 

establish a baseline for determining the effect of the mounting in the duct on the vibration 

of the panel. The array was assembled and the edges of the panels were sealed with 

silicone RTV to prevent leakage of air around the panel. The array was suspended from a 

frame. Once the array was in this configuration, tests could be performed. 

Two types of FRF measurement were made. The response of the panel to random 

noise excitation was measured using an accelerometer and a laser vibrometer. The first 

test described here used the accelerometer. The setup for this test is shown in Figure 5.1. 

The accelerometer was fixed to the panel with a small amount of wax. Power and signal 

conditioning for the accelerometer was provided by a PCB Model 4808A signal 

conditioning unit. The output of this unit was fed to channel B of a Briiel and Kjer 

(B&K) Model 2034 Dual Channel Signal Analyzer. The signal generator on the B&K 

2034 was used to excite the piezoactuator. The signal was fed to channel A of the 

analyzer. It was also passed through a NAD model 2700 Power Amplifier to a voltage 

boosting transformer. The PZT was wired to the transformer. Measurement of the 

applied voltage was made at the amplifier output. The signal generator was used to create 

a random voltage fluctuation which was sent to the piezoactuator. The response of the 

panel to the force created by the piezoactuator was measured by the accelerometer. 

Figure 5.2 shows a typical FRF plot. The frequency resolution was 4 Hz. It can be seen 

from this plot that there is a high amount of damping in the system. This high damping is 

probably due to the boundary conditions of the panel. 

A second method was used to measure the panel FRF. A Polytec OFV 501 laser 

vibrometer was used to measure the velocity of the panel in response to a random 
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Figure 5.2 - Vibration FRF - 25.4 x 25.4 mm PZT 

110



excitation. The setup is pictured in Figure 5.3. The arrangement is similar to that used for 

the accelerometer, but the laser vibrometer is used to make a non-contacting, non-mass 

loading measurement. The actuator is driven in the same manner described in the 

accelerometer case. The laser is setup in a two-dimensional traverse which is controlled 

by a personal computer. The laser is placed approximately 10 cm away from the source. 

The signal from the laser is conditioned by a Polytec OFV 2600 Vibrometer Controller 

and passed to channel B of the spectrum analyzer. The laser is traversed over the face of 

the source and is used to make measurements of the FRF at those locations. One 

difficulty in using the laser is the problem of reflection of light from a curved surface. As 

the laser beam hits the curved panel it reflects off with the same angle as that of the 

incident beam. When the surface is perpendicular to the laser, beam, the full amount of 

reflected light is received by the laser optics. However, when the surface is at an angle, as 

is generally the case with a curved surface, the light is reflected off the laser axis. In order 

to receive the reflection, the laser must be very close to the surface and must be focused 

exactly. This need for accurate focus requires a careful, lengthy adjustment procedure. In 

addition, the data may include high levels of noise due to the poor reflection from the 

surface. Two laser FRF plots are shown in Figure 5.4. Note the high levels of noise at 

low frequencies in the measurement taken at a position angled away from the laser. The 

FRF measured at the center of the panel has a much lower noise content. Thus, it was 

decided to use accelerometer data for the FRF of the panel with supplementary frequency 

response functions taken with the laser, but only at the center of the panels. 

A second set of panel FRF measurements was made after the array assembly was 

mounted to the duct to determine the effects of duct mounting on the FRF of the panels.. 

An accelerometer was placed at the center of each panel. Random noise excitation was 

provided to the PZT. Figure 5.5 shows the resulting frequency response functions. The 
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FRF taken while the array was separated from the duct has two peak/notches at 

about 500 Hz and 800 Hz. These peaks are not visible on the duct FRF. These peaks are 

most likely structural resonances which were functions of the method by which the array 

was suspended. Since the array was firmly bolted to the duct, vibration of the ring in these 

modes was not allowed. Also of note is the lowering in frequency of most of the peaks in 

the FRF due to the duct mounting. 

Measurements were also made in an effort to determine the vibration isolation of 

the panels. A single panel was excited with random noise. An FRF was taken of the 

vibration of that panel due to its excitation and compared with FRFs measured on the 

other 11 panels in the array. Fig 5.6 is a plot showing the FRFs of each of the panels with 

panel 1 excited. Panel 1 had a 25.4 x 25.4 mm (1 x 1 in.) PZT patch bonded to it. The 

peaks of the response of the other panels to this excitation was at least 10 dB down across 

the band of excitation. No panel was excited to high amplitudes at resonance frequencies 

by the excitation of another panel. Similar results were obtained when the 25.4 x 50.8 mm 

(1 x 2 in.) patch was used. This result is sufficient to conclude that the panels are isolated 

from one another. 

5.3. Panel Motion 

After measuring the panel FRF, measurements of the motion of the panel during 

single frequency excitation were made. These measurements were taken to identify the 

mode shape in which the panel was vibrating at a particular frequency and to gather 

information from which a conclusion could be drawn about panel motion and acoustic 

performance. The piezoactuator patches were excited with sinusoidally varying voltages. 

The frequencies for these sine waves were chosen based upon the panel frequency 

response functions. 
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Velocity measurements were made using the scanning Laser Doppler Velocimeter 

(LDV) of the Structural Imaging and Modal Analysis Laboratory of Virginia Tech. The 

duct was placed on a stand in the laboratory. A panel was selected for measurement and 

its surface was coated with a white developer which provided a diffuse surface for the 

reflection of the laser beam. A sinusoidal excitation was provided to one of the sources. 

Laser measurements were taken from three different locations. Information from the LDV 

includes real and imaginary components of displacement, and thus phase, as well as 

statistical information. 

Figure 5.7 presents results obtained using the LDV. The real and imaginary 

components of displacement are shown along with the standard deviation for each grid 

element. The magnitude and phase of the displacement are also shown. Figure 5.7a is the 

result obtained when the panel was excited with a 2400 Hz sine wave. The panel is 

moving in a (1,1) mode shape. The maximum displacement occurs at the center of the 

panel. Examination of the phase plot shows that for the majority of its central portion, the 

panel is moving with approximately the same phase. Of interest in the phase plot is the 

region directly at the panel center. This is the location of the PZT. One can see a ring 

with a phase angle of zero, this is the border of the PZT. According to theory, this region 

is where the forces and moments generated by the patch are applied to the panel. This 

phenomenon may be the reason that the phase is zero here. 

Figures 5.7b, c, and d show the data measured when the panel was excited with 

2100 Hz, 1730 Hz, and 2480 Hz signals. In each case, the panel appears to be vibrating in 

a (1,1) mode. These results coincide with the measured FRFs which show no clear 

resonance, again indicating a highly damped system. The result is positive for broad band 

sound generation. It appears that the panel has a broad range of operation in its (1,1) 
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Figure 5.7a - Panel Motion at 2400 Hz 
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Figure 5.7b - Panel Motion at 2100 Hz 
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Figure 5.7c - Panel Motion at 1730 Hz 
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Figure 5.7d - Panel Motion at 2480 Hz 
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mode. Thus, sound should be efficiently generated over a broad band of frequencies. It 

should be noted that the panel appears to have its greatest displacement at 1730 Hz. 

5.4 Initial Acoustic Measurements 

Previously, it was stated that two actuator patch sizes were under investigation. It 

was decided to choose between these sizes based on their acoustic performance. An initial 

test was made in the 4.3 m x 2.7 m x 2.4 m anechoic chamber in the Vibration and 

Acoustics Laboratory of Virginia Tech. 

The purpose of the initial test was to find out which one of the two actuator sizes 

provided the highest sound pressure in the far field. The assembled array was bolted to a 

1.1 m (42 in.) long stainless steel duct with an inner diameter of 0.533 m (20.975 in.). 

The duct acted as an inlet simulator. Acoustic foam 25 mm (1 in.) thick was wrapped 

around the duct to prevent reflections from its surface. The source end of the duct was 

closed with a sheet of 19 mm (0.75 in.) plywood which acted as a rigid termination. The 

assembled duct was suspended from the ceiling of the anechoic chamber by nylon cord. A 

microphone traverse was set up a distance of 1.1 m from the inlet opening of the duct. 

Directivity measurements were made in an arc from + 90°. The plane in which the 

traverse passed was called the vertical plane. Figure 5.8 is a schematic of the setup in the 

anechoic chamber. Measurements were made on two planes, the horizontal and the 

vertical. Figure 5.9 shows how these planes are defined in relation to the panel being 

excited. The vertical plane is the plane in which the source has symmetry. The horizontal 

plane is orthogonal to the vertical plane. 

The actuator patches were excited in the manner previously described. The 

acoustic signal generated by their vibration was received by a B&K Type 4134 1/2 inch 

122



JayAOTY 
B
B
E
 

sayy 

—
L
_
_
_
-
F
—
i
7
_
_
_
}
 

 
 

JOT]ONWO7) 
VSIOABIL, 

L
d
 

 
 

  
  

dnjag 
Joquizy.) 

s10qosuy- 
- 9°¢ 

a
n
d
i
 

Ajddng 
Jamog 

suoyqdolny 

QSISABI] 
IBINSTY 

 
 

 
 

 
 

  
 
 

 
 

  
  

  
  

 
 

 
 

a
u
o
q
d
o
y
   

Joqureyqy) 
sIoyseuy 

  

 
 

 
 

   
 

  
  

 
 

yndjng 
Jojelauan 

[eudig o- 
Oa 

O
V
 

TO}OUIOA, 
JozATeuy 

umyseds 
peng 

0 
0 
C
H
 

o
u
o
 

2
1
9
 m0 

leyydury 
  

 
    
 

 
 

 
 

  
  

 
 

 
 

JouO}suel], 

123



Tr
av

er
se

 
Pl
an
e 

10   

  

Horizontal 

  
7 

Figure 5.9 - Measurement Plane Definition Referenced to Source 1 

124



diameter microphone mounted on the traverse. The microphone signal was passed 

through a B&K Type 5935 Microphone Power Supply. The signal was filtered with a low 

pass filter and input into the spectrum analyzer. 

Two types of measurement were performed. An acoustic frequency response 

function was measured by exciting the actuators with white noise. Directivity 

measurements were made by exciting the actuators with pure tone signals. The tones used 

were the JT15D BPF (2400 Hz), and the frequency of maximum response as measured in 

the FRF. Figure 5.10 is a sample FRF. The acoustic response is at a maximum for both 

patch sizes at 2100 Hz. 

Figure 5.11 shows the directivity pattern for the duct for both the 25.4 mm x 25.4 

mm and 25.4 x 50.8 mm actuators excited at a frequency of 2100 Hz and at a voltage of 

25 Vrms. The pattern shown here was measured in the horizontal plane. Over most of 

the arc, the smaller patch provides higher sound pressure levels. The maximum SPL is 

91.5 dB nine degrees off the axis. Table 5.1 shows the averages of both the horizontal 

and vertical planes from -90° to 90° for both patches and for the two frequencies of 

excitation. It can be seen that for both frequencies, the 25.4 x 25.4 mm patch provides the 

highest sound pressure. For this reason, the 25.4 mm x 25.4 mm patch is chosen as the 

actuator size to be used in the whole array. 
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Table 5.1 - Overall Average Sound Pressure Level in Far Field 

  

SPL (dB ref 20x10-6 Pa) 
  

  

  

        

Frequency (Hz) 25.4 x 25.4 mm PZT 25.4 x 50.8 mm PZT 

2100 79.6 78.8 

2400 72.2 71.4 
  

5.5 Array Measurements 

After determining the best size PZT patch to be used, a full array of 12 sources 

was tested. In these tests, both internal and external measurements were made of the 

sound generated by various combinations of sources. The purpose of these tests was 

threefold, to investigate the interaction between the source panel(s) and the duct, to show 

the ability of the array to generate circumferential modes, and to determine the maximum 

performance of the array. 

The first test performed on the array was a measurement of each of the panel 

FRFs. It was desired to know how closely matched the performance of each panel was to 

the others. An accelerometer was used to measure the response of the panels to random 

noise excitation following a method identical to that previously described. Once the FRFs 

were obtained, a statistical comparison was made of their performance. The response 

magnitude of the panels was averaged at each discrete frequency in the band 0 - 3200 Hz 

(every 4 Hz). A standard deviation was calculated and confidence bounds were generated 

based on a Student's T distribution. A confidence limit of 95% was chosen rather 

arbitrarily. These bounds represented the range in which 95% of the data averaged should 

fall. This method was used, not to compare the panels to a standard, but to compare the 

129



panels against one another. If the response of each panel was found to fit within these 

bounds throughout the frequency band, then the panels were considered to have the same 

response. The FRF of each panel was plotted along with the confidence bounds. Figure 

5.12 is a sample FRF with confidence bounds. All but two of the panels fit within these 

bounds from 0 to 1200 Hz. However, some significant deviations from these bounds were 

exhibited at higher frequencies. The response of each panel follows the same general 

trend, increasing response up to about 2000 Hz then dropping off up to 3200 Hz. From 

this result, it was decided to compare the performance of the sources based upon sound 

pressure level generated at a point in the far field. Since each panel exhibits similar trends 

in frequency response it is assumed that the differences between panels is in their response 

to a given voltage. This assumption enables sources to be driven together based not on 

the excitation voltage, but on the sound pressure they generate at some location in the far 

field. The location chosen should lie on the centerline of the duct so that a microphone at 

that location will measure the acoustic pressure at the same point relative to each source. 

To substantiate the preceding assumption, a set of acoustic FRFs was taken along 

the duct centerline. Each panel was excited with 5 Vyms random noise. FRF 

measurements were taken in the far field at a distance of 1.1m along the duct centerline. 

For each panel, the frequency content of the acoustic response was nearly identical. The 

levels of response varied according to the voltage response of the panel. With this result it 

was shown that the frequency content of the response of the panels was the same. 

An additional observation can be made by examining the FRF plot in Figure 5.12. 

Compared with the FRF plot in Figure 5.2, this function is much smoother. It is believed 

that the reason for these differences is the tension applied to the band which clamps the 

curved edges of the panel. If the band is slightly tighter than it was in the initial tests, the 

130



  (cere. et 

Re
sp

on
se

 
(d
B 

re
f 

1.
0 

V)
 

S 
_ wa
 

©
       -200 eisnartdl,,e,zazajptT,,,,}tT,,, , zstLrpreyxartiliprzpzazrasza)),zypgrtlLyayyy,y 

0 400 800 1200 1600 2000 2400 2800 3200 

Frequency (Hz) 

Figure 5.12 - Vibration FRF of Panel in Array with 95% Confidence Bounds 

  

131



boundary conditions could change enough to have the effect of increased system damping. 

Such an effect is exhibited in this comparison. As in the initial experiments, no resonance 

frequency can be identified from the FRF. The phase angle varies smoothly across the 

range of frequencies excited. 

Having established that the sources produce similar acoustic fields, several 

configurations of source excitation were investigated. These configurations were a single 

source, two opposite sources 180° out-of-phase, two adjacent sources 180° out-of-phase, 

and twelve sources in-phase with one another. Both far field directivity and internal 

pressure patterns were measured. In each case, a single sine wave was used as the 

excitation frequency. The three frequencies investigated were the frequency of maximum 

acoustic response, 2100 Hz, the JT15D BPF, 2400 Hz, and the frequency of maximum 

panel response, 2478 Hz. Table 5.2 lists the source patterns, frequencies, and source 

centerline sound pressure levels for the cases tested. 

Table 5.2 - Test Matrix 

  

  

  

  

          

Source Pattern Frequencies (Hz) Source Centerline SPL 

Single Source 2100, 2400, 2478 80 dB 

Opposite Sources, 180° 2100, 2400 90, 85 dB 

Adjacent Sources, 180° 2100, 2400 | 85 dB 

12 Sources 2400 80, 90 dB 
  

The system used to make the measurements was similar to that which was used in 

the initial directivity measurements (Fig. 5.8). The B&K Type 2034 Dual Channel Signal 

Analyzer was used to generate the signal for exciting the actuators. This signal was 
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amplified using a power amplifier. For the cases with one or two sources a NAD Model 

2600A Power Amplifier was used for this purpose. When twelve sources were excited, an 

NAD 2700 Power Amplifier was added, along with a Proton and a Rane MAG6 six-channel 

power amplifier. The signals were passed through transformers to the PZT patches. Two 

JDR 3500 Oscilloscopes were used to observe the signal being sent to the PZT. In cases 

where two sources were operated out of phase, the signals were displayed on the 

oscilloscopes as well as input the B&K to determine the phase difference. The sound 

pressure generated by the sources was detected by B&K Type 4134 1/2-inch diameter 

microphones. Power was provided to the microphones by either a B&K Type 5935 or a 

B&K Type 2807 Microphone Power Supply. For traverse measurements, the 5935 was 

used, for internal measurements, four microphones were used with both types of power 

supplies. The signals were amplified by an Ithaco Model 451 Amplifier and passed 

through an Ithaco Model 4302 Dual Filter. The filter was set in low-pass mode. The 

filtered signal was input the to B&K 2034 which displayed the voltage and the phase of 

the signal. 

Before and after taking acoustic data, the microphone was calibrated using a B&K 

Type 4134 Calibrator. The calibrator was placed over the microphone and activated. The 

voltage was measured by the B&K 2034. For a 1/2-inch microphone, the calibrator 

produces 93.6 dB at 1000 Hz. The scaling factor on channel B of the B&K 2034 was set 

such that 93.6 dB were read at 1000 Hz. The same procedure was used before and after 

acoustic measurements to ensure that the calibration had not changed during the test. 

Directivity measurements were made in the same manner as previously described. 

Measurements were made in both the horizontal and vertical planes. The traverse was set 

up in the vertical plane. To make horizontal plane measurements the sources located 90° 
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off the vertical plane were used. Reference to Figure 5.9, which shows the source 

numbering convention, helps clarify this statement. For example, in the single panel case, 

source 1 was used to produce the vertical directivity measurement and source 4 was used 

for the horizontal. The only case where the duct was rotated involved the two adjacent 

panel case. In order to make measurements in a plane of symmetry, the duct was rotated 

15 degrees so that the vertical plane was between sources 1 and 12 and the horizontal 

plane was between sources 3 and 4. 

The results of the directivity measurements are shown in Figures 5.13 through 

5.18. Table 5.3 lists the average sound pressure levels in the horizontal plane, the vertical 

plane and overall (both planes together) for the three frequencies of excitation. Curiously, 

the 2400 Hz case has the highest overall sound pressure level average. This result does 

not follow the expected result, considering the measured acoustic system FRF. In fact, of 

the three frequencies tested, the 2100 Hz case has the lowest overall average. In the 

horizontal plane, the directivity patterns (Fig. 5.13) are not all symmetric, which is also an 

unexpected result. The 2400 Hz and 2100 Hz cases appear to be symmetric about a line 

about nine degrees off the duct axis. This discrepancy may be the result of misalignment 

of the microphone. The differences in the directivity patterns among the three frequencies 

indicates that some process, other than panel displacement, plays a significant role in the 

radiation effectiveness of the sources. In the vertical plane (Fig. 5.14), the patterns are, as 

expected, not symmetric. Again, the 2400 Hz case has the highest average sound pressure 

level. 
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Table 5.3 - Single Panel Average Far Field Sound Pressure Levels 

  

  

  

            

Frequency Horizontal Average | Vertical Average Overall Average 

(dB) (dB) (dB) 

2100 77.3 74.6 76.0 

2400 78.4 79.1 78.8 

2478 75.3 78.7 77.0 
  

Figure 5.15 is a plot of the directivity in the vertical plane of two opposite sources 

180° out-of-phase with one another. The patterns are roughly symmetric with a notch 

along the duct centerline. The sound level at the centerline before the phase shift was 91 

dB. A 40 dB reduction was made by placing the signals out of phase. In general, both 

frequencies had approximately the same levels in the far field. In comparison with the 

single panel case, the sound levels were slightly higher in the regions away from the 

centerline. 

Figure 5.16 shows the directivity pattern in the horizontal plane in the far field for 

two adjacent sources 180° out-of phase with each other. The patterns again are roughly 

symmetric. In comparison with single panel excitation, the vertical plane sound pressure is 

much lower in the region 18° off the duct axis, but is higher outside this region. The 

horizontal plane shows a similar trend. There is no notch at the centerline. This result is 

expected from analysis. Recalling the analytical pressure pattern at the duct inlet (Fig. 

4.19b), the acoustic pressure was not zero at the duct axis, thus no notch is expected at 

the duct axis. Figure 5.17 is the vertical plane measurement. The pattern is rregular as 

would be expected, but the sound pressures are higher than analysis would predict. 

Analysis predicts a broken nodal line at the duct inlet (Fig. 4.17b). This area of zero 
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pressure fluctuation should radiate nothing to the far field. However, the sound levels are 

significant, in fact they are higher, in general, than the horizontal plane. Obviously, the 

duct is not behaving as predicted in this case. 

The final measurement taken involved the excitation of all twelve sources in phase. 

The only frequency at which this measurement was taken was 2400 Hz. This was done 

because it was desired to find the maximum sound level the sources could generate at the 

BPF of the JT15D. The results of this experiment are presented in Figure 5.18. The 

pattern generated is symmetric, as expected, as has its maximum along the duct centerline. 

Two source levels were run, 80 dB and 90 dB. The 90 dB case was defined as the limit 

because it was desired to keep the excitation of the sources below 100 Vins. Since the 

voltage response of all the sources was not identical, the source with the weakest response 

to voltage was excited with a 100 Vins signal. This source produced a sound pressure 

level of 90 dB at the duct centerline. When all twelve sources were active the maximum 

sound pressure level was 110 dB at the duct centerline. For the 90 dB case, the sound 

pressure level was measured at nearly 100 dB across the entire range of measurement. 

In addition to the directivity measurements, measurements were made of the 

pressure patterns generated internal to the duct. For the same cases described above, a 

rake of microphones was rotated in the duct cross-section and used to measure the sound 

pressure in the duct. Figure 5.19 is a schematic of the rake. Four microphones were 

mounted on the rake. The spacing between the microphones was 63.5 mm (2.5 in.). This 

distance was less than one-half of the wavelength of the highest frequency tested, 2478 

Hz. The wavelength for that frequency is 138 mm (5.4 in.). The outermost microphone 

was placed at a radius of 241 mm (9.5 in.). At this radius, measurements taken every 15 

degrees around the cross-section have a circumferential spacing of less than one-half of a 

136



aadengsozes oonee freenne Fee 
“Fa9 Mey vy ®e, a . Pe, ‘. = *, + *. a ey 

°, te 

B, ewe dee ens “ oO ” rT aL o we oO 
: ment Ba a p 

5° 

oe 

o ° i i ma o * 5 o °   : : “., . ‘ 5 
i1.,,,,f, eee pi tla tt ti i 

100 75 SO 25 0 25 $0 75 100 

SPL (dB re 20x10* Pa) 

Figure 5.13 - Measured Directivity- Single Panel - Horizontal Plane 

137



eee en eeen eae fee hae, 
a. %. Pe, . %e, a, a *, . 

. 
ee 

2 * o a «* = Pm " e* *' . o* 
0 e' 

  
0 25 SO 7S 100 

SPL (dB re 20x10° Pa) 

Figure 5.14 - Measured Directivity - Single Panel - Vertical Plane 

138



ansenseeeseOORrounmenss, 
een e ee Oa, 
em . = wy . eo = ” #e, a t. 

oO ° i f ae ee ree “ 5% o° 

Poof Ff PN EU 
j A i Lk o j Lc} 4 i j Jk of a i i & it ss, “ : 5 i } Rog gg a j a 2 2 I j 

100 i SO 25 0 25 $0 7S 100 

SPL (dB re 20x10° Pa) 

    

Figure 5.15 - Measured Directivity - Opposite Panels 180° Out-of-Phase 
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wavelength. This arrangement assured that there would be at least two samples taken 

every wavelength. 

After the pressure values were recorded, a modal decomposition was performed to 

determine to what extent each mode contributed to the overall duct sound pressure field. 

Combination of these results with plots of the sound pressure show which modes are being 

excited in the duct. The values are presented in the same manner as the analytical internal 

sound pressure results. The real and imaginary components of the sound pressure are 

used to identify the dominant duct mode. Figures 5.20a and b are plots of the internal 

pressure pattern at 2104 Hz at the source and inlet planes. It is difficult to discern the 

modal patterns from the pressure plots. It does appear that a second order circumferential 

mode has been excited. There is some evidence to suggest that a radial mode has been 

excited as well. The modal decomposition (Fig. 5.21) reveals that the (2,2) and the (0,3) 

modes are dominant at the source plane. At the inlet plane, the (2,2) is still dominant, but 

the contribution of the (0,3) mode has been severely reduced. In a rigid duct, these modes 

are cut-on at 2050 Hz and 2087 Hz respectively. The mean squared error between the 

reconstructed pressure field and the actual pressure field does not show large changes with 

the addition of higher order modes as for the analytical cases. The minimum mean 

squared error occurs for the (0,0) mode for each of the experimental cases. The range of 

error values is not very large, in most cases the error induced by the addition of a higher 

mode to the calculation is within an order of magnitude of the previous calculation. Table 

5.4 shows the secondary minimum mean squared error and the mode at which it occurs for 

each excitation case. For the single panel at 2104 Hz, the minimum errors occur with the 

inclusion of second order circumferential modes at both the inlet and the source planes. 

The modes excited to dominance are those with cut-on frequencies near the frequency of 

exCitation. 
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The internal pressure measured at the source plane with a single source excited at 

2400 Hz is shown in Figure 5.22a. The pressure at the inlet plane is shown in Figure 

5.22b. Observing the sound pressure patterns, it is again difficult to extract any 

information about the modal content at this frequency. The modal decomposition was 

used to accomplish this task. Figure 5.23 shows the modal amplitudes obtained from the 

modal decomposition. At the source plane, the dominant mode is the (1,3) mode. With a 

cut-on frequency of 2403 Hz, this result was expected. At the inlet plane, however, the 

dominant mode is the (1,2) mode. In both of these cases the MSE has a local minimum 

with the inclusion of these modes in the reconstruction. The presence of these first order 

circumferential modes is more easily seen on the inlet plane plot of the imaginary 

component of the sound pressure. 

Table 5.4 - Secondary Minimum Mean Squared Errors 

  

  

  

  

  

  

  

              

Source Plane Inlet Plane 

Excitation Mode MSE Mode MSE 

Single Source, 2104 Hz (2,3) 0.1092 (2,2) 0.1198 

Single Source, 2400 Hz (1,3) 0.1840 (1,2) 0.2245 

Single Source, 2468 Hz (1,2) 0.1889 (2,3) 8.669x10-2 

Opposite Sources, 2400 Hz (1,3) 0.3534 (3,2) 0.3432 

Twelve Sources. 2400 Hz (1,2) 0.7349 (0,1) 0.1592 

Adjacent Sources, 2400 Hz (1,3) 0.3396 (1,1) 0.5103 
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A single panel was tested at a third frequency of excitation. Figures 5.24a and 

5.24b show the internal sound pressure measurements obtained when a single source was 

excited with a 2468 Hz sine wave. At the source plane, the modal amplitudes (Fig. 5.25) 

indicate that the (0,3) and (3,3) modes are dominant. But many modes are indicated. At 

the inlet plane, the (1,3) mode is dominant. Since this mode is not near any particular cut- 

on frequency, no mode is clearly excited above the others. 

The next excitation case studied was that of two panels opposite one another 

excited 180° out-of-phase. The object of this type of excitation is to establish a first order 

circumferential mode. Examination of the plots of the sound pressure indicate that this 

goal was accomplished. Figures 5.26a and 5.26b are plots of the sound pressure at both 

the source and inlet planes. In both planes, the presence of a first order circumferential 

mode is clear. At the inlet plane especially, it appears that higher order radial modes are 

also excited. The modal decomposition (Fig. 5.27) confirms this observation. At the 

source plane, the (1,3) mode is excited to dominance along with the (3,3) and (1,2) 

modes. The (1,3) mode is particularly strong because both the excitation configuration 

and frequency favor its formation. The mean squared errors decrease with the addition of 

the first order circumferential modes. At the source plane, the first order modes dominate. 

The case of twelve sources operated in phase was tested next. This case was run 

to determine the maximum sound pressure that could be generated by the sources. 

Figures 5.28a and 5.28b are plots of the sound pressure generated by the excitation of 

these sources. Again, as for every case with 2400 Hz excitation, the (1,3) mode is excited 

to dominance (Fig 5.29). Other first order modes are excited at the source plane also. At 

the inlet plane, the dominance seems to be shared by both the (3,2) and the (1,3) modes. 

An examination of the MSE shows that for the inclusion of the (3,2) mode the error is 
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1.06, while for the inclusion of the (1,3) mode, it drops to 0.88. This trend in the error 

may indicate some spillover between modes. The (1,3) may be the dominant mode at the 

source plane, but calculation inaccuracies make it appear otherwise. 

The last case investigated involved the excitation of two adjacent sources, 180° 

out-of-phase. This case was investigated to determine how well such an arrangement 

radiated sound. The plot of the sound pressure at the source and inlet planes is given in 

Figures 5.30a and b. The modal decomposition (Fig. 5.31) indicates the (1,3) mode is 

dominant at 2400 Hz excitation. At the inlet plane, however, the (3,2) and the (5,0) 

modes have large amplitudes than the (1,3) mode. Modal spillover could again be the 

cause for the indicated presence of the (3,2) mode. In fact, the error indicated for the inlet 

plane increase with the addition of higher modes, the results at this plane may be 

unreliable. 

5.6 Summary 

A program of experimentation was undertaken to describe both the behavior of a 

piezoelectrically driven panel and interaction between such a panel used as an acoustic 

source and the resulting acoustic field. Measurements were made of the motion of the 

panel which indicated that it was moving in a (1,1) mode over the range of frequencies 

being investigated. Acoustic evaluation were made to determine what size piezoelectric 

element would provide the highest levels of acoustic performance. An array of twelve 

source was constructed, and tests were performed measuring the acoustic fields generated 

by different combinations of the sources at several different frequencies. 
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Figure 5.22b - Measured Internal Pressure Pattern - Single Source - 2400 Hz 
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Figure 5.24b - Measured Internal Pressure Pattern - Single Source - 2468 Hz 
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Figure 5.26a - Measured Internal Pressure Pattern - Opposite Sources - 2400 Hz 
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Figure 5.26b - Measured Internal Pressure Pattern - Opposite Sources - 2400 Hz 
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Figure 5.28a - Measured Internal Pressure Pattern - Twelve Sources - 2400 Hz 
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Figure 5.30a - Measured Internal Pressure Pattern - Adjacent Sources - 2400 Hz 
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CHAPTER 6 DISCUSSION OF RESULTS 

6.1 Introduction 

Previous chapters have described the methods and procedures of analyzing and 

testing an array of piezoelectrically-driven acoustic sources. The results obtained in the 

course of those efforts have been presented as well. This chapter is a discussion of those 

results. The ability of the analyses to be used as design and prediction tools is discussed. 

A discussion of the connection between the source panel motion and the acoustic field is 

also presented. Conclusions are made about the interaction of the sources with the duct 

sound field. 

6.2 Finite Element Design Tool 

One of the first steps in the design of the acoustic sources was the application of a 

finite element normal modes analysis to the source panel. This analysis served as a tool by 

which the panel geometry was determined so that the panel would vibrate in its (1,1) mode 

at 2400 Hz. As stated previously, this type of motion should result in the highest possible 

acoustic levels because it will produce the greatest displacement of air of any motion. A 

comparison is made between the results of the analysis and the measured vibration 

response of the panel. 

The source panel was designed to have a (1,1) mode natural frequency at 2400 Hz. 

This frequency is the BPF of the JT15D. This design restraint was chosen so that at the 

BPF of the JT15D the source would be moving in such a fashion as to displace a 

maximum amount of air and, thus, create high levels of sound. Motion in a (1,1) mode 

accomplishes this aim. Measurements of the response of the panel to single frequency 
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excitation were made to determine in what mode shape the panel was moving in a range of 

frequencies around 2400 Hz. Experiments have shown that the source panel is vibrating 

in a (1,1) mode at least over the range from 1730 Hz to 2480 Hz. Analysis predicts a 

(1,1) resonance at 2352 Hz. An experimentally obtained FRF (Fig. 6.1) shows no 

resonant frequencies at all up through 6400 Hz. However, motion in the (1,1) mode is 

present in the desired frequency range, therefore, it can be concluded that the finite 

element model performed sufficiently well to serve as a design tool. 

A high degree of damping is indicated by the FRF in Figure 6.1. Such high 

damping is not predicted by the finite element model. This high level of damping has a 

significant effect on the response of the panel. The high damping reduces the ability of the 

source panel to act as a resonator, thus limiting the amount of air it can displace at a 

resonant frequency. Since this type of source is designed to operate as a resonator, it is 

important that the cause of the damping be found. The boundary conditions are most 

likely the cause of the high levels of damping. The assumptions of clamped boundary 

conditions are probably inaccurate. Certainly, the boundaries are not truly clamped and 

the error made in assuming that they were may be significant. 

The high levels of damping do have a positive effect. Broadening the range in 

which the panel moves in a (1,1) mode make the source more robust. The source can 

radiate acoustic energy efficiently over a wide range of frequencies. This ability is needed 

to achieve control of engine BPF tone noise over a wide range of engine speeds. FUrther 

investigation should be made into developing a source with a broad range of responsebut 

with high enough sound levels to be effective. 
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6.3 Acoustic Model 

The finite element model was used to help in the generation of an acoustic 

boundary element model. This acoustic model was used to predict and help study the 

pressure fields generated by the acoustic sources in the duct. It was also used to predict 

the directivity of the sound energy radiated from the duct. 

Comparison is made between the modal amplitudes obtained from analytical results and 

those obtained from test results. Agreement between analysis and test seems to be 

frequency dependent. Table 6.1 lists the dominant modes and their amplitudes for the 

analytical and experimental cases for the source and inlet planes. For dominant modes, 

three analysis cases match up qualitatively with the measured data. Each of these cases 

has an excitation frequency of 2400 Hz. For the single source, the opposing sources, and 

the adjacent source cases, analysis and measurement indicate the (1,3) mode as dominant. 

Both analysis and measurement indicate the panel moving in a (1,1) mode at 2400 Hz. 

This factor, along with the fact that the (1,3) mode is cut-on at 2403 Hz, may be the 

reason for such good agreement. 

Two possible causes are given here for the disagreement of the 2100 Hz case. The 

first cause is the possible variation in the way the panel motion is modeled and the way the 

panel actually is moving. At 2100 Hz, measurements show the panel moving in a (1,1) 

mode shape. In the finite element analysis, the panel motion may not be modeled as 

moving in a (1,1) mode. This difference could result in duct mode structures being 

excited in the model which differ from those excited in the experiments. The second 
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Table 6.1 - Comparison of Analytical and Experimental Modal Amplitudes 

  

  

  

  

  

  

  

          
  

  

  

  

  

      

Source Plane 

Analytical Experimental 

Excitation Mode Amplitude Mode Amplitude 

Single Source, 2100 Hz (5,1) 47.2 (1,3) 6.1 

Single Source, 2400 Hz (1,3) 29.6 (1,3) 6.2 

Opposite Sources, 2400 Hz (1,3) 36.0 (1,3) 11.0 

Twelve Sources, 2400 Hz (0,3) 104 (1,3) 7.5 

Adjacent Sources, 2400 Hz (1,3) 24.1 (1,3) 7.0 

Inlet Plane 

Single Source, 2100 Hz (5,1) 7.4 (2,2) 7.6 

Single Source, 2400 Hz (1,3) 16.9 (1,2) 4.1 

Opposite Sources, 2400 Hz (3,3) 58.6 (1,2) 5.7 

Twelve Sources, 2400 Hz (0,3) 98.8 (3,2) 6.1 

Adjacent Sources, 2400 Hz (1,3) 25.6 (3,2) 49         
  

possible cause is the variation of the duct from the rigid-walled case. Since the duct walls 

are not exactly rigid, variation from the calculated cut-on frequencies for the duct modes 

is expected. The amount of variation is likely dependent on the duct mode and the 

frequency of excitation. At 2100 Hz, the (0,3) and (2,2) modes are just cut-on in a rigid 

duct, the (5,1) mode is cut-on at 2159 Hz. In the analytical case, 2100 Hz excitation is 
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just below the cut-on for the (5,1) mode. When a mode is excited just below cut-on it can 

have a significant contribution to the pressure field in the duct for several duct diameters 

downstream. This may be the case in the analysis. In experiment, the dominant mode is 

one with a cut-on frequency just below the frequency of excitation. This result is 

expected. 

The analytical and experimental modal amplitudes are not in agreement, but that 

difference could be due to the variation of the duct from the rigid-walled case or to 

inaccurate modeling of the PZT. The model assumes perfect bonding of the PZT to the 

panel surface. The actual voltage response of the PZT may be quite different from that 

predicted by the model. As stated earlier, the voltage response from panel to panel is 

different. That the analysis would match is highly unlikely. Apparently, the performance 

of the patch is driven by how it is bonded to the surface of the panel. Variations from a 

perfect bond will likely result in motion which is not predicted. 

The other performance comparison made is that of the far field directivity. Figures 

6.2 through 6.6 show the predicted directivity patterns and the measured directivity 

patterns for the above five cases. The sound pressures were measured (or calculated) at a 

distance of 1.1 m, which for even the lowest frequency studied (2100 Hz) has a k/r of 35. 

This value means that the measurements are in the far field. 

Figure 6.2 shows the directivities in the horizontal plane at an excitation frequency 

of 2100 Hz. The measured pattern is symmetric, as is the calculated pattern, but, 

otherwise, agreement between the two is not very good. At the higher angles the 

measurements and prediction are very close, but starting at about 45° the agreement is 

less. The most noted difference between the two patterns occurs at the duct centerline. 

The prediction has a local minimum at the center line of about 65 dB. The measured data 
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has its maximum at the centerline, 85 dB. This difference is most likely due to the 

difference in the dominant modes at the inlet plane. The analytical solution predicts a 

(5,1) mode, while a (2,2) mode was measured. The far field pattern that was measured in 

the anechoic chamber fits the characteristics of the directvity of a mode with radial 

components, with a maximum at the centerline. 

The analytical and actual directivities in the vertical plane of a single source at 

2100 Hz are presented in Figure 6.3. The pattern from SYSNOISE has large number of 

notches and is asymmetric as would be expected from a case with an active source on only 

one side of the duct. The measured pattern is asymmetric as well, but does not exhibit the 

same number of notches. The notches predicted in SYSNOISE may not have been 

detected because the test measurements were taken at intervals of nine degrees. The 

SYSNOISE data is sampled every 3.75 degrees. The high degree of directiveness of the 

predicted field could also be a result of the (5,1) mode which is dominant in that case. 

The general shape of the pattern measured in the vertical plane fits with the theoretical 

directivity better than that measured in the horizontal plane. 

The directivities for 2400 Hz excitation are presented in Figures 6.4 and 6.5 The 

horizontal plane directivities are shown in Figure 6.4. While there is some variation in the 

levels of the sound pressure, the shapes of the two patterns are nearly identical. The 

measured pattern is symmetrical about the axis along -9°. This skew in the line of 

symmetry is possibly the result of a misalignment in the measurement system. The 

traverse microphone was possibly aligned off the duct axis when it was set at zero 

degrees. The similarity between the two patterns is probably due to the close agreement 

between the modal amplitudes in each case. Referring to Table 6.2 one can see that the 

dominant modes at the inlet plane are a (1,3) mode for the analytical method and (1,2) for 
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the measured data. It should be noted that there is also a significant contribution from the 

(1,3) mode in the pressure field measured at the inlet. The difference in sound pressure 

between the predicted and measured cases is probably due to differences in the response 

of the PZT in the analysis to the test case. As stated earlier, the PZT forces seem highly 

dependent on the bonding of the PZT to the panel surface. The measured levels are less 

because the less than perfect bond of the PZT to the panel is a less efficient transmitter of 

force than the perfect layer of the analytical model. The vertical plane (Fig. 6.5) shows 

similar agreement between analysis and experiment. This agreement is, again, likely due 

to the similarity in the dominant modes at the duct inlet. 

Figure 6.6 shows a plot of the directivities obtained when two opposing sources 

were excited 180° out-of-phase at 2400 Hz. The measured data shows a notch of about 

50 dB along the centerline. The agreement between test and analysis is excellent. At most 

points the difference between measured and predicted sound pressure levels is about 5 dB. 

One explanation for the good agreement between the measured and predicted sound field 

is that even though the sources excite different modes in the duct the pattern may be 

oriented in such a way that their nodal lines reinforce each other, thus creating the 

directivity pattern of a (1,0) mode. 

The last case to be compared is that of all twelve sources excited in phase. The 

sources were run at two far field levels, 80 dB and 90 dB. As can be seen in Figure 6.7, 

the 90 dB case matches up essentially with the analysis. The modal amplitudes do not 

indicate similar pressure patterns at the inlet, but the MSE is high for this case indicating 

significant error in the decomposition. By examining the directivity results, one can fairly 

conclude that a radial mode is excited to similar levels in both cases. 
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Figure 6.3- Analytical and Measured Directivities - Single Source - 2100 Hz- Vertical 
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Figure 6.6- Analytical and Measured Directivities - Opposite Sources - 2400 Hz 
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Figure 6.7 - Analytical and Measured Directivities - Twelve Sources - 2400 Hz 
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6.4 Duct/Source Interaction 

Acoustic measurements are combined with vibration data and _ theoretical 

calculations to determine how the source interacts with the duct. Vibration data is used to 

define, at least qualitatively, a relationship between the motion of the source panel and the 

sound generated by that motion. 

The most significant result of this work involves the investigation into the 

connection between the motion of the source and the pressure field in the duct. A source 

vibrating in its (1,1) mode shape and near a duct mode cut-on frequency will produce 

maximum levels of sound in that mode. Examining the modal amplitudes from 

decomposition and combing that information with the calculated cut-on frequencies of 

particular modes one can conclude that, modes excited near their cut-on frequency will 

dominate in a duct. This conclusion can be seen in examining the modes excited in the 

2100 and 2400 Hz excitation cases. For the 2100 Hz excitation case, the dominant mode 

is either the (2,2) or the (0,3). These modes have cut-on frequencies of 2050 and 2087 Hz 

respectively. The 2400 Hz cases are dominated by the (1,3) mode which is cut on at 2403 

Hz. In both cases the modes with cut-on frequencies near the frequency of excitation of 

the duct are dominant. This observation is not new, but it is important that it be 

considered in the case of active control of turbofan noise. 

It is believed that the observation that modes with cut-on frequencies near the 

frequency of excitation are dominant is important in the control of noise radiating from the 

fan of a turbofan engine because this effect could be detrimental to the performance of the 

system. The attempt to cancel a mode with excitation that does not completely match it 

results in spillover. For example, assume that control is being attempted on a mode at a 

frequency well above its cut-on. If the desired frequency is near the cut-on for another 
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mode, then that mode will dominate the pressure field in the duct and global control may 

be difficult to achieve. 

The effect of the interaction of the source with duct modes can be seen in 

comparing an acoustic FRF with a panel vibration FRF. Figure 6.8 is a plot of the 

vibration FRF of a source panel overlaid on the plot of an acoustic FRF from the same 

panel. It can be seen that the acoustic response of the system increases with acceleration 

up to about 1800 Hz. Above that frequency, the panel vibration begins to level off, but 

the acoustic response has a number of peaks. These peaks occur at the cut-on frequencies 

of the modes of the duct which are coupled effectively with the sources. The highest level 

occurs at 2100 Hz. This is not necessarily a (1,1) resonance. The panel is moving in a 

(1,1) mode as described in Chapter Five, but the acoustic characteristics of the duct 

increase the acoustic response. Combining this observation with the results of the modal 

decomposition indicates that the (2,2) mode is dominating the sound field in the duct at 

this frequency. The acoustic FRF indicates that the pressure pattern generated by the 

source couples in with the (2,2) mode better than any other mode. This may be so 

because the source lies at an antinode location for a (2,2) mode shape. This fact combined 

with the cut-on of this particular mode occurring near 2100 Hz would lead one to believe 

that the single panel system is coupled to the (2,2) duct mode. 
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6.5 Conclusions and Recommendations 

The purpose of this work was to investigate the performance of an array of 

lightweight, piezoelectrically driven acoustic sources. The interaction of the sources with 

the duct and each other was investigated. The ability of the sources to generate sound 

levels high enough to control the noise from an aircraft engine compressor was examined. 

A numerical analysis method consisting of both finite element and boundary element 

analyses was used to predict the vibration and acoustic response of the sources to 

sinusoidal excitation. 

Acoustic experiments on an array of twelve piezoelectrically driven, curved panel 

sources were performed to determine how the sound generated by the sources interacted 

with each other and the duct in which they were mounted. It was found that the sound 

field generated by the sources was dominated by the acoustic mode with a cut-on 

frequency near the frequency of excitation. This situation is analogous to the excitation of 

a beam near a resonance frequency. The response is dominated by the resonant mode. 

This result is not new, but is important in consideration of the use of these sources in 

active control of noise from an aircraft engine. If an attempt is being made to control a 

particular mode in a finite, open-ended duct, a spillover of acoustic energy will be 

measured in the far field if the modal structure of the primary sound field is not identically 

matched by that of the secondary sound field. Since the dominant mode of these types of 

sources is the (1,3) mode at 2400 Hz, then an attempt to control a plane wave at that 

frequency will result in some spillover in the far field. It is possible that this property of 

the sources could somehow be used advantageously in the control of some higher order 

modes in ducts. 
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The acoustic experiments were also made to determine if this array of sources 

generated sufficient acoustic energy to provide control over the sound field generated by 

the JT15D research engine. The results of far field measurements indicate that, at this 

point, the sources do not produce sufficient levels of acoustic energy. For example, to 

control the (1,0) mode, the sources must produce approximately 110 dB at locations 30 

degrees off the duct axis at a distance of 1.5 m from the duct. Experiments have shown 

that at the limiting voltage of 100 V,y>. a maximum sound level of 101 dB was produced 

45 degrees off the duct axis. This difference is significant and a method should be found 

of increasing the levels. It is believed that the high levels of damping measured in 

vibration tests of the sources are the limiting factor in the performance of the sources. 

Measurements of the frequency response function of the sources indicated high 

levels of damping. This high damping reduced the resonant capability of the sources. 

While the broad range of response which is characteristic of a highly damped system 

makes the performance robust, the inability of the sources to act as resonators reduces the 

magnitude of the response to the point where control is impossible. A system with lower 

damping would generate higher sound pressures at the resonant frequency. Damping 

distributes the energy over a broad frequency range. It is believed that the boundary 

conditions of the source panels are the primary cause of the damping. An investigation 

into the properties of these boundary conditions should be made and an effort should be 

undertaken to reduce the amount of damping present in the system. A investigation into 

this area would likely use a further numerical analysis. 

The numerical analysis was performed to tailor the vibration response of the 

source panel to have specific characteristics. This work was combined with a boundary 

element model to predict the acoustic field generated by the sources. The high damping 
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noted in the experiments was not successfully modeled by the finite element code. The 

analysis assumed clamped boundaries, an assumption which is obviously in error. While 

the accuracy of the model at high order modes is in question due to the high levels of 

damping, the model was able to predict the frequency at which the panel was vibrating in a 

(1,1) mode. This result enables the conclusion that the finite element model was 

sufficiently accurate to be used as a tool for the design of the panel. 

The acoustic analysis modeled the pressure field generated by the vibration of the 

source panels. Comparison of the experimental and analytical results yielded no clear 

conclusion about the predictive ability of the acoustic analysis. In most cases, the 

analytical and experimental analyses agreed in the modal content of the pressure field. In 

these cases, the directivity predictions matched shapes with the measured directivities. 

However, modal amplitudes were not predicted well. The possible causes for this 

variation were inaccurate representation of the panel motion in the model, variation of the 

duct from the rigid walled case, or the imperfect bonding of the piezoceramic actuator to 

the panel surface. 

Variations in the response of the piezoceramic actuators to identical excitation was 

seen. Identical voltages provided to different sources produced different levels of acoustic 

energy. It was decided to operate the sources at identical sound levels measured at a point 

along the duct centerline. This step ensured that the sources were producing similar sound 

fields. It is believed that the reason for this variation lies in the quality of the bond of the 

piezoceramic to the source panel surface. An investigation should be made into the 

methods of bonding piezoceramic actuators and a method of making a reproducible bond 

should be found. This process would make the application of this type of source to active 
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control somewhat simpler. An investigation should also be made into the optimum 

configuration of the piezoceramic actuator for sound generation. 

A more effective source could be created by considering the effects of actuator 

bonding, size, and system damping. A reproducible, optimum bond of a piezoceramic 

actuator would enable efficient transfer of strain energy between the source panel and the 

actuator. If such an actuator were applied to a source panel with low damping, then the 

acoustic levels generated should be more than sufficient to control the blade interaction 

tone noise generated by a turbofan engine. 
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APPENDIX A SYSNOISE Input File 

The following is an example SYSNOISE input file. The comments are for clarity 

only and are not included in the file. 

Set option for calculation. 
Boundary element method (BEM) is used for this type of problem. 

The VARIATIONAL method establishes a symmetric system of equations and 

must be chosen when using the COUPLED option. 
The COUPLED option accounts for fluid loading on the structure. 

UNBAFFLED option solves a problem in free space. 
OPTION BEM VARIATIONAL COUPLED UNBAFFLED 
Cc Read in PATRAN neutral file mesh. 
INPUT MESH FORMAT PATRAN FILE DUCTM.MSH 
TITLE = 'CYLINDER DRIVEN BY A SINGLE PANEL AT 25 Vrmms' 
Cc Automatically dplicates nodes at the junction of two surfaces. 

BOUNDARY JUNCTION AUTOMATIC RETURN 
C Input the modes shapes from a NASTRAN punch file. 

INPUT MODES STRUCTURE FORMAT NASTRAN FILE P1_MODES.PCH 
C Set structural damping coefficient. 

DAMPING MODES 1 TO 20 KSI = 0.03 RETURN 
C Define location of symmetry plane 

SYMMETRY PLANE Y = 0. 
Cc Apply loads from PZT to nodes for model. 
SET 10 NODES 2236 2166 2097 2028 1959 RETURN 
BOUNDARY SET 10 FX = -.2101 FY = 4.490 CZ = -.3996E-2 RETURN 
BOUNDARY NODE 2378 FZ = -4.510 CX = -.1874E-3 CY = .4005E-2 RETURN 
BOUNDARY NODE 1827 FZ = 4.510 CX = .1874E-3 CY = -.4005E-2 RETURN 
BOUNDARY NODE 2379 FZ = -4.510 CX = -.9365E-4 CY = .4008E-2 RETURN 
BOUNDARY NODE 1828 FZ = 4.510 CX = .9365E-4 CY = -.4008E-2 RETURN 
BOUNDARY NODE 2380 FZ = -4.510 CY = .4009E-2 RETURN 
BOUNDARY NODE 1829 FZ = 4.510 CY = -.4009E-2 RETURN 
C Solution sequence. 
Cc Use first 20 modes in mode shape file. 
C Solve at 2400 Hz excitation. 

SUPERPOSITION VECTORS 20 
FREQUENCY 2400 
STORE POINT ALL PREFIX PRESS 
SAVE RESULTS FILE P1_2400_ACO.RES 
RETURN 

A
Q
A
A
A
A
A
N
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Cc Output data. 
Cc Read in output fields and evaluate pressures at those points. 

Cc Write the output to a file 
POINT MESH FORMAT PATRAN FILE DUCT_A.FLD RETURN 
POSTPROCESS MESH RETURN 
OUTPUT RESULTS FORMAT PATRAN FILE P1A2400.RES RETURN 
POINT MESH FORMAT PATRAN FILE DUCT_B.FLD RETURN 
POSTPROCESS MESH RETURN 
OUTPUT RESULTS FORMAT PATRAN FILE P1B2400.RES RETURN 
POINT MESH FORMAT PATRAN FILE DUCT_C.FLD RETURN 
POSTPROCESS MESH RETURN 
OUTPUT RESULTS FORMAT PATRAN FILE P1C2400.RES RETURN 
POINT MESH FORMAT PATRAN FILE DUCT_D.FLD RETURN 
POSTPROCESS MESH RETURN 
OUTPUT RESULTS FORMAT PATRAN FILE P1D2400.RES RETURN 
POINT MESH FORMAT PATRAN FILE DUCT_E.FLD RETURN 
POSTPROCESS MESH RETURN 
OUTPUT RESULTS FORMAT PATRAN FILE P1E2400.RES RETURN 
POINT MESH FORMAT PATRAN FILE DUCT_FAR.FLD RETURN 
POSTPROCESS MESH RETURN 
OUTPUT RESULTS FORMAT PATRAN FILE P12400.RES RETURN 
EXIT 
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