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(ABSTRACT)

The work described in this thesis was directed towards the development of a
compact hybrid Passive/Active noise absorption system that would be effective over a
wide frequency range. The Passive/Active system efficiently integrates both passive and
active noise control methods. Both theoretical and experimental investigations were
carried out in this work.

A simple numerical model was developed to simulate the Passive/Active system.
The passive sound absorbing material used in the system was the partially-reticulated
polyurethane foam. This material was characterized using its sound propagation constant
and its characteristic impedance which were empirically determined.

Three different control strategies were investigated for the Passive/Active system.
These control strategies were: (i) directly minimizing the reflected wave, (ii) inducing a
pressure-release boundary condition on the back surface of the absorbing layer and (iii) a
new approach consisting of minimizing the reflected wave in the airspace. The latter
results in a match between the impedance in the air cavity and the impedance of a plane
wave in air. This impedance-matching control approach was selected for the
Passive/Active system because it meets the goal of optimum absorption over a wide

frequency range and offers practical advantages. In this system, the error sensing process



takes place inside of the airspace which results in a compact design with all the necessary
sensors and actuators built into the system.

Parametric analysis were performed on the impedance-matching control approach
to investigate the sensitivity of the performance of the system to variation in absorbing
layer thickness and airspace depth. The performance of the system was determined to be
independent of the airspace depth and marginally sensitive to absorbing layer thickness. In
addition, in order to study the feasibility of using the Passive/Active system for other
sound absorbing materials, an experimental investigation was performed with the
polyurethane foam replaced by a porous metal sheet, commercial name FELTMETAL®.
The result of this investigation showed an improvement in the absorption property of the
FELTMETAL, opening a number of potential applications for the Passive/Active system

by using different absorbing materials.
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Chapter 1

INTRODUCTION

The detrimental effects of noise on the health of human beings have been a concern
of many researchers for the last few decades. More recently, psychological effects of
noise on the performance of human beings have been more apparent. To this end, the
Environmental Protection Agency (EPA) and the Occupation Safety and Health
Administration (OSHA) publish numerous exposure limit indexes in order to protect the
general population from hearing damage. As we learn more about the consequences of
noise, the need for more effective noise abatement methods becomes evident.

In general, noise can be controlled in three different ways. These are: (i) reduction
of noise at the source, (ii) control of noise transmission paths, and (iii) protection of the
receiver [1]. Noise reduction at the source include surrounding the plant with an
enclosure in order to prevent sound pressure from propagating. This process requires the
insulation of sound. In addition to enclosures, the noise at the source can also be
controlled by modifying the plant, which in general requires the redesign or replacement of
parts. Controlling noise by altering its transmission path can be achieved using barriers.
Barriers work by reflecting or refracting sound waves away from the transmission path
between the noise source and the receiver. If controlling either the radiation or
transmission of sound waves is not possible, the receiver could be protected using ear
plugs, over-ear protectors or other devices. If the sound radiation is taking place within
an enclosed room, the noise perceived by the receiver is usually higher than the noise
generated by the source. This is because in addition to the direct transmission of noise

from the source to the receiver, the reflection of sound waves from the walls results in a



reverberant or diffuse sound field. This sound field can be reduced through the use of
sound absorbers. In this process, the interior reflecting surfaces of the room are fully or
partially covered with sound absorbing materials. Generally, sound absorbing methods are
classified either as dissipative absorbers such as glass fiber and foam, or reactive types
such as panel and Helmholtz resonators.

These noise abatement approaches are generally referred to as ‘passive noise
control’ methods. The focus of the work reported in this thesis is the absorption of sound.
In particular, among the two types of absorbers, only the dissipative type are considered.
Therefore, the phrases ‘passive absorbers’ or ‘passive absorption’ in this work will infer to
the use of dissipative absorbers. Passive absorbers in general are more efficient in
absorbing sound waves at the middle to higher frequency ranges. At low frequencies,
these materials are not efficient absorbers and lead to bulky designs. More recently, the
development of active noise control showed that noise could be effectively reduced at the
lower frequencies. However, active control in general is not efficient in reducing noise at
the higher frequencies.

With the complementary strengths and weaknesses of active and passive noise
control methods, the rational direction of noise control research leads to a noise control
system that can be used to suppress noise over a broad frequency range. Therefore, a
hybrid noise control method that combines the features of both active and passive noise
control methods would be valuable in the absorption of noise over a broad frequency
range. The goal of this thesis is to present numerical and experimental studies done on
such a system that efficiently integrates the features of both passive and active noise
absorption methods. This system features a new control approach and has a potential to
be implemented in a number of applications that include reverberation control in

architectural acoustics and low frequency noise absorption in airplane fuselage.



1.1 Passive Noise Control - A brief review

Currently, passive noise control is the conventional way of dealing with noise
problems. Passive control involves the use of sound absorption materials. Some of the
popular absorbing materials include glassfiber and fully and partially reticulated
polyurethane foams. Passive noise control is well understood and its wide applications in
reverberation control include architecture, airplane trim panels, machine enclosures, and so
forth.

Sound absorbing materials absorb sound in two different ways depending whether
the acting sound wave has a low or high frequency. At high frequency, acoustic waves are
absorbed in two different ways. First, the impinging sound pressure oscillates the air
molecules within the material. These oscillations result in frictional loss of the sound
pressure amplitude [17]. Tortuosity is the second way by which sound is absorbed in
passive materials. Tortuosity is defined as the deflection from a straight line and the pores
in an absorptive material are highly tortuous. This effect results in changes in the flow
direction of the acting sound wave. In addition, the irregular shape and size of the pores
result in rapid compression and expansion of the acting wave. These two phenomena,
tortuosity and irregularity of the pores, result in the loss of momentum of the wave leading
to further absorption of the acting wave [17]. At low frequency, the periodic compression
and expansion of the acting wave is accompanied by temperature change. During the
temperature fluctuation, some of the acoustic energy of the wave is converted into heat
energy leading to partial absorption of the acting wave [2].

Sound absorbing materials are efficient ways of reducing noise at the middle to
higher frequencies. However, at low frequencies thick and bulky materials are required.
In general the thickness of an absorptive material should be at least one fourth of the wave

length of the acting wave. For example, in order to absorb a sound wave of 1000 Hz



frequency, 8.6 cm thick material is required. However, in order to absorb a 100 Hz sound
wave moderately, more than 86 cm thick material is required. It is obvious that the use of
bulky materials is not acceptable for applications such as airplane trim panels where
compact and light weight materials are desired. Therefore, using passive control methods

in order to reduce low frequency noise is not only inefficient but also not practical.

1.2 Active Noise Control (ANC) - A brief review

Numerous papers have been published on the subject of active noise control. In
particular, Guicking presents a complete historical background [3] and Nelson and Elliott
have published several papers on this field covering every aspect of active control system
design [4, S]. For completeness, a brief explanation of the fundamental concept of ANC
and its limiting weakness will be presented.

The principle of ANC dates back to the 1930°s. Dr. Paul Lueg, a German
physicist filed the first patent on active sound control in 1934 [6]. Not only did Lueg
describe the principle of ANC in his patent application, but he also included
recommendations for non-sinusoidal sound and for three-dimensional sound fields. This
patent gives Lueg the recognition that he was the first person who clearly understood and
described the principle of active noise control. Guicking, in his historical report on the
invention of active noise control, presents a brief history of Lueg and his patent [3]. The
study of active noise control has gone through different phases of an evolutionary process
since Lueg’s work. For almost two decades after Lueg’s patent, no improvement was
made on the basic concept of ANC and no applications were reported. In 1950’s several
applications of active noise control were reported. One of the landmark papers on this
subject was published in 1953 by Harry Olson and Everet May. Olson and May published

a paper on the application of an active control system to suppress noise in cars and aircraft



[7]. Their system empioyed a simple feedback control. Three years later in 1956,
William Conover published a paper on the control of sound radiated by large transformers
using feed-forward control based active system [8]. In the 1980’s the introduction of
faster signal processing systems resulted numerous developments in this field. Warnaka
presents a concise review of work done on active control over the first fifty years after its
conception [9].

The principle of active noise cancellation is simple. In order to cancel an unwanted
acoustic signal, another signal 180 degrees-out-of phase to the original signal but of equal
magnitude is created and superimposed with the original signal. The result is a destructive
interference of the two waves. The requirement that the secondary or control signal
should be an exact mirror replica of the primary signal is referred by Nelson and Elliot as
temporal constraint [4]. In addition to the temporal constraint, a spatial constraint is
required for a global control of sound field to take place. Spatial constraint is more
complicated than the temporal requirement. This constraint requires that the secondary
wave should match the primary wave both in time and in space. Therefore, despite the
simplicity of the principle of superposition, both temporal and spatial constraints should
be met for a global destructive interference of two signals to take place [4].

Spatial constraint can be met by having the separation between the primary and
secondary sources to be smaller than, or at most of the same order as a quarter of the
acoustic wavelength A. This physical restriction imposes an upper frequency limitation on
the effective operation of active sound control. For example, to cancel a 100 Hz acoustic
signal, the separation between the primary and secondary waves should be about 0.86
meters. However, to cancel a 10000 Hz acoustic signal, the separation should be in the
order of 0.85 millimeters, which is not easy to accomplish nor practical to implement.

Therefore, active control of sound is efficient only for relatively low frequencies. As the



frequency is increased, the efficiency of active sound control progressively diminishes due
to the spatial constraint described above. In addition to the high frequency limitation,
ANC suffers from constructive interference of the sound field at points other than the
“zone of quiet” where the error sensor is located. Olson and May [7] suggested close
positioning of the primary and secondary sound sources to remedy this problem. Their
arrangement introduced some design implications but showed better coupling of the two
sources and the pressure at points further away from the secondary source was not
significantly affected. Therefore, even with Olson and May’s arrangement, the pressure at
points further away from the vicinity of the “zone of quiet” was only left unaffected and
“global” sound reduction was not possible.

One of the physical configurations in which the spatial matching is easier to meet is
the one-dimensional case of plane sound waves propagating in a duct. Note this was the
first case to be investigated for active sound control by Lueg. Guicking used this concept
to show the effectiveness of ANC in absorbing sound at the low frequencies [10]. His
setup included a control loudspeaker attached to the open end of a standard impedance
tube. The signal detected by a set of microphones located within the impedance tube was
compensated for a time delay between the two signals. This enabled Guicking to separate
the incident and reflected waves within the tube. The incident wave signal was then sent
to the control speaker after passing through a filtering amplifier with adjustable gain and
phase shift. Using appropriate control settings, the reflected wave in the tube was
controlled. The result of this experiment showed complete absorption of tonal plane

waves over the frequency range 100Hz to 800Hz.



1.3 Hybrid Sound Control System - a literature review

As stated above, active and passive noise control methods have complementary
strengths and weaknesses. In the last few years, many attempts have been made to
integrate both methods in order to come up with a system that is effective in absorbing
noise over a broad frequency range. Perhaps the first published work on a noise control
system that comprises both active and passive control methods is that of Guicking and
Lorenz [11]. Guicking and Lorenz described their experimental work as “an active
equivalent of the quarter wavelength resonance absorber”. The passive component of this
work comprised of a porous plate. The porous plate was located in an impedance tube a
small distance from the open end of the tube. The open end of the tube was then
terminated by a control speaker. Two microphones were located in the tube to detect the
pressure field. The first microphone was located in front of the porous plate and the
second was placed just behind it. The signal picked up by the first microphone in front of
the porous plate is sent to the control speaker after it was passed through a combination of
open-loop and closed-loop analog control schemes. The second microphone controls the
complex amplification factor such that the sound pressure at that location is minimized. A
total of four different commercially available porous plates were investigated. Almost total
absorption of the acoustic energy was reported over the frequency range 100Hz to 700Hz.
The performance of this system was not reported for high frequencies. The trend in the
sound pressure reduction showed the absorption of the system declines with increase in
frequency. Nevertheless, this work has inspired many into using the same technique for
other applications and opened the way for a hybrid noise control research.

Howarth, er al., [12] implemented Guicking’s concept into an active composite
coating for reflection control for underwater applications. Their “active acoustic coating”

is composed of a piezocomposite actuator, a layer of elastomer, and two layers of PVDF



films. The dual sensor arrangement is used to separate the incident and reflected
components of an acoustic field. The piezocomposite is then actuated to minimize the
reflected wave. An echo reduction of up to 58dB was reported for a frequency range of
3.75kHz to 11kHz. A similar commercial version of the active acoustic coating
designated as “piezorubber” is described by Lafleur, et al., [13].

Bolton and Green [14] presented a theory that showed the possibility of the
improvement of low frequency performance of a finite-depth layer of elastic porous
material by applying an appropriate force to the solid phase at the front surface of the
layer. Their work showed that the solid phase of the foam can be forced so as to create a
perfect impedance match with the incident plane wave, thus causing the incident wave to
be completely absorbed. They presented the force, displacement, and control power
required for a specific “smart foam” configuration. Again, Bolton and Green’s work is
only theoretical and no experimental results were reported.

Thenail, et al., [15] presented a work that includes a fiberglass layer and an active
control scheme. Their work was intended to show that a zero pressure condition on the
back surface of the fiberglass leads to improvement in absorption. They investigated two
different control approaches. In the first control approach, an error microphone was
located on the back surface of the fiberglass layer and the pressure at that location
minimized using a standard ‘bi-quad’ analog filter with two poles and two zeros. The
result of this study showed an improvement of absorption that declines with increase in
frequency. The result reported was for the frequency range of 200Hz to 800Hz. The
second control approach included was similar to Guicking’s work with only two
exceptions. Guicking’s porous plate was replaced with the fiberglass layer and instead of
the open/closed control scheme, a ‘bi-quad’ analog filter was employed. The two

microphones were arranged in front and behind the fiberglass layer. Their results show



almost total absorption for the frequency range of S00Hz to 1400Hz. Therefore, the two
control methods they investigated in improving the absorption of the fiberglass layer work
either at the low frequency range of 200Hz - 800Hz, or the middle-high frequency range
of 500Hz - 1400Hz. The authors also have calculated an optimum layer fiberglass
thickness of only 2cm for absorption at the low frequencies.

Fuller, er al., [16] presented an experimental study done on the potential of an
“"adaptive foam" for radiation and reflection control. Their adaptive foam included a
PVDF (Polyvinylidene fluoride) film imbedded in polyurethane foam in a sine wave shape.
In the radiation control study, the noise source was a mechanical shaker located
underneath a metal piston enclosed in a casing 0.76m tall with a diameter of 0.3m. The
piston was exposed by a circular cavity on top of the casing. The activation of the shaker
creates a radiation pattern that is similar to a monopole radiation in half space. The
adaptive foam was placed in the exposed cavity. The error detector for their experiment
was a circular piece of PVDF film mounted on top of the adaptive foam. A control signal
generated by a Filtered-x LMS controller was then sent to the adaptive foam where the
embedded PVDF film was used as a control sound source in order to cancel the radiated
field. Although a frequency range of 70Hz to 400Hz was mentioned, the result provided
was only for a frequency of 340Hz.

In the reflection control experiment, the adaptive foam was positioned at the open
end of an impedance tube. Two identical microphones were located close to the adaptive
foam and the signals detected by these microphones were sent to a wave deconvolution
circuit. The incident and reflected waves in the tube were separated using the wave
deconvolution circuit and the reflected wave signal was minimized. The experiment
performed was for a frequency range of 100Hz to 1000Hz. At frequencies above 600Hz,

an attenuation of upto 40 dB was reported. At frequencies between 150Hz and 300Hz, a



10 db attenuation was achieved with the adaptive foam. Without active control, the
authors mentioned that the passive attenuation of the adaptive foam is low. From the
author’s experience, imbedding PVDF film in polyurethane foam reduces the passive
absorption property of the foam. This is because incident waves are reflected back by the
film due to its impermeable nature. Therefore, embedding a PVDF film in a foam sample

may not be worthwhile because it severely compromises its passive absorption.

1.4 Proposed Passive/Active noise control system

In the above mentioned hybrid systems, the noise absorption achieved was either at
the low frequency range, as in the systems described by Guicking or the middle-high
frequency range as the system described by Thenail. The proposed hybrid noise
absorption system in this work will be effective in achieving optimum absorption of noise
over a wide frequency range that includes both low and high frequencies. This system will
be based on an efficient integration of both passive and active noise control methods.

The Passive/Active system proposed here is based on the simple concept of
mounting a layer of sound absorbing material at a distance from a rigid wall, creating an
airspace between the absorber and the rigid wall. This concept is well understood and
widely used in practice. The presence of the airspace results in high absorption peaks at
some frequencies and low absorption at others. The location of the high and low
absorption bands is a function of the depth of the airspace. The high absorption occurs in
general when the depth of the airspace is a quarter wavelength of the operating frequency.
Subsequent absorption peaks occur at odd multiples of the frequency. The low absorption
occur when the depth is one half wavelength of the operating frequency and succeeding
absorption lows occur at even multiples of the frequency. Therefore, the depth of the

airspace has to be adjusted with change in frequency in order to take advantage of the

10



absorption peaks. In addition, at the lower frequencies the required airspace depth for
maximum absorption tends to be large.

In the proposed Passive/Active system, the rigid wall is replaced with an active
wall. Three different control approaches were investigated to determine the velocity of
the active wall required for maximum absorption over a broad frequency range. A simple
useful numerical model was developed to simulate the performance of the Passive/Active
system for the three control strategies. The control approach selected for the system
include the minimization of the reflected wave in the airspace. This condition leads to the
matching of the impedance in the airspace to that of a plane wave propagating in air. This
impedance-matching condition resulted in a consistent maximum abosrption of 0.89 - 1.0
over the frequency range 100Hz - 2000Hz. Experimental studies performed validated the
developed model. In the experimental study, the sound absorber, a layer of polyurethane
foam was placed within an impedance tube and the open end of the tube fitted with a
control speaker. Two microphones and a wave deconvolution circuit were employed to
isolate the reflected wave signal that needed to be minimized. The two microphones were
both placed in the airspace instead of being positioned infront and behind the passive
absorber as in Guicking’s and Thenail’s work, or both microphones in front of the
absorber as the system described by Fuller. This system has many advantages over the
hybrid systems mentioned above. First, the Passive/Active system is effective in absorbing
sound over an extended frequency range that include both low and high frequencies.
Second, the necessary actuator and sensors are all contained within the airspace and the
system could be designed in a compact and packaged form.

Parametric analysis of the proposed Passive/Active system showed, the system is
not sensitive to changes in airspace depth and is only marginally sensitive to changes in

sound absorber thickness. Further, the robustness of the system was demonstrated by

11



replacing the polyurethane absorber by a porous metal sheet, commercial name
FELTMETAL, in the experimental study. The result showed a consistent absorption
coefficient of 0.8 - 0.9 throughout the frequency range of 100Hz to 2000Hz. In summary,
the proposed Passive/Active system features a new control approach. The system showed
optimum absorption of noise over a wide frequency range and parametric analysis showed
that the system could be designed in a compact, self-contained unit even for low frequency

absorption.

1.5 Overview of Thesis

This thesis is organized in five chapters. In Chapter 2, the derivation of the
numerical model of the Passive/Active noise control system is presented. The three
Passive/Active control strategies investigated are also described. The characterization of
the sound aborber layer was based on its propagation parameters. These parameters along
with the method employed in obtaining them are also presented in Chapter 2. In chapter
3, the validation of the developed model is presented in detail. The performance of the
model for the three different control strategies is investigated. The impedance-matching
control approach is selected for the Passive/Active system and the performance of this
control strategy is then investigated for different absorbing material and airspace sizes. In
order to validate the model, different experiments were carried out and the results can be
found in Chapter 4. The robustness of the developed Passive/Active system was
demonstrated experimentally for a different passive absorber and the result of this
experiment can also be found in chapter 4. Comparison between theoretical and
experimental results showed good agreement. Finally, the conclusion and some
recommendations for future work are outlined in Chapter 5. Appendix A contains

description of the method employed to determine the propagation parameters of the sound
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absorbing layer. In Appendix B, a description of a wave separation method employed
during this work is presented. The adaptive controller used in the experimental study is

briefly discussed in Appendix C.
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Chapter 2

ANALYTICAL MODEL

As it has been shown by Zwikker and Kosten and many others in the field of
acoustics, sound-absorbing materials can be fully characterized using only two of their
acoustic properties, mainly the complex characteristic impedance Z, and the complex
propagation constant I" [17]. The simulation of the Passive/Active noise control system is
based on a simple useful model centered around these two propagation parameters. The
goal of developing the model is to numerically analyze the performance of the
Passive/Active system, to investigate different control approaches and select the most
appropriate control strategy and to perform parametric analysis of the system for
sensitivity studies. In this chapter, the model will first be presented and three different
control strategies proposed. The method employed in obtaining the two propagation
parameters will then be described and the accuracy of the determined parameters

validated. Only normally incident plane waves will be considered in all formulation.

2.1 Derivation of Analytical Model

The Passive/Active system is modeled as a two-layer media where the first medium
is a layer of a sound absorbing material and the second medium is a cavity of air backed by
an active wall as shown in Fig. 2.1. The fluid in front of the foam sample is also assumed
to be air. All of the fundamental equations of acoustics for wave transmission through the
two-layer media and all the boundary conditions that apply to such a system will be
defined. The control approach in the Passive/Active system is to determine the active wall

velocity required for maximum absorption over a broad frequency range.
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When a plene wave is incident on a boundary between two media, some of the
incident wave is reflected and some is transmitted through the boundary. The incident
wave p; and reflected wave p;, at the front surface of the foam may be represented in their

exponential form as:

pixt) = Af@RN = A e (2.1.a)

prx,t) = B @) = Bk (2.1.b)

The coefficients A; and B; are wave amplitudes of the incident and reflected
waves. The angular frequency ® = 2nf, where f is the frequency of the acoustic wave.
The wave number for air is given by &k, = w/c,, ¢, being the speed of sound in air.

The particle velocity for planar harmonic waves can be derived as v=1p/Z by

integrating Euler’s equation given below for v.

Here, the + and - signs represent right and left traveling waves, p stands for sound
pressure and Z is the characteristic impedance of the medium. The characteristic
impedance of air for plane waves is pc, where p is the density of air. Therefore, using

equation 2.2 the particle velocity of the pressure waves given above are:

—~ikgx it

vy =" (2.3.a)
pe,
ikgx it

v (=D ¢ (2.3.b)
pe,

In the absorbing material layer, again both positive and negative traveling waves

exist. These waves have the same form as the waves expressed above for air except the
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the wave constant , is replaced by a propagation constant I" and the impedance of air pc,
is replaced by the characteristic impedance of the absorbing layer Z,. Due to the
dissipative nature of the polyurethane foam, the propagation constant I" is complex and
can be expressed as I = o +ik,. The real part, o is called the attenuation constant and
defines the dissipative nature of the material. The imaginary part, k, is called the phase
constant and represents the wave number within the material. The pressure waves in the

absorbing layer along with their corresponding particle velocities can be expressed as [17]:

P = A e (2.4.2)

pa(xf) = Bpe™e™ (2.4.b)
-Ix iot

y () =28 € (2.5.2)
Za
Ix iot

v, (%,F) = -Bzez—e (2.5.b)

a

The second medium in the two-layer model is an air cavity, the pressure and velocity

equations for this case will be similar to equations (2.1.a, b) and can be expressed as:

Paa(x,t) = AgeTe™ (2.6.2)

pa(x,t) = Bye®e (2.6.b)
A e—ikox eico:

Va(x,t)=—"2"——" (2.7.a)
B3 eikox eimt

vy(x,t) = -p—c (2.7.b)
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2.2 Boundary Conditions

At the boundary between two different materials, the velocity and pressure must
change continuously from one medium to the other. This leads to the conditions of
continuity of pressure and particle velocity at the boundaries of the two-layer model.
Since the time dependent term e is present in all equations, it will be omitted for
simplicity in the following equations. There are five boundary conditions in the two-layer

model and these boundary conditions are as follows.

i. Continuity of pressure at the front surface of the absorber layer (x=0) leads to:
pi(0.1) + p(0,1) = p.2(0,0) + p2(0,1) (2.8)
A+B; = A;+B; (2.9)
ii. Continuity of velocity at front surface of the absorber layer (x=0) leads to:
vi(0,t) + v(0,t) = v,2(0,t) + v,(0,1) (2.10)

Al_Bl - Az”'Bz
pc Z

(2.11)

iii. Continuity of pressure at interface between absorber and airspace (x=l,) results in;
paallat) + pa(lat) = pasClat) +pallat) 2.12)
A" + Be™ = Aje™™" + Be™h (2.13)
iv. Continuity of velocity at interface between absorber and airspace (x=1,);
Vio(last) + vaolat) = vis(ly,t) +va(la,t) (2.14)

-Tl, T, —ikyd, ik,
A *—B,e _ Ase B,e

Z pc

a

(2.15)
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v. Continuity of velocity at interface between airspace and active wall (X =, + [,):

Vis(la + lg,t) +via(la + [g,t) = vy (2.16)

—iky (I, +1 ik, (Ig+1
A3e a(n+’) Bae‘a(|+‘)

T 2.17)

where vy, the velocity of the active wall is the control input to be determined for
optimum absorption. The boundary conditions represented by equations 2.8 to 2.17 can

be expressed in matrix form as:

[HIW} = {P.}A + {P. P (2.18)

where, A, represents the disturbance input

Vwan 18 the control input

{W} = 1B, Ay, By, A, B3}T

is a vector of waves wave amplitudes

T
{p} = {-1, L 0 o o}

pe,

is a vector of waves due to disturbance

{pY=1{, o o o 1}

is a vector of waves due to control input

and [H] is a matrix given as:
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1 -1 -1 0 0
o S WS N .
pc Za Za
0 o Th A et ™
[H] = 0 o Th B o A P
Z, Z, PC, pPc,
k(L) k()
0 0 o £ ¢
L pC, PC,

Inverting matrix {H}, the wave amplitudes due to the disturbance input A, and

control input v,y could be determined as shown below:

W}

[HT' {P,} A 2.19)

{Wc} = [H ]—1 {P c} Vall (2.20)

The vector {W} expressed in equation 2.18 could now be re-written as:

w}= w,}+ W} 221)

Now the acoustic pressure and velocity at any location within the two-layer model
can be expressed as a function of the disturbance input, incident wave amplitude A; and
the control input v,,. The disturbance input, incident wave amplitude A1, was assumed

to have a magnitude of unity. An acoustic wave with amplitude of unity corresponds to a

sound pressure level of 90.97 dB.
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2.3 Control strategies

Three different control strategies were considered for determining the wall velocity
V. Tequired for maximum absorption over a broad frequency range. In the first control
strategy, the control wall velocity v, necessary for directly cancelling the total reflected
wave p,, was determined. This control approach represents the ideal performance of the
Passive/Active system. In the second control strategy, a pressure-release boundary
condition was induced on the back surface of the foam at x=/, and the wall velocity v,
required to maintain such boundary condition over a wide frequency range determined. In
the third control approach, the reflected wave within the airspace, p.; as shown in Fig. 2.1
was minimized. This condition leads to a match between the airspace impedance and the
impedance of a plane wave in air, pc,, and will be appropriatly refered to as “impedance-

matching condition”. In experimental studies, these control approaches correspond to

different error signal sensing strategies.

2.3.1 Direct minimization of reflected wave - Ideal performance

The first control strategy to be studied is the direct minimization of the total
reflected wave, p, in front of the sound absorbing layer. This case simulates the ideal
performance of the Passive/Active system at any given frequency. This arrangement is
similar to the many ANC applications were the error sensor is located in or near the
desired “zone of quite”. Since there are two sets of incident and reflected waves at any
location within the two-layer media due to the disturbance and the control input, the total

reflected wave p,(x,f) to be minimized can be expressed as:

pr(x:t) = B]d + Blc*vwall (222)
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where B;; and B, represent the reflected waves due to the disturbance and the control
input, respectively. Since the total reflected wave p, is to be minimized, setting Equation

2.22 to zero, the wall velocity v,y for this case is determined as follows:

Viar = ——% (2.23)

2.3.2 Pressure-release boundary condition

The second control strategy to be studied is the presence of a pressure-release
boundary condition on the back surface of the material sample at x=l,. A pressure-release
boundary condition is created when an acoustic wave propagating from one medium to
another is reflected back with 180° phase shift at the interface. Since, the amplitude of the
incident and reflected waves are the same, the interaction of the two waves results in zero
acoustic pressure at the interface. Therefore, this boundary condition can be created by
minimizing the total pressure p, at the interface between the absorbing material and the
airspace, x=l,. Due to the continuity of pressure at this interface, the total pressure p,
could be determined as the summation of the incident and reflected waves on either side of
the boundary. The airspace side of the boundary is considered in calculating the total

pressure p, which is given below.
px=l,, t) = (Asa + B3a) + (Asc + B3c)*Vyan (2.24)

were Ay and B3, are the positive and negative traveling wave amplitudes due to the
disturbance, and A;. and Bj, are those due to the control input. Setting equation 2.24 to

zero, the wall velocity v,y for this case is determined as follows,
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wall = (A + By ) (2.25)
( Ay, + By )

1%

2.3.3 Impedance-matching condition

The third case to be modeled is the minimization of the reflected wave in the
airspace. This condition leads to a matching of the airspace impedance to the impedance
of a plane wave in air, pc,. The reason that a one-directional plane wave propagating in
air has a constant impedance pc, is due to the absence of a reflected wave. Therefore, the
impedance of any plane wave in a confined structure could be matched to pc, if all
reflected waves are minimized. The impedance-matching control strategy for the
Passive/Active system will be achieved by minimizing the reflected wave in the airspace.

The total reflected wave in the airspace, p.; is the summation of the reflected

waves due to the disturbance and the control input as shown below:
Ps(x,t) = B3y + B3*Vyay (2.26)

where, B3, is the reflected wave due to disturbance and Bj, is due to the control input.

Setting equation 2.26 to zero, the wall velocity v,y for this case is determined as follows,

B;4

wall —
B3c

(2.27)
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2.4 Calculation of acoustical properties

The primary acoustic property selected to study the performance of the
Passive/Active system is the absorption coefficient a. Absorption coefficient is the ratio

of the absorbed energy to incident energy and can be calculated using the equation below.

o =1-|R] (2.28)

where, R is the reflection coefficient and is defined for a plane sound field as the ratio of
the reflected sound pressure to the incident sound pressure in front of a medium. The
total reflected and incident pressure waves in front of the sound absorbing material, p,,

and p;, can be expressed as:

Alde'i"°’e“°‘ + (Ajce"""”‘e""")*vm" (229)

]

pl'(xlt)

[

pAxt) = Biae**e™ + (Be™ e )* vy (2.30)

where, A;4 and B, are incident and reflected waves due to the disturbance and A;. and
B, are incident and reflected waves due to the control input. Therefore, the reflection

coefficient of the system can be expressed as:

P ACHR)

2.31
p;(x,1) @31

In addition to the absorption coefficient, o, other acoustic properties used in the

analysis of the Passive/Active system include the wave impedance Z and the pressure

24



reduction in dB. The wave impedance at any location in the two-layer media can be

determined from the pressure p and the particle velocity v of the wave as:

Z — proral (2‘32)
1%

total

The reduction in acoustic pressure, ¥, achieved after active control is implemented

could be calculated in terms of dB as,

2
y = IOlogw(L—B”’] (2.33)

B[

where, By, and B, represent the amplitude of the reflected waves from the Passive/Active
system before and after control was implemented. Simulation of the passive performance
of the system before active control was implemented was achieved by setting the wall

velocity v,y in the model to zero to simulate a rigid backing.

2.5 Determination of I and Zg, - Pyett’s method

The model for the Passive/Active system for the three different control strategies
was developed in sections 2.1 and 2.2. The only unknown acoustic properties in the
model are the propagation constant I' and complex characteristic impedance Z, of the
absorber. The sound absorbing material chosen for the Passive/Active system was the
partially reticulated polyurethane foam. The partially reticulated foam is a sound
absorbing foam in which some of its cell membranes are removed in the manufacturing
process. The partial removal of the members introduces a new phase in the attenuation
process of the foam. The two phases of the partially reticulated foam are the solid or

frame phase, and the fluid phase. One of the characteristics of this foam is its large
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structure factor. Structure factor is a dimensionless number which takes into account the
effect of the pores and cavities of a sound absorbing material that are perpendicular to the
propagation direction of sound wave. This characteristic results in increases in the viscous
and inertial effects which in turn result in a stronger coupling between the motions of
frame and the fluid within the frame [17]. The presence of these two different motions
makes the determination of some of the acoustic properties of partially reticulated foam
complicated. Two manufacturers of these materials were requested to provide the
propagation properties of their products. However, neither manufacture was able to
supply the information requested and no published result was found in the literature that
could provide the propagation properties of these materials. Thus, a number of different
methods of determining the propagation parameters for the polyurethane foam were
investigated. A simple and accurate method that can be implemented in a standard
impedance tube was selected and is described below.

The method for determining I" and Z, adopted in this work was first derived by
Pyett [18] and involves the deduction of I" and Z, from experimentally determined surface
impedance of two samples of the same material but of different thickness. Pyett’s method
is derived in detail in Appendix A. However, some of the key equations will be repeated
in this section.

The input impedance Z of a layer of absorbing material placed against a hard wall

is given as [17]:
Z = Z,coth(I'd) (2.34)

where d is the thickness of the sample material. The input impedance Z, of a sample can
be experimentally determined in an impedance tube using a standard acoustic property

measuring technique such as the ASTM C384 or ASTM E1050. The two microphone
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method (ASTM E1050) was selected for the determination of the input impedance of the
two samples since it provides more accurate complex data. In this method, the sample is
placed at one end of the impedance tube and at the other a speaker generates a random
signal. The transfer function between the two identical microphones located close to the
sample is then analyzed to decompose the incident and reflected wave components of the

random signal. The complex reflection coefficient is then determined as follows [20]:

—iks
— H-e pi2k+9)

R -
e* - H

(2.35)

where H = transfer function between the two microphones signals
k, = acoustic wave number, 27tf /¢, (m’l)
¢, = speed of sound in air (345 m/s)
f=frequency (Hz)
! = distance from the test sample to the nearest microphone (m)

§ = spacing between microphones (m)

The input impedance is then calculated from the reflection coefficient as follows [19]:

7= (I+R)

= U=R (2.36)

With the input impedance of the two samples, Z; and Z, measured, the ratio of these

impedance was expressed using equation 2.34 as follows,

Z, _ coth(T'd,)

(2.37)
Z, coth(I'd,)
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where, d) and d, are the thickness of the foam samples. Pyett have shown that the choice
of the thickness ratio of the two samples should be two to one for simplification, i.e.
dy=2d,. The two samples used were of thickness dj=2.5cm and d=5.0cm. The only
unknown variable in equation 2.37, the propagation constant I', can then be determined
using some hyperbolic identities as shown in Appendix A from which the characteristic
impedance Z, be deduced from equation 2.34.

Although it was attempted to determine the values of I" for the frequency range
100Hz - 2000Hz, accurate complex data could not be determined at the low frequency
range of 100Hz - 450Hz. The reason accurate values were not determined at this
frequency range was due to a phase mismatch between the particular microphones used in
the measurement of the input impedance of the two samples. In order to determine the
values of the complex propagation parameters at the lower frequencies, the magnitude and
phase of the experimentally obtained propagation constant I" were independently fitted
with a two degree polynomial function using a linear regression analysis. The regression
analysis used was based on least squares fit. The two polynomial functions were then
combined to form the complex propagation constant I" which was extrapolated to cover
the lower frequencies. The characteristic impedance Z, was then determined from the
extrapolated data using Equation 2.34.

The values of T and Z, for partially reticulated polyurethane foam can then be

expressed as functions of frequency in polynomial form as:
[ =af +af+a (2.38)

Za=bof +bif+ b, (2.39)
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where f is frequency and the regression coefficients a; and b;, i=0,1,2 are:

a, = -1.888*107+ 4.484*10°% by = -1.266%10°%+ 8.560*10%
a; = 0.0084 + 0.0340i by = 5.769%10™+ 3.913*%10%
a,= 1.0778 +4.3688i b,= 1.0862-0.2814i

Since both propagation parameters are complex, the determined coefficients of the
polynomial equations are also complex. The experimentally determined magnitude and
phase values of the propagation constant I" along with the curve fit are presented in Fig.
2.2 as a function of frequency. Figure 2.3 shows the real and imaginary components of
the propagation parameter I and the regression fit appears to be almost linear. The real
and imaginary components of the characteristic impedance Z, for the same material are
presented in Fig. 2.4.

In order to show the accuracy of the determined propagation parameters, the
model developed was used to simulate the absorption properties of four rigidly backed
polyurethane foam samples of different thickness. To simulate the rigid backing, the
airspace depth /, and the wall velocity v,,; were set to zero in the developed model. The
absorption coefficient of the same samples were then determined experimentally using the
standing-wave measurement technique [22] and compared to the numerical results. These
numerical and experimental absorption coefficient of the samples are shown in Fig. 2.5.
The four samples studied include the primary samples from which I" and Z, were
determined, d1=2.5cm and dp=5.0cm. Additional two samples, one smaller (1.25cm) and
another larger (7.25cm) than the initial two samples were also studied. The results show
strong agreement between the experimental and numerical results and verify the accuracy

of the determined values of I" and Z,.
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2.6 Summary

In this chapter, the model developed to simulate the Passive/Active noise control
system was presented. Three different control strategies were considered for the system
and a brief description of each one was presented. The passive component of the system,
a layer of polyurethane foam was characterized using its propagation parameters. The
two parameters, the propagation constant and the characteristic impedance of the foam,
were determined and validated experimentally. The method employed in obtaining the

propagation parameters was also discussed.
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CHAPTER 3

NUMERICAL RESULTS

In chapter 2, the model developed for the Passive/Active system and the
propagation parameters I" and Z, on which it is based were presented. Three potential
control approaches for the Passive/Active system were also described. In this chapter, the
model will first be used to investigate the absorption performance of a passive system.
The absorption properties of foam samples rigidly backed will be studied followed by the
same samples mounted at a distance from a wall. The Passive/Active system will then be
studied for the three control strategies: (i) direct minimization of reflected wave, (ii)
pressure-release boundary condition and (iii) impedance-matching condition. In studying
the performance of the Passive/Active system, the primary parameter of interest was the
absorption coefficient. Other properties investigated include the input impedance Z,

control wall velocity v,.;and acoustic pressure reduction in dB.

3.1 Passive System

In section 2.5, the numerical and experimental absorption coefficient o of different
samples was presented to show the accuracy of the determined propagation parameters.
Some of the numerically determined absorption plots will be again presented in this section
as part of the model validation. The absorption coefficients of three foam samples simply
backed by a rigid wall is presented in Fig. 3.1. The three foam samples studied in this
chapter were of thickness 2.5cm, 5.0cm and 7.5cm respectively. The general trend in
absorption characteristic of all sound absorbing materials is that the absorption coefficient

o at the lower frequencies improves with increase in the sample thickness. This trend can
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be observed in Fig. 3.1 where the absorption coefficient of the three samples is presented
as a function of frequency. In getting these numerical results, the developed
Passive/Active model was employed with the airspace depth and the velocity of the active
wall set to zero to simulate rigid backing. Equations 2.16 - 2.19 were used by the model
to calculate the absorption coefficient of the samples.

The absorption coefficient of the 2.5cm sample peaks to 0.95 at 1800Hz
frequency. For the 5.0cm sample, the peak occurs at a lower frequency of 900Hz and
significant improvement at the mid frequencies is observed over the absorption of the
2.5cm sample. Further improvement in absorption coefficient at the lower frequencies is
observed with the 7.5cm sample, which peaks at 600Hz. The high absorption peaks
follow the well known rule that maximum absorption occurs at frequencies when the
thickness of the sound absorbing layer is in general a quarter of the wavelength of the
operating frequency. Subsequent absorption peaks occur at odd multiples of the quarter
wavelength. The general rule also states that low absorption occurs when the thickness of
the sound absorbing layer is one half of the wavelength of the operating frequency. This
rule also holds for the low absorption trends of the three samples shown in Fig. 3.1.

In Fig. 3.2, numerical absorption coefficient of the same foam samples backed by a
10cm airspace is presented. In determining the numerical absorption coefficient of the
samples, the Passive/Active model was used with the velocity of the active wall set to
zero. This arrangement is important since in practical applications, mounting sound
absorbers at a distance from a rigid wall is sometimes favored than simply affixing them to
the wall. The advantage of keeping the airspace behind the sound absorbing layer is
characterized by improvement in absorption at low frequencies. Zwikker and Kosten
theorize that the presence of the airspace decreases the stiffness of the air contents in the

sound absorbing layer at these frequencies [17] which leads to improvement of absorption
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coefficient at the lower frequencies. In addition to absorption improvement at the lower
frequencies, narrow band absorption peaks occur with the presence of the airspace. These
peaks in general occur when the depth of the airspace is a quarter wavelength of the
operating frequency. However, narrow bands of low absorption are also introduced when
the airspace is half of the wavelength of the operating frequency.

The absorption coefficient of the 2.5cm backed by the airspace peaks to 0.75 at
600Hz frequency. At this frequency, the absorption coefficient of the rigidly backed
sample was observed to be only 0.25 in Fig. 3.1. However, the absorption coefficient at
1300Hz drops from 0.75 to 0.4 with the introduction of the airspace. The absorption
coefficient of the 5.0cm sample backed by airspace shows the presence of a new
absorption peak at 450Hz. However, at 900Hz the absorption coefficient drops from 0.95
to 0.63 with the introduction of the airspace. Again, for the 7.5cm sample, an
improvement in absorption at the low frequencies with a peak at 350Hz is observed. The
decline in absorption for this sample occurs at 650Hz.

The performance of the passive system could also be investigated by looking at the
specific input impedance of the system at the front surface of the absorbing layer (x=0).
The definition of specific impedance is the wave impedance Z at a location normalized to
that of air (Z/pc,). When the reflection of a wave impinging on a surface is desired to be
minimum, the magnitude of the specific input impedance of the surface should closely
match unity and the phase should be zero. This means that the surface should not resist
the sound more than the unbounded air does [19]. The input impedance of a passive
system with 5.0cm thick foam layer and 10cm airspace is presented in Fig. 3.4 as a
function of frequency. Analogous to the absorption coefficient of the system, at 1350Hz
where total absorption was observed, the magnitude of the specific impedance approaches

unity and the phase is zero. Correspondingly, the magnitude of the specific impedance at
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frequencies where low absorption occured is maximum. The specific impedance of the
passive systems with 2.5cm and 7.5cm thick foam samples as shown in Figs. 3.3 and 3.5
follow the same trend.

In order to fully understand the physics of the passive system, the wave specific
impedance at every location across the two-layer system could be investigated at the
frequencies where high and low absorption coefficient was observed. The profile of the
specific impedance for these frequencies are presented in Figs. 3.6 - 3.9 for the passive
system with the 5.0cm absorbing layer sample. In Fig. 3.6, a profile of the specific
impedance across the two-layer media is presented for a frequency of 450Hz as a function
of co-ordinate x. At this frequency, a high absorption coefficient was observed in Fig. 3.2
for the 5.0cm foam sample. The specific impedance in front of the system is shown
between co-ordinates -0.1m and 0.0m. The location 0.0m to 0.5m shows the specific
wave impedance across the Scm thick sound absorbing layer and the 10cm airspace is
represented between co-ordinates 0.5m and 1.5m. The specific input impedance of the
system, x=0.0m, at this frequency is observed to be slightly lower than unity. The specific
impedance on the back surface of the absorbing layer, x=0.05m, for the same frequency is
observed to be almost one. At the rigid wall location, x=1.5cm, the specific impedance is
observed to be very large. This is because, at this location the particle velocity is zero due
to the rigidity of the wall. Since impedance is defined as the ratio of pressure to particle
velocity, the impedance at this location theoretically goes to infinity. In Fig. 3.7, the poor
absorption of the passive system at 900Hz is shown by the high specific impedance at the
front surface of the absorbing layer. The specific input impedance of the passive system at
this frequency is about 3.5 times that of air. On the back surface of the absorbing layer,
the specific input impedance of the system at this frequency was observed to be as low as

0.1. In Fig. 3.8, the specific impedance of the system is shown for a frequency of 1350Hz
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as a function of co-ordinate x. At this frequency, total absorption was achieved due to
passive control. This total absorption is indicated here by the specific impedance of unity
at the front surface of the absorbing layer. The specific impedance on the back surface of
the absorbing layer at this frequency is close to unity. The phase of the specific impedance
at the same location is zero. Note the same condition was observed at 450Hz, another
location of high absorption due to passive control. Figure 3.9 shows the profile of the
specific impedance of the passive system for 1700Hz, a frequency associated with a low
absorption coefficient. At this frequency, the input specific impedance of the system at
x=0.0m is observed to be 3.2 times the optimum of unity. The specific impedance on the
back surface of the absorbing layer at this frequency is observed to be very high indicating
the presence of low particle velocity. Half way in the airspace, the phase of the specific
impedance shifts by 180°.

In summary, mounting sound absorbing materials at a distance from a wall
improves the absorption of the absorbers and could be an alternative to using bulky
absorbers. However, this setup suffers from two weaknesses. First, the absorption peaks
occur over relatively narrow frequency bands and bands of low absorption coefficient are
also introduced. Therefore, wide frequency absorption cannot be achieved using this
arrangement. Secondly, the depth of the airspace needs to be adjusted with change in
frequency in order to take advantage of the absorption peaks. This is because the location

of the peaks are related to the wavelength of the operating frequency.

3.2 Numerical analysis of Passive/Active system

In the above section, the advantages and weaknesses of the passive system were
presented. The Passive/Active model is based on the passive system described above,

however instead of achieving absorption peaks over narrow frequency bands, the goal of
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such a system is to achieve maximum absorption over a wide frequency range. To this
end, three control approaches were investigated for the Passive/Active system. These
control approaches were (i) direct minimization of the reflected wave, (ii) induction of
pressure-release boundary condition on the back surface of the absorbing layer and (iii)
impedance-matching condition. In the following sections, numerical results for each
control strategy will be presented and analyzed. The control approach that gives wide
frequency range absorption and is feasible from design point of view will then be selected
for further investigation of the model. The system investigated in all three control cases
was comprised of 5.0cm thick polyurethane foam and the airspace depth was set at 10cm.
However, parametric studies involving different sound absorbing material thickness and

airspace depth will be presented for the control strategy selected.

3.2.1 Direct minimization of reflected wave

Direct minimization of the reflected wave simulates the optimum performance of
the Active/Passive system since it signifies total absorption at any operating frequency.
This control approach was accomplished by setting the total reflected wave in front of the
sound absorbing layer, p, to zero. The absorption coefficient o of the model was then
determined to be 1 over the whole frequency range of interest. The control wall velocity
and displacement required for this case were investigated and are shown in Figs. 3.10 and
3.11 as functions of frequency. Figure 3.10 shows the magnitude and phase of the control
wall velocity required to minimize the total reflected wave. For comparison, the required
wall velocity for an active system is also plotted along with that for the Passive/Active
system. In the latter case, the thickness of the passive absorber in the developed model
was set to zero to simulate the absence of any passive absorption. For the Passive/Active

system, the required wall velocity at 1350Hz is seen to be almost zero. This corresponds
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with the total absorption already achieved at that frequency using passive control as
shown in Fig. 3.2. Since, total absorption corresponds to zero reflection, at 1350Hz there
is no reflected wave to be minimized and the control effort of the Passive/Active system at
this frequency is zero. Similarly, the control velocity at the frequency of the second
absorption peak, 450Hz is minimum. The control effort at frequencies 900Hz, 1700Hz and
those under 400Hz was observed to be maximum. These frequencies coincide with the
low absorption trend shown in Fig. 3.2 for the 5.0cm sample. Therefore, for optimum
absorption, the active part of the Passive/Active system plays a bigger role at the
frequencies where the absorption due to passive control is minimum. The phase of the
control velocity shows a 180° shift at frequencies 450Hz and 1350Hz where the required
wall velocity is minimum.

The control wall displacement required for directly minimizing the reflected wave
is shown in Fig. 3.11 as a function of frequency. This figure shows that the required wall
displacement increases with decreasing frequency. However, even at low frequencies the
displacement is observed to be significantly small. For example to absorb a 100Hz wave,
the wall would have to move a mere 0.22mm. Therefore, a practical application of the
Passive/Active system would be successful even at the lower frequencies without the need
for bulky and powerful control sound sources. Again direct minimization of the reflected
wave represents the “ideal performance” of the Passive/Active system. The magnitude of
the specific input impedance of this system is unity over the whole frequency range of

interest and the phase is zero.
3.2.2 Pressure-release boundary condition

The second control approach to be investigated was the presence of a pressure-

release boundary condition on the back surface of the sound absorbing layer, x = /,. A
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pressure-release boundary condition occurs when a wave incident at a boundary is
reflected back with 180° phase shift at the boundary. The interaction of the two waves
results in zero acoustic pressure at the boundary. This boundary condition has been
successfully implemented in some active noise control applications in canceling noise at a
given location. Here, it is investigated for sound absorption. This control approach was
simulated by setting the total pressure p, at x = [, to zero. Due to the continuity of
pressure at this location, the total pressure, p; could be determined through the summation
of the incident and reflected waves on either side of the boundary. The total pressure on
the airspace side of the boundary was determined and minimized to simulate the pressure-
release boundary condition. The total pressure p, includes two sets of incident and
reflected waves corresponding to the disturbance and the control input. The absorption
coefficient of the pressure-release boundary simulation before and after control is
presented in Fig. 3.12. As shown in the figure, the absorption coefficient below 200Hz
was improved using the pressure-release boundary condition. However, a consistent of
less than 0.8 absorption coefficient was observed throughout the rest of the frequency
range of interest. Significant reduction in absorption was observed at 1300Hz and
2000Hz. Therefore, the pressure-release boundary condition as used in this work did not
show any improvement in absorption of the system.

Figure 3.13 shows the wall velocity required to maintain the pressure-release
boundary condition as a function of frequency. The observed high and low values of the
control velocity do not coincide with the absorption coefficient of the passive system. The
required wall displacement for this case is presented in Fig. 3.14 and at the low
frequencies, it is greater than the displacement required for the “ideal performance”
described in section 3.2.1. At 580Hz and 1700Hz frequencies, the control effort for this

case was zero, and the system operates as a passive system. Therefore, the absorption
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coefficient before and after control at this frequencies is the same as shown in Fig. 3.12.
The specific input impedance of the system is presented in Fig. 3.15 and is observed to be
high at the mid to high frequency range, an indication of poor absorption. The acoustic
pressure reduction in dB in front of the sound absorbing layer is given in Fig. 3.16. A
positive value in this figure indicates a reduction in the acoustic pressure. Therefore, the
pressure-release boundary condition actually results in an increase in pressure outside of
the system for most of the frequencies.

Pressure-release boundary condition is very practical for some active noise control
technologies such as noise-canceling headsets [23]. In this application, the unwanted
sound is filtered and minimized at the proximity of the ears. However, in the
Passive/Active model, absorption of noise in front of the system is desired. Therefore, the
pressure-release boundary condition as studied in this work is not a good control approach

for the Passive/Active system.

3.2.3 Impedance-matching condition

The third control approach to be investigated is the matching of the incident wave

impedance in the airspace, to the impedance of a plane wave in air, pc,. As stated
previously, the reason that a one-directional plane wave propagating in air has a constant
impedance of pc, is due to the absence of a reflected wave. Therefore, the impedance-
matching control strategy for the Passive/Active system will be achieved by minimizing the
reflected wave in the airspace.

Figure 3.17 shows before and after control absorption coefficient of the
Passive/Active system due to the impedance-matching control approach. As the figure
shows, the dynamic matching of the impedance in the airspace to the characteristic

impedance of air pc, successfully resulted in high absorption coefficient over the whole
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frequency range of interest. Although, the absorption peaks at 1350Hz and 2000Hz due to
passive control where slightly reduced with the introduction of the impedance-matching
control approach, overall a consistent high absorption coefficient of 0.89 - 1.0 was
achieved through out the frequency range of interest. At frequencies below 200Hz,
almost total absorption was observed.

The required control wall velocity and displacement for this case are shown in
Figs. 3.18 and 3.19. Figure 3.18 shows the complex control wall velocity required to
maintain the impedance-match as a function of frequency. At 450Hz, 1350Hz and 2000Hz
where a high absorption was already achieved using passive control, the required control
wall velocity is minimum. Interestingly enough, comparison of Figs. 3.10 and 3.18 show
that the control velocity requirement for the impedance-matching case is observed to be
lower than the “ideal performance” at the mid to high frequency range, with the exception
of 1350Hz.

Figure 3.19 shows the required control displacement of the active wall for the
impedance-matching control strategy. Corresponding to the control wall velocity, the
displacement requirement for this case was slightly lower than the ideal case at the mid to
high frequency except at 1350Hz. At 100Hz, the control displacement required is
observed to be 0.2mm, 0.02mm lower than the ideal case at that frequency.

In Fig. 3.20 the specific input impedance of the system is presented and is observed
to be between the values of 1 and 2, an indication of strong absorption property of the
system since the optimum specific impedance is unity. Note, the phase of the impedance is
almost zero at any frequency. In Fig. 3.21, the positive acoustic pressure reduction in
front of the sound absorbing layer is given for the impedance-matching control strategy.
A maximum pressure reduction of 20dB is observed at 100Hz. At the frequency of

1350Hz, a sharp reduction of pressure is noted. This frequency corresponds to the total
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absorption achieved using passive control. As Fig. 3.17 showed, the absorption coeffcient
at this frequency was reduced with the introduction of the active control. Overall, at
frequncy ranges 4Hz to 1250Hz and 1500Hz to 1900Hz, a positive reduction of acoustic
pressure is observed. Therefore, this figure indicates that the minimization of the reflected
wave in the airspace results in acoustic pressure reduction outside of the system.

In Fig. 3.22, a profile of the specific impedance across the two-layer media is
presented for a frequency of 450Hz as a function of co-ordinate x. Both before and after
control results are presented for comparison. The frequency of 450Hz is again a location
of absorption peak due to passive control. The specific input impedance of the system,
x=0.0m, was slightly lower than unity before active control. After control, the specific
input impedance at this frequency is observed to be higher than unity by 0.6. Before
control, the specific impedance on the back surface of the absorbing layer, x=0.05m, is
observed to be almost one. After control, the specific impedance at any location within
the airspace is unity. Note the phase after control is zero across the airspace. Therefore,
the impedance-matching condition does not affect the impedance of the system at this
location. In Fig. 3.23, a profile of the specific impedance across the two-layer media is
presented for a frequency of 900Hz as a function of co-ordinate x. At this frequency, the
absorption coefficient of the system before control was observed to be low. The high
input specific impedance of 3.5 at the front surface of the absorbing layer, x=0.0m, before
control is an indication of the poor absorption of the system before the impedance-
matching condition was implemented. After control the specific input impedance was
reduced to 1.9 at this location. On the back surface of the absorbing layer, the specific
input impedance of the system at the same frequency was observedtobe as - . 1. In
Fig. 3.24, the profile of the specific impedance of the system is shown for a frequency of

1350Hz. At this frequency, total absorption was achieved due to passive control. This
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total absorption is indicated by the specific impedance of unity at the front surface of the
absorbing layer before control. After control, the specific impedance at the same location,
x=0.0, was slightly increased to 1.75. This increase in input specific impedance at this
frequency agrees with the small reduction of absorption noted in Fig. 3.17. Before
control, the specific impedance on the back surface of the absorbing layer was observed to
be close to unity. Note the same condition was observed at 450Hz, another location of
high absorption due to passive control. Figure 3.25 shows the profile of the specific
impedance across the system for 1700Hz, a frequency associated with a low absorption
coefficient of the passive system. The input specific impedance of the system at this
frequency before control was observed to be 3.2 times the optimum of unity. The specific
impedance on the back surface of the absorbing layer at this frequency is observed to be
very high indicating the presence of low particle velocity. Half way in the airspace, the
phase of the specific impedance shifts by 180°. After control, the input specific impedance
is reduced to 1.8. At frequencies were low absorption was observed, Figs. 3.23 and 3.25,
the specific impedance on the back surface of the absorbing layer was either close to zero
or infinity. At the frequencies of high absorption coefficient, Figs. 3.22 and 3.24, the
specific impedance on the back surface of the absorbing layer was close to unity.
Therefore, if total absorption is desired, the specific impedance at this location should be
exactly one. A specific impedance of either greater or less than one results in poor
absorption.

Since, the pressure-release boundary condition did not meet the goal of maximum
absorption over wide frequency range, the control strategy for the Passive/Active system
falls to either the direct minimization of the reflected wave or the impedance-matching
control approach. The impedance-matching control strategy has the advantage of having

the sensors necessary for detection of the error signal hidden in the airspace rather than in
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front of the sound absorbing layer where the response is desired. The location of error
sensors at the desired “zone of quite” are not usually at one’s disposal. Therefore, from
design point of view, the impedance-matching control strategy is more advantageous than

the direct minimization of reflected wave and is selected for the Passive/Active system.

3.3 Parametric Analysis

In section 3.2.3, the impedance-matching control approach was found to be the
ideal control strategy for the Passive/Active system. All numerical results given in section
3.2 were for a 5.0cm absorbing layer and 10.0cm airspace. In this section, parametric
analysis for the Passive/Active system will be presented in order to investigate the
sensitivity of the system to absorbing layer thickness and airspace depth. The influence of
variation of the absorbing layer thickness on system performance will first be presented in
section. 3.3.1. The effect of change in airspace depth on system performance will then

follow in section 3.3.2.

3.3.1 Effect of foam thickness on system performance

The absorption coefficient of the model for three different samples is presented
with and without active control in Fig. 3.26. The three samples were of 2.5cm, Scm and
7.5cm thickness. The depth of the air cavity was kept at 10cm in all cases. Before
control, increase in the thickness of the foam sample resulted in a shift of the absorption
coefficient to the lower frequencies with more peaks becoming apparent. After control,
good absorption for all three foam samples was achieved. However, the absorption
coefficient of the 2.5cm sample shows a progressively decreasing absorption pattern with

increasing frequency. This declining effect is due to the fact that the absorption of the
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system at the high frequencies is achieved by the passive component and passive
absorption is a function of absorber thickness. The result for the Scm and 7.5cm samples
show a consistent absorption coefficient of 0.85 - 1.0 throughout the frequency range of
interest. The control velocity required to maintain the impedance-matching condition for
all three foam samples is presented in Fig. 3.27. With increase of foam thickness, a
reduction in the required control velocity is observed. Therefore, there is a trade-off
between reducing the thickness of the foam and reducing the control wall velocity and one
will have to be compromised in practical application design. However, despite the fact
that overall higher velocity is required for samples with smaller thickness, at the lower
frequencies the difference is not significant. Therefore, the Passive/Active system shows

minimal sensitivity to changes in the absorbing layer thickness.

3.3.2 Effect of variation of airspace depth on system performance

The effect of variation of the airspace depth on the performance of the
Passive/Active system was investigated for one foam sample. In this study, the thickness
of the foam sample was Scm and three different airspace depths were investigated. Figure
3.28 shows the absorption coefficient of the system for air gap depth of 5.0cm, 7.5cm, and
10cm. Before control, an increase in air gap depth results in a similar trend as an increase
in the foam size. The absorption coefficient slightly shifts towards the lower frequencies
revealing more peaks. However, after control, variation of the airspace depth had no
effect on the performance of the system. This conclusion is theoretically expected since
the impedance-match is maintained adaptively. As the airspace depth is changed, the
control velocity simply adapts to maintain the condition required for maximum absorption.

The required velocity is shown in Fig. 3.29. Therefore, the Passive/Active system is not
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sensitive to changes in the airspace depth. For design purposes, the depth of the air gap is

dictated only by physical constraints.

3.4 Summary

In this chapter, the absorption of a passive system was first investigated for three
different size absorbing layer samples. The performance of the Passive/Active system was
then investigated numerically for three different control strategies. The impedance-
matching control approach was found to be practical in effectively achieving maximum
absorption over a wide frequency range and was selected for the Passive/Active system.
This control approach has the benefit of having all the necessary error sensors hidden in
the airspace. In practical design, this advantage results in a compact and self-contained
unit. Parametric analysis were performed on the final model to investigate sensitivity of
the Passive/Active system for variation in absorbing layer thickness and airspace depth.
The performance of the system was determined to be independent of the airspace depth
and marginally sensitive to absorbing layer thickness. This indicates that the airspace

could be further reduced in size.
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CHAPTER 4

EXPERIMENTAL RESULTS

In this chapter, the experimental results obtained to validate the three control
strategies for the Passive/Active systems will be presented. The experimental setup of the
system will be described in section 4.1. The experimental results for the three control
strategies will then be described in sections 4.2, 4.3 and 4.4, respectively. The
experimental setup described in section 4.1 is for the direct minimization of the reflected
wave control strategy. However, the experimental setups for the other two control
strategies are very similar to what is described in section 4.1. The difference between the
setups will be described for each control strategy in their respective sections. The effect
of variation of sound absorbing thickness on the performance of the system was also
investigated experimentally, and the result will be presented in section 4.5. To
demonstrate the feasibility of using the Passive/Active system for different absorbing
materials, the polyurethane foam layer was replaced with a porous metal sheet in an
experimental investigation and the results for this case are found in section 4.6. Again, all

of the experimental results presented in this chapter are for pure tone excitation.
4.1 Experimental Setup

Figure 4.1 shows the experimental setup for the Passive/Active system study. In
Fig. 4.2 the laboratory arrangement for the experimental setup is shown. Due to the one-
dimensional nature of the model, the experiments performed were carried out in a standard

impedance tube. The particular tube used, a 10cm diameter Bruel & Kjaer Type 4002, has
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a lower and upper frequency limits of 90Hz and 2000Hz, respectively. The disturbance
source was located at one end of the impedance tube and the other end of the tube was
terminated with a control speaker. The sound absorbing layer, a Scm thick partially
reticulated foam, was placed at 10cm from the control speaker creating an airspace
between the foam and the control speaker. A Bruel & Kjaer Signal Analyzer Type 2032
provided the disturbance signal which was amplified by a PROTON model AA1150 stereo
amplifier before it was sent to the disturbance speaker. The measurement of the absorption
coefficient of the system was done using the standing wave technique (SWR) [22]. The
SWR is the most widely used method of measuring acoustical properties of materials.
Acoustic plane waves generated by the disturbance speaker at one end of the tube
propagate along the tube towards the sample located at some location in the impedance
tube. A traversing probe-tube microphone is then used to determine the magnitude and
location of successive maxima and minima of the standing wave pattern along the tube.
The signal detected by the probe microphone is then amplified and sent to the signal
analyzer. The ratio of any maxima to the first minima gives the standing wave index ‘n’

from which the absolute value of the reflection coefficient |R| of the sample material could

be calculated using the following equation [22]:

n-1
n+

|R|= 4.1)

The absorption coefficient of the system was then determined from equation 2.16

as:

o = 1-|rf (4.2)
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The absorption coefficient of the system was determined for the frequency range 100Hz -
2000Hz at an increment of 100Hz.

The particular experimental setup shown in Fig. 4.1 is for the ‘ideal’ case of
directly minimizing the reflected wave in front of the sound absorbing layer. Since, the
wave field in the tube includes both incident and reflected waves, the separation of these
two waves was necessary before the reflected wave could be minimized. A wave
deconvolution circuit first described by Fahy [21] was used to isolate the reflected wave.
This circuit gives real time domain estimate of the incident and reflected components of a
sound field from the outputs of two closely spaced identical microphones. A brief
description of the formulation for this circuit could be found in Appendix C. The two
microphones used in this experiment were 1.25cm diameter Bruel & Kjaer Type 4166.
These microphones were fitted with extension probes. The probe tips of both
microphones were located in front of the sound absorbing layer with a 5.0cm spacing
between them. In general, the minimum spacing between the microphones should be A/12
[21]. The closest microphone to the sound absorbing layer was located at 5.0cm
distance. = The signals detected by these microphones were fed into the wave
deconvolution circuit after passing through a low-pass filter and their respective pre-
amplifiers and a dual channel microphone power supply, Bruel & Kjaer type 2807. The
incident and reflected waves in front of the absorber were then separated by the
deconvolution circuit and the reflected wave signal processed by a single channel Filtered
x-LMS controller as an error signal. Since the excitation in this case is periodic, the
disturbance signal was also fed into the Filtered x-LMS controller as a reference signal,
avoiding the need for a detection sensor. The control algorithm was coded into assembly
language and processed by a Spectrum TMS320C30 digital signal processing (DSP) board

resident in a personal computer. The required control signal to minimize the reflected
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wave was then generated by the controller and sent to the control speaker after passing a
low pass filter. The sampling rate for each experiment was four times the operating
frequency. A brief description of the feed-forward based Filtered x-LMS algorithm is
presented in Appendix C.

4.2 Direct minimization of reflected wave - Experimental study

The absorption coefficient of the Passive/Active system for the direct minimization
of reflected wave control strategy is shown in Fig. 4.3 before and after control as a
function of frequency. A high absorption coefficient of 0.85 - 1.0 is observed due to this
control strategy over the frequency range 100Hz to 2000Hz. For convenience, the
numerically simulated absorption coefficients of the system before and after control are
also plotted along with the experimental results. The location of the maximum and
minimum absorption bands of the experimental result coincide with the numerical
prediction. The strong agreement between experimental and numerical results serve as
further validation of the model developed. At lower frequencies, the experimental
absorption coefficient after control was observed to be slightly lower than the numerical
result. This discrepancy is due to the low frequency phase mismatch between the
particular microphones used in the wave separation process. Elliot describing an
absorption coefficient measurement method based on the wave deconvolution circuit had
noted that a difference in the phase responses of the two microphones could lead to a

systematic error [24].
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4.3 Pressure-release boundary condition - Experimental study

The experimental setup for the pressure-release boundary condition is presented in
Fig. 4.4. This experimental setup is similar to the experimental setup described for directly
minimizing the reflected wave. In this experimental setup, instead of the dual microphones
in front of the sound absorbing layer, a single error microphone was located on the back
surface of the sound absorbing layer. The microphone used was a 1.25cm diameter Bruel
and Kjaer type 4166 fitted with a probe. The microphone, itself located outside of the
impedance tube, detects the acoustic pressure through the fitted probe which was located
close to the surface of the absorber. The pressure-release boundary condition was
maintained by minimizing the total pressure detected by the error microphone. This
condition is simpler to implement than the previous case since there is no need for wave
separation.

The absorption coefficient for this case is presented in Fig. 4.5. As the numerical
model predicted, the experimental study did not indicate any improvement in the
absorption coefficient of the system. At frequencies 400Hz and 1400Hz where absorption
peaks were observed due to passive control, the absorption coefficient was reduced by
almost 0.3. A discrepancy between the numerical and the experimental results was
observed at the frequency range SO0Hz - 800Hz. This discrepancy could be due to the
fact that the error microphone probe was positioned near the surface while in the
numerical model, the pressure release boundary condition was created exactly at the
interface between the absorbing layer and the airspace. The positioning of the error
microphone was deliberate in order to avoid any transmission of vibration from the

absorbing layer to the microphone.
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4.4 Impedance-matching - Experimental study

The experimental setup for the impedance-matching study is presented in Fig. 4.6.
Again, the experimental setup for this control strategy is similar to the setup described in
section 4.1. The only difference between the two experimental setups is the location of
the dual microphones required for wave separation. In this experimental setup, the same
dual microphones used for the direct minimization of the reflected wave were employed
but were located in the airspace rather than in front of the sound absorbing layer. Figure
4.7 shows the detail of the laboratory setup for the dual microphones. The signals
detected at these microphones follow the same path as in the direct minimization of the
reflected wave control strategy. The spacing between the microphones was again 5.0cm.
The closest microphone to the sound absorbing layer was 1.25cm away from the surface
and the second microphone was 3.75cm away from the control speaker diaphragm.

The absorption coefficient for this control strategy is shown in Fig. 4.8 before and
after control as a function of frequency. As shown in the figure, this control strategy
successfully resulted in absorption coefficient of 0.8 - 1.0 over the frequency range 100Hz
- 2000 Hz. At the lower frequencies, the experimentally obtained absorption coefficient
tends to be lower than the numerical result, and at the higher frequencies the opposite
holds true. The maximum deviation between the experimental and numerical results is an
absorption coefficient difference of 0.1, or an error of ten percent. This deviation occurs
at the lower frequencies and was discovered to be due to a phase mis-match at these
frequencies between the particular microphones used. Overall, a good agreement between
the numerical and the experimental results was observed with deviation between the two

results decreasing with increase in frequency.
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4.5 Effect of foam size on system performance - Experimental study

In order to verify the numerical results of section 3.3.1, absorption coefficient of
the Passive/Active system was experimentally determined for three different foam samples.
The samples were 2.5cm, 5.0cm and 7.5cm thick. The depth of the airspace was kept at
10cm in all cases just as in the numerical study of section 3.3.1. The absorption plots for
the three cases are presented in Figs. 4.9, 4.10, and 4.11, respectively. In Fig. 4.9, the
experimentally determined absorption coefficient of the 2.5cm sample system shows the
small declining pattern at higher frequencies already predicted by the numerical model.
Figure 4.10 shows the experimentally obtained absorption coefficient of the system with
5.0cm absorbing layer. Note this result is already described in the above section 4.4. In
Fig. 4.11, the absorption coefficient of the system with 7.5cm absorbing layer is shown.
Curiously enough, the experimental absorption coefficient of this system at the lower
frequencies is lower than both of the 2.5cm and 5.0cm layer sample cases. This goes
contrary to intuition, as an increase in absorbing layer thickness leads to improvement in
the absorption coefficient at the lower frequencies. However, overall high absorption
coefficient of 0.79 to 1.0 was observed for all three cases. This experimental investigation
confirms the analytical conclusion that the sensitivity of the Passive/Active system to

changes in absorbing layer thickness is minimal.

4.6 Feasibility of using other absorbing materials - Experimental Study

A study to investigate the feasibility of using the developed system for other
absorbing materials was carried out following the numerical and experimental conclusion
that the Passive/Active is only marginally sensitive to parametric changes. This study was

experimental and the intention is to prove that the developed system could be used for any
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sound absorbing material without the need of developing numerical models. In this study,
the polyurethane foam layer was replaced with a porous metal sheet and the absorption of
the new system investigated. @ The commercial name of the absorber sheet is
FELTMETAL. FELTMETAL is composed of porous metal sheets made by the sintering
of metal fibers. Metal screens are then bonded to both sides of the fiber metal sheet to
enhance its structural and acoustical properties. FELTMETAL is used as liners in noise
absorption applications particularly where high temperature is involved. Due to
FELTMETAL’s structural strength, the need for perforated panels is avoided.

The experimental setup for this case was identical to the one shown in Fig. 4.1
with the foam layer replaced with a 2mm thick FELTMETAL. The FELTMETAL sample
was cut for a snug fit in the impedance tube and was located at 7.5cm from the control
speaker. The absorption coefficient for this system before and after active control is
presented in Fig. 4.12. Before active control, a high absorption coefficient of 0.9 - 1.0
was achieved in the frequency range 600Hz - 1300Hz. However, at frequency ranges of
100Hz - 500Hz and also 1600Hz - 2000Hz, the absorption coefficient drops to almost
0.15. With the introduction of active control, the system resulted in a consistent high
absorption coefficient of about 0.8 over the frequency range 100Hz - 2000Hz. The
absorption peak observed due to passive absorption at the frequency range 5S00Hz -
1150Hz was slightly reduced. The experiment was repeated for an airspace depth of 10cm
to investigate the effect of change in the airspace depth on the performance of the system.
The absorption coefficient for this experiment before and after control is presented in Fig.
4.13. Before control, this experiment resulted in an absorption coefficient of 0.9 - 1.0
over the frequency range 500Hz - 1150Hz. At the lower frequency range of 100Hz -
350Hz and also the frequency range 1200Hz - 2000Hz, an absorption coefficient of less

than 0.8 was observed. This fluctuation between high and low absorption coefficient is a
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typical characteristic of resonators and liners and is a function of the wavelength of the
operating frequency and the airspace dimension. After control, the system resulted in an
absorption coefficient that is identical to the case with 7.5cm airspace. Again, the
absorption peak noted before control due to the passive absorption of the material, in this
case at the frequency range SO0Hz - 1150Hz was slightly reduced. These reduction of
absorption coefficient could be avoided by having the active control work only at the
frequency ranges were good absorption was not achieved by the panel. By skipping over
the band width of high passive absorption, the hybrid system would be optimized to give
the best absorption possible over the whole frequency range.

The experiments with FELTMETAL proved once again the insensitivity of the
Passive/Active system to parameter changes. In addition, these experiments proved that
the Passive/Active system could be used with any sound absorbing material. This
conclusion shows the robustness of the system and indicates it could be implemented in a

diverse potential applications.
4.7 Summary

In this chapter, the numerical results of the three control strategies were validated
experimentally. The main acoustic property that was studied experimentally was the
absorption coefficient of the system. All experimental results were performed in an
impedance tube using a standard measurement technique. In general, good agreement was
observed between the experimental and numerical results for both, before and after
control. A discrepancy was noted in the absorption plots of the direct minimization of the
reflected wave at 100Hz - 400Hz and also for the pressure-release boundary condition in
the frequency range SO0Hz - 800Hz. The causes of these discrepancies were determined

to be the low frequency phase mismatch between the dual microphones used in the wave
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separation process, and the position of the error sensor used in the pressure-release
boundary condition study. Overall, the direct minimization of the reflected wave and the
impedance-matching control strategies showed impressive results. In particular, the
impedance-matching control approach shows a potential for practical implementation. All
sensors and actuators for this case are located in the airspace, and this system can be
designed as a compact self contained unit. An array of these units could be used in series
to cover walls in auditoriums and studios.

Experimental parameteric studies performed with three different thickness foam
samples agree with the numerical prediction that the system is marginally sensistive to
change in absorbing layer thickness. In addition, in order to investigate the feasibility of
using the developed model for different absorbing layers, an experiment was performed
involving a porous metal sheet called FELTMETAL. The result of this experiment
showed a consistent high absorption coefficient of 0.8 to 1.0 over the whole frequency
range of interest. This result indicated the robustness of the Passive/Active system and
showed that the system could simply be used for any absorbing material without the need
of numerical study. The numerical analysis of the system presented in chapter 3 had
shown that a reduction in the depth of the airspace has no effect on the performance of the
system and requires a marginal increase in control effort. The only physical limitation on
the reduction of the airspace depth from design point of view is the minimum required
spacing between the two microphones used for signal separation. In general the minimum
spacing between the microphones should be A/12 [21]. Therefore, reduction of the

spacing compromises the accuracy of the wave separation at the lower frequencies.
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Fig. 4.2 Laboratory experimental setup.
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Fig. 4.7 Detail of dual-microphone setup for wave separation.
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Chapter §

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The objective of the work described in this thesis was directed towards the
development of a hybrid Passive/Active noise absorption system that would be effective
over a broad frequency range. The Passive/Active system was based on an efficient
integration of both passive and active noise control methods. Both theoretical and
experimental investigations were carried out in this work.

The conceptual basis of the Passive/Active system comes from the simple
arrangement of mounting sound absorbing layers at a distance from a rigid wall. In such
passive systems, the presence of the airspace between the absorbing layer and the rigid
wall results in high absorption peaks at frequencies where the depth of the airspace is one
fourth of the wavelength of the operating frequency. However, these absorption peaks
occur over a relatively narrow frequency bands and also low absorption bands are
introduced along with the absorption peaks. In the Passive/Active system, the rigid wall
was replaced with an active wall and the velocity of this wall controlled in such a way that
the condition necessary for optimum absorption is maintained over a wide frequency
range. A simple and useful model based on a two-layered media was developed to
simulate this system. The sound absorbing layer used in the model was a partially
reticulated polyurethane foam. This absorbing layer was characterized using its
propagation constant I and its characteristic impedance Z, which were determined using

some empirical data.
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Three different control strategies were studied for the Passive/Active system. The
three control strategies investigated were: (i) the ideal case of minimizing the reflected
wave directly, (ii) a pressure-release boundary condition on the back surface of the
absorbing layer and (iii) a new approach that consists of minimization of the reflected
wave in the airspace. This condition results in a match between the impedance in the
airspace and the impedance of a plane wave in air, pc, and has been appropriately termed
‘impedance-matching condition’. Among the three control approaches, only the direct
minimization of the reflected wave and the impedance-matching condition met the
objective of optimum absorption of sound over a wide frequency band. In the direct-
minimization case, the error sensors were located in front of the sound absorbing layer
where the response is desired. However, the location of error sensors at the desired “zone
of quite” are not usually at one’s disposal. The impedance-matching control approach has
the benefit of having all the necessary error sensors and actuator hidden in the airspace. In
practical design, this advantage results in a compact and self-contained unit. In addition,
the wall displacement required for optimum absorption was shown to be very small.
Therefore, the control speaker could be replaced by a smaller and more efficient sound
source. This should further reduce the size of the system.

Parametric analysis were performed on the system that utilizes the impedance-
matching control approach in order to investigate the sensitivity of the Passive/Active
system to variation in absorbing layer thickness and airspace depth. The performance of
the system was determined to be independent of the airspace depth and marginally
sensitive to absorbing layer thickness. In addition, in order to study the feasibility of using
the developed model for other sound absorbing materials, an experimental investigation
was performed with the polyurethane foam replaced by a porous metal sheet called

FELTMETAL. The result of this investigation resulted in a consistent high absorption
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coefficient of 0.8 to 1.0 over the frequency range 100Hz to 2000Hz. This result indicated
the robustness of the Passive/Active system.

The numerical analysis of the system presented in chapter 3 had shown that a
reduction in the depth of the airspace results in a marginal increase in the control effort
and has no effect on the performance of the system. The only physical limitation on the
reduction of the airspace depth from design point of view is the minimum required spacing
between the two microphones used for signal separation. In general the minimum spacing
between the microphones should be A/12 [21]. Therefore, reduction of the spacing
compromises the accuracy of the wave separation at the lower frequencies.

In conclusion, the objective of the work reported here was the development of a
hybrid noise absorption system that would be effective in absorbing sound over a wide
frequency range. This objective has been met with the development of the Passive/Active
system. The design of the Passive/Active system is based on an efficient integration of
both passive and active noise control methods. Passive/Active system features a new
control approach in which all of the necessary sensors and actuators are built into the
system. This new control approach, refered here as impedance-matching condition, opens
a wide potential of applications for the Passive/Active system. This system could be
implemented in a number of applications such as reverberation control in architectural

acoustics and absorption of low frequency noise in airplane fuselage design.

RECOMMENDATIONS

Further work could concentrate in extending the one-dimensional Passive/Active
model developed in this work to the more realistic three-dimensional model. The

absorption property of the one-dimensional system developed here could first be analyzed
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for an oblique incident plane wave. Perhaps the extreme case of a wave perpendicular to
the surface of the sound absorbing layer could be considered since in a diffuse sound field,
the waves impinging on the sound absorbing layer will have an angle of incident between
90° (normal incidence) and 180° (perpendicular incidence). This study should give some
indication of the effectiveness of the system for a three-dimensional sound field.

In the development of the three-dimensional system, some applicable changes need
to be considered. The wave deconvolution circuit described in this work for separating
incident and reflected waves was designed for normally incident plane waves. Therefore,
the arrangement of simply placing the dual-microphones in the airspace as in the one-
dimensional system is not applicable in the three-dimensional system due to the presence
of oblique waves in the airspace. However, this problem could be resolved by having a
partitioned airspace. The partitioning of the airspace guarantees plane wave field in each
partition, by prohibiting tangential wave transmission. Each partition would include its
own individual control source and wave separation process. The three-dimensional
system would then include an array of these partitions arranged serially. Once the three-
dimensional system is developed and demonstrated for oblique incidence of plane waves,
the study of broad-band noise control using such system could follow. In this study, the
feasibility of using the incident wave within the airspace as the reference signal could be
investigated in order to avoid the need for error detection microphones. The development

of the three-dimensional system could open a number of potential applications.
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Appendix A

Determination of I" and Z,

The Passive/Active model developed in chapter 2 was based on a two-layered
media. The first layer of this model was a sound absorbing material while the second layer
was an air cavity. The characterization of the sound absorbing material was based on its
propagation parameters. These parameters were mainly the propagation constant I" and
the characteristic impedance Z,.

The particular sound absorbing material investigated for the Passive/Active system
was the partially reticulated polyurethane foam. This material is not well known however,
and its propagation parameters were not available when this work started. Different
methods of obtaining these parameters were investigated and a simple method that could
be implemented in an impedance tube using standard measuring techniques was selected.
This method was first described by Pyett [18]. The following is the formulation for this

method.
The input impedance of a layer of absorptive material placed against a hard wall
can be expressed as:
Z =Z,coth(I'd) (Al)
Using the input impedance ratio of two samples of the same material with thickness of d;
and d,,

Z, _ Z,coth(I'd,)
Z, Z,coth(Td,)

Z, coth(I'd))

Z, coth(I'd,)

(A2)
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The only unknown variable in equation (A2) is I". Pyett have shown the choice of the

thickness ratio of the two samples should be 1:2 for simplification (d,=2d;). Then,

cosh(I'd,)
Z, _Z,coth(l'd,)  sinh(I'd,)

i =
Z, Z,coth(I'd,) cosh(2I'd))
sinh(21d,)

Using the following hyperbolic identities::
sinh(RT'd)=2sinh(I"d)cosh(I'd)
cosh(2d)=2cosh*(T'd)-1

Equation (A3) reduces as follows:

cosh(I'd,)
Z, _ coth(T'd)) _ sinh('d,)
Z, coth(2l'd,) cosh(2T'd,)

2sinh(Td, ) cosh(T'd, )

_ coth(Td,) _ 2cosh?(T'd,)

= coh2ld) ~ cosh(2l'd,)
2cosh(I'd,)

Z, R +il; _1+cosh(2l'd)
Z, R,+il,  cosh(2I'd)

Let cosh(I'd)=U +1V

Z, R +il,  1+U+iV
Z, R,+il, U+iV
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Ry +il)(1 + U +1V) = Ry +il))(U +1iV)

Collecting real and imaginary terms from each side,

VR + UL =R,V + L+ LU (real)

RiU-LiV=R;+RU-LV (imaginary)
and eliminating U from both equations,

R, +V(, +1,) I, +V(R,-R,)
(R1 "Rz) (Il -Iz)

_LR-R)-R, (I, 1)
(I, -1,)* +(R, -R,)?

\"
Substituting (15) in either (A12) or (A13),

_ Ry(R, -Ry)+L, (I -1,)
(I, -L,)* +(R, —R,)?

(A11)

(A12)

(A13)

(A14)

(A15)

(A16)

Substituting (A15) and (A16) in (A9), I" can be easily solved. Z, is then determined from

equation Al as,
Z,=Z tanh(Id,) or

Z,=Z,tanh(I'd,)
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Appendix B

Separation of Incident and Reflected Waves

The deconvolution circuit employed in this work was first described by Fahy [21].
Fuller, et al., used the same circuit for their “Adaptive Foam” study [16]. This circuit
gives real time domain estimate of the incident and reflected components of a sound field
from the outputs of two closely spaced identical microphones. Using the voltage output of
the microphones, Fahy has shown that the pressure gradient at a point mid-way between
them could be estimated. This pressure gradient can be related to the particle velocity at
the same location. The estimated values of the pressure and velocity can then be used to
compute different acoustic parameters. The circuit was used in this work to give a voltage
proportional of the incident and reflected components of the standing-wave field in the
impedance tube. A block diagram of the wave deconvolution circuit is given below.

P; and P, are the instantaneous acoustic pressures detected by the microphones at
their respective locations. The pressure between the two microphone locations could then

be estimated as:

P= (P1—+P2_)_ (B1)
2
and the particle velocity U is related to the pressure by Euler’s equation as:
9_11 =— B_U (B2)
ox ot
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The difference of the instantaneous pressures divided by the separation distance of the
microphones Ax is an approximation to the term dP /dx. Therefore, the particle velocity

is expressed as:

u=L[Bizh)y (AR ®3)

P’ Ax JopAx

A voltage proportional of the pressure (V) can be obtained by adding the outputs of the

two microphone signals as:
V,=S(P; +P,) = 2SP (B4)

where S is the sensitivity of the microphones. A voltage proportional of the velocity (V)
can also be determined by integrating the difference of the two microphone signals with an

integrator of transfer function T = jo as follows:
Vo= SP1-P) 0 Jjo (BS)
Substituting equation B1 in the above equation, V, reduces as:
Vu = So pAxU (B6)_

For plane wave excitation, V, = V,, and this is achieved by setting the gain of the

integrator to be ®w, =2¢/ Ax.

V. = 2SpcU (B7)

The total pressure P is composed of its incident component P; and the reflected component

P,. Therefore, P =P; + P, and since impedance of air is pc, using the equation Z=p/v,
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The total pressure P is composed of its incident component P; and the reflected component
P,. Therefore, P = P; + P, and since impedance of air is pc, using the equation Z=p/v,

U = (Pi - Pr)/ pc. The voltage proportional of the incident and reflected waves are then

expressed as,

= 4SP; and (BS)

=<
|
<

]
+

=
1

4SP, (B9)

s
I
e
=
n
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Block diagram of wave deconvolution circuit
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Appendix C
Adaptive controller

The adaptive control algorithm used in the experimental study was the feed-
forward based Filtered x-LMS controller. The following is a block diagram of a single-

input-single-output (SISO) Filtered x-LMS control algorithm [25].

r--r————~~""~"~"™™>"7"77 I
X, ! I
2 |
L s |
................................................ ! Tpy(@) |
[ + | €
é A | ! >
ADAPTIVE | _ , . :
——P> | *
5 FIR FILTER | Tee(2) :
: | Yk
|
' |
| o e e 1
LMS -
ALGORITHM

Block diagram of SISO Filtered x-LMS control algorithm

€x = error signal

X = disturbance signal

u = control signal
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Yk = output signal
T4 = disturbance path transfer function

Te = control path transfer function

The control signal uy is obtained by filtering the reference signal that is coherent to
the disturbance signal x, through an adaptive FIR filter W(z). In practice, uy is generally

computed in a system identification sequence prior to control and can be expressed as:

L
we= > WX, (C1)

=0

where Wy is the adaptive FIR weight (adaptive filter coefficient) at the k" time step, L is
the order of the FIR filter and the subscript k indicates a signal sample at time t,. The

filter output can also be expressed in convolution form as

e = W(2) * xi¢ (C2)

where * denotes a convolution. Ty.(z) and T (z) are the disturbance and control path
transfer functions respectively.

The error signal e is given as:

€ = dk + Vi (C3)

where dy is the response due to the disturbance signal x¢,. The error signal e, can also
expressed in terms of the convolution of the control input uy and the control path transfer

function T (z) as:

ex = dy + Tee(zZ) * uy (C4)
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where u, = W(z) * xq.

The task of the adaptive control algorithm is the formation of a performance or
cost function and the control input parameters that minimize the cost function. The cost
function is a representative of the system response to be minimized and is defined as the
mean square value of the error signal. The cost function is expressed below as function of

the FIR filter weights:
C(W)) = E[e,] (C5)

The cost function is clearly a quadratic function of each of the weights
W;(§=0,1,...,.L) of the adaptive FIR filter W(z). Generating the control input involves
finding the optimal values for the FIR coefficients W;. The LMS algorithm adapts the FIR
coefficients W; in order to minimize the cost function, thus the error signal. This is done
using the steepest decent method, a technique for computing the gradient of a quadratic
performance surface by searching along the negative direction towards the minima.

Substituting the expression of the error signal by equation C4, equation CS5 yields,

C(Wjx) = E[(dx + Tee(@) * Wix * xi.)°) (C6)

Differenciating the cost function with respect to the filter weights gives,

aC de .
oW, ) 2E|:ek aWt.k } ) ZE[C“ (T @)* xk:i] (€7)
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Letting the convolution of the disturbance signal through the control path transfer function

be termed as the filtered-x signal x,,i.e.,

X, =T, (@) *x, (C8)

yields the cost function gradient as,

oC
oW,

=2e,%, ;|~2e,%, (C9)

Substituting this expression for the cost function gradient into the filter update equation
C4 yields the final filter weight update equation,
Win =W, —2uek>"(k_j; j=0,..,L (C10)
where |L is a parameter that controls the rate and stability of the convergence process.
In the experimental setup for the Passive/Active system, e, would correspond to
the reflected wave processed by the wave deconvolution circuit, x, to the disturbance and

ux to the acoustical pressure generated by the control speaker. The Filtered x-LMS

algorithm used in this work employed a FIR filter with two variable coefficients.
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