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Abstract

Shape memory alloy (SMA) hybrid adaptive composites are a class of materials which
combine the strain recovery and elastic properties transformation capabilities of SMA
fibers with the structural characteristics of advanced composite materials. This study
utilizes the Rayleigh-Ritz method and finite panel acoustic radiation theory to inves-
tigate the use of SMA hybrid composite materials for adaptive structural acoustic
control by active structural tuning. Analytical models are formulated considering
classical laminated plate theory (CLPT) and first-order shear deformation theory
(FSDT), to predict modal and structural acoustic response to incident low frequency
plane wave acoustic excitation. The analysis is further developed to consider simply
supported adaptive panels that are tuned by local fiber activation, such that a panel

composed of elastically uniform sections can be evaluated in a piece-wise fashion.

Analytical results are presented to demonstrate the utility of the models and their



capabilities, as well as to isolate and identify physical trends which enhance the acous-
tic transmission control authority of adaptive SMA hybrid composite panels. Studies
considering generally activated panels are included with dimensionless analyses to
evaluate the effects and influences of panel (length-to-width) aspect ratio, ply layup,
panel thickness, and structural damping in the context of active structural acous-
tic control capability. Case study results are presented to illustrate physical trends
concerning active modal modification and structural acoustic response modification
for several local activation scenarios. Finally, a concept known as alternate resonance
tuning is introduced and analytically demonstrated as an effective means of achieving

low frequency adaptive structural acoustic control.
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Chapter 1

Introduction

The use of advanced composite materials for structural applications such as aircraft
fuselages has become increasingly popular in recent years. Using composite materials
for these applications is beneficial in reducing component mass without compromising
structural performance, as the orthotropic layers of a laminated composite can be ori-
ented and thereby tailored to optimize the strength, stiffness, and dynamic response
of a structural member. By this capability, structural members for advanced tech-
nological applications can be better optimized in terms of their mass properties and
elastic behavior; however, other critical factors such as structural acoustic behavior

must be taken into consideration to obtain satisfactory performance.

The acoustic response of composite structures is often critical to the performance of
the systems into which they are incorporated: as excessive engine noise transmitted
through the fuselage of an aircraft poses health and safety risks to its passengers and
crew; and submarine drive system noise transmitted through hull structures can be
readily detected and traced by enemy vessels. For these reasons, much research and
development effort has been devoted to understanding, controlling and minimizing

the transmission of sound through composite structures.



Passive noise control methods using add-on treatments such as constrained layer
damping, porous acoustic materials, limp trim panels and noise barriers (Vaicaitis
and Mixson, 1985) have proven effective for attenuating high frequency noise; how-
ever for lower frequency sound - particularly where sound pressure levels are high -
structural damping does not offer much benefit in terms of noise reduction. Conse-
quently, extensive experimental and theoretical research has been conducted to ensure
that the weight advantages gained by using composite materials are not compromised
by noise transmission or heavy acoustic treatments (Revell et al.; 1982). For appli-
cations involving incident sound at specific frequencies - for example the first few
harmonic blade passages for propeller-driven aircraft - passive structural tuning tech-
niques have been considered such as intrinsic structural tuning (SenGupta, 1985) and

alternate resonance tuning (Bliss and Gottwald, 1990).

To realize the mass benefits of composite materials without compromising structural
acoustic performance, research efforts have recently turned to adaptive structural
acoustic control using intelligent materials systems. An adaptive structural tun-
ing concept using shape memory alloy (SMA) hybrid composites was introduced by
Rogers and Robershaw (1988 a,b). SMA hybrid composite materials consist of SMA
fibers embedded in conventional fiber reinforced epoxy laminates. The SMA fibers
can be electrically activated to tune the stiffness of a structure by modifying its state
of strain energy and transforming its elastic properties. Active structural acoustic
control capabilities have been demonstrated analytically by Liang et al. (1989) and
experimentally by Barker (1989), and Saunders et al. (1990), considering panel and

beam structures with spatially uniform material properties and strain energy distri-



bution.

The primary objective of this thesis is to expand the scope of previous analytical
research in structural acoustic control of SMA hybrid composite panels (ie. Rogers,
Fuller and Liang, 1990) to study and evaluate physical trends and conditions which
influence the effectiveness of this concept. Emphasis is placed on exploring the capa-
bilities of localized activation-induced dynamic tuning for controlling the transmis-
sion of sound through panel-like structures fabricated from this novel material. To
achieve these stated objectives, analytical models are developed using the Rayleigh-
Ritz method, finite panel acoustic radiation theory, classical laminated plate theory
(CLPT), and first order shear deformation theory (FSDT). These models, their gov-
erning theories, assumptions and formulations are explained in detail in Chapter 3

and Appendix A.

The remainder of this chapter discusses some of the fundamental principals and his-
torical developments in the field of structural acoustics, practical issues in active
and passive noise control, and active structural acoustic control. The utility and
mechanisms of adaptive tuning of SMA hybrid composites are explained in the latter
sections of Chapter 1, and the theoretical elastic models for SMA hybrid composite

materials and their constituents are formulated in Chapter 2.

Analytical results for global activation studies - which isolate and evaluate the effects
of specific physical parameters including panel dimensions, laminate ply orientation
and stacking sequence, panel thickness, material properties and structural damping -

are presented in the early sections of Chapter 4 along with a study comparing CLPT



and FSDT acoustic transmission analysis results. The work of Liang and Rogers
(1989) is expanded to consider locally activated adaptive panels by piece-wise inte-
gration of the Rayleigh-Ritz energy expression. The analytical capabilities of this
modified analysis are applied for localized activation case studies and to introduce
a novel acoustic radiation control technique: active structural acoustic control by
adaptive alternate resonance tuning (ART) using SMA hybrid composites. Analyti-
cal results for case studies considering localized panel activation and adaptive ART

are presented in Chapter 4.

This thesis concludes with Chapter 5, which summarizes observations made during
the course of the analysis and makes recommendations for theoretical and experi-
mental follow-up work. Hopefully, these suggestions will be instrumental in guiding
future researchers to advance this work by expanding the project from an analytical
standpoint and to produce experimental results which demonstrate effective struc-
tural acoustic control capabilities. Optimistically, novel ideas and useful concepts
will be inspired to advance the capabilities of controlling sound tranmission through
shape memory alloy hybrid composites, and perhaps other intelligent material sys-

tems as well.



We may in general assume sound to be a blow which passes through the
ears, and is transmitted by means of the air, the brains and the blood, to
the soul; and that hearing is the vibration of this blow, which begins in

the head and ends in the region of the liver...

Plato (429-347 B.C.)
(Hunt, 1976)

Soun is nought but air y-broken,

and every speche that is spoken,
Loud or privee, foul or fair,

In his substaunce is but air;

For as a flaumbe is but lighted smoke,

Right so soun is air y-broke.

Geoffery Chaucer (1340-1400)
(Hunt, 1976)



1.1 The History of Theoretical Acoustics

Acoustics is the name given to the branch of science dealing with the phenomena of
sound. The name, which comes from the Greek word akoustikus, means “pertain-
ing to hearing” (Morris, 1978). The terminology was introduced by Joseph Sauveur

(1653-1716), a French scientist and mathematician as cited in the following context:

...] have come then to the opinion that there is a science superior to music,
and I call it acoustics; it has for its object sound in general, whereas music

has for its object sounds agreeable to the ear.

The science of acoustics has a rich history. The evolution of this field to its cur-
rent state of maturity has taken nearly 2500 years. The theories of acoustics as we
know them today have been pieced together by some of the most brilliant scientists
and mathematicians in recorded history. The following paragraphs provide a brief
account of some of the historical developments in acoustics which have enabled the
advancement of the analytical theories and techniques utilized in compiling this the-
sis. Tribute and acknowledgement are paid to the scientists and mathematicians who
have contributed in this manner. The following account is by no means intended as
a comprehensive history of acoustics. Lindsay (1972) and Hunt (1976) present thor-
ough, detailed and comprehensive accounts in this regard, and the reader is referred

to these sources for additional information.



1.1.1 Acoustics Before the Renaissance

The study of sound initiated with research in the area of music around 500 B.C. in
ancient Greece with the work of Pythagoras (570-497 B.C.), who identified conso-
nances in vibrating strings as ratios of whole numbers, which initiated the branch of
musicology known as “canonics” or “harmonics” (Hunt, 1976). This work was fol-
lowed roughly 200 years later by Aristotle, who conveyed the first understanding of

the association between sound and the motion of air, and the nature of echo (Lindsay,

p.1972).

Around 25 B.C., a Roman engineer named Marcus Vitruvius Pollio (commonly called
Vitruvius) wrote a ten book treatise providing the first ideas on architectural acous-
tics (Lindsay, 1972). Little more was added to the field of acoustics through the
time of the Roman Empire, and the science as a whole all but perished with the fall
of Rome in the 5th Century A.D.. The Greek scientific tradition was nourished by
the Byzantines, Hindus and Arabs throughout the Dark Ages, as the Western world
turned to preoccupation with politics, strife, and conquest for over a thousand years

before it was revitalized during the Renaissance period (Hunt, 1976).

1.1.2 Acoustics through the Renaissance

Three key contributers to the science of acoustics during the Renaissance period were
Leonardo da Vinci (1452-1519), Gallileo Gallilei (1564-1642), and Marin Mersenne
(1588-1648). Leonardo is credited with four key contributions: he was the first to
formally identify the wave-like nature of sound; he determined that sound has a finite

velocity; he observed and recorded the phenomenon of sympathetic resonance; and



he was the first to suggest the superposition of sound waves. His incredible insight

and intuition also enabled him to construe the concept of sonar (Hunt, 1976):

... If you cause your ship to stop and place the head of a long tube in the
water, and place the other extremity in your ear, you will hear ships at a

great distance from you ...

Gallileo, who is said to have “done more than anyone else to bring the field of exper-
imental science to at least the stage of adolescence” observed the periodic nature of
oscillating bodies and identified the existance of a relationship between the diameter
and tension of a vibrating string and its fundamental frequencies. Marsenne, who
was the first to relate tone and frequency, also was the first to estimate the speed of

sound to within 10 percent (Hunt, 1976).

1.1.3 Classical Acoustics

The Renaissance age produced several observations about the nature of sound which
raised many questions to be addressed by subsequent researchers. The classical age
of acoustics answered some of these questions, advancing the science from the stages
of observation and experiment, through the formulations of basic theory and mathe-
matics, to the point of application known as the modern age of sound (Lindsay, 1972).

The classical developments in acoustics (and science as a whole) began with the work

of Sir Issac Newton (1642-1727).

Prior to the time of Newton, the study of sound almost exclusively delt with musi-

cology. As the study of sound began to spill over into other disciplines - such as op-
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tics, mathematics, electricity, heat transfer, mechanics and elasticity - and vice-versa,
researchers whose names are most often associated with key discoveries and devel-
opments in other areas are credited with significant contributions also to acoustics.
Such individuals include Sir Issac Newton (1642-1727), Leonhard Euler (1707-1783),
Jean Baptiste Joseph Fourier (1760-1830), Simeon Denis Poisson (1751-1840), Jean
le Rond D’Alembert (1717-1873), Robert Hooke (1635-1703), Daniel Bernoulli (1700-
1782), and G. R. Kircchoff (1824-1887).

Sir Issac Newton, who is most noted for his introduction of calculus, his laws of mo-
tion and his theory of universal gravitation, also made significant contributions in
the field of acoustics. Newton was the first to attempt to seriously theorize the wave
theory of sound in mathematical terms. (Lindsay, 1966) as well as being the first
to attempt a theoretical derivation of the speed of sound in light fluids such as air
(Lindsay, 1972). Newton’s most significant contributions to acoustics were not fully
realized until the second half of the 18th Century, when the influence of “The Cal-
culus”(calculus, the laws of motion, and universal gravitation) had matured beyond
the stages of refinement and development as “tools”, and were advanced to the stage

of application by his successors (Hunt, 1976).

Unlike previous developments, the work of Newton was closely followed and critiqued
by his colleagues. Quarrels often errupted among the scientists and mathematicians
of that era. Sometimes this interraction served to delay progress. For example New-
ton, who sought to avoid controversy wherever possible, is said to have postponed
the publication of his Opticks until 1703; a year after the death of Robert Hooke, due

to Hooke’s adversity to the wave theory (Hunt, 1976). In other instances, research



efforts during the classical period merged in a complimentary manner, producing pro-
found theoretical advances from astute, but incomplete observations. For example,
Daniel Bernoulli (1700-1782) demonstrated that a string can vibrate and produce
a multitude of single oscillations which occur simultaneously such that each mode
contributes to the overall vibration, the displacements at any point on the string
being the algebraic sum of the displacement modes. This observation is also known
as the coexistence of small oscillations, or more commmonly as the principle of su-
perposition. Leonhard Euler (1707-1783) almost immediately pointed out the true
significance of this observation: that the partial differential equation governing the
motion of frictionless strings is linear, enabling the principle of superposition to be
proven as a theorem. This theory was enhanced even further by the Jean Baptiste
Joseph Fourier (1760-1830), whose theorem on the expanded series had “consequences

of the greatest value for the advancement of acoustics”(Lindsay, 1966).

The study of vibrating plates and membranes began with the work of Euler, who de-
rived the first appropriate differential equation of motion for a vibrating membrane;
however he incorrectly evaluated the boundary conditions and therefore failed to de-
termine the correct normal modes. Simeon Denis Poisson (1751-1840) followed up on
Euler’s work to rectify this error. The initial work relating to the vibration of elastic
plates was done by Ernst Florens Friedrich Chladni (1756-1827), whose experiments
showed that sand, when spread over the surface of a vibrating plate, migrates to nodal
lines and therefore produces images of mode shapes (Lindsay, 1972). In the early 19th
Century, the Emperor Napoleon offered a purse of 3000 francs to whoever could offer
a satisfactory mathematical theory to describe the vibration of plates. This award

went to Mlle. Sophie Germain in 1815, who produced the correct fourth order dif-
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ferential equation; however her boundary conditions proved to be incorrect. It was
not until 1850 that G. R. Kirchhoff (1824-1887) provided a more accurate solution
(Lindsay, 1966).

Another significant contribution to the field of acoustics during the Classical era of
science which shouldn’t be over looked was made by Jean le Rond D’Alembert, who

published the first differential equation of wave propagation (Lindsay, 1972).

This section is best summed up by the words of the late Dr. Fredrick Vinton
Hunt (1976), Gordon McKay Professor of Applied Physics and Rumford Professor

of Physics at Harvard Universtiy:

The two centuries between Newton’s time and that of Rayleigh embrace
a period of development and growth in the parts of physical science now
designated as ‘classical.” The calculus was invented and developed as
a powerful tool of analysis, and was used to deal exhaustively with the
problems of analytical mechanics; heat became an understandable mode
of motion and the laws of thermodynamics a comprehensive account of all
energy exchange phenomena; and electricity evolved from pith balls and
amber to a theory and practice of electromagnetism capable of sustaining
a major industry. Science historians have dealt fondly and extensively
with these major triumphs of human understanding. With depressing
uniformity, however, these same historians have found remarkably little
to say about sound during the same period, their silence tacitly endorsing
the conclusion Chladni drew in 1802 ‘that the science of acoustics has

been more neglected than most other portions of Physics.” But with the
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advantage of hindsight, this very science... is enough to arouse rather
than supress a lively interest in accounting for the origins of the modern

science of physical acoustics in the eighteenth and nineteenth centuries.

1.1.4 Modern Acoustics

The classical era of science produced many key discoveries and observations in physics;
however many loose ends remained in the area of acoustics. As many other scientific
disciplines were moving to the forefront of technology during the 17th and 18th Cen-
turies, acoustics was not pursued as a separate science until the late 19th Century
(Hunt, 1976). The transition from classical to modern acoustics is punctuated by the
publication of The Theory of Sound by Lord J. W. S. Rayleigh (1842-1919) in the
year 1878 (Lindsay(1972).

Rayleigh’s work naturally divides into two parts, the first of which relates mechanical
vibration phenomena such as the oscillations of strings, bars, membranes and plates
to the production of sound. A valuable feature of Rayleigh’s treatise on sound is
its insistence on the establishment of general principles as well as its application to
special cases of practical significance. Rayleigh’s background in applied mathematics
enabled him to develop useful techniques for solving difficult vibration problems. One
of these, the Rayleigh-Ritz method, has had wide application, not only in the area
of vibrations of solid structures, but also in quantum mechanics. Rayleigh never lost
touch with physical meaning, and his analyses always reflected application to prac-

tice.

The second part of Rayleigh’s work concentrated on sound propagation through fluid
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media. In this work he had to address difficult issues such as acoustic diffraction and
sound wave scattering in the presence of discontinuous media. Rayliegh also devoted
much attention to the geometric nature of sound radiation from vibrating bodies.
Rayleigh, for example was the first to discuss sound transmission through single wall
barriers (Holmer, 1969). The work of Rayleigh so clearly and thoroughly summarized
the efforts of his predecessors in areas such as the attenuation of sound in fluids by
various mechanisms of dissipation; that when the second edition of the Theory of
Sound appeared between 1894 and 1896, it was widely believed that the whole sub-
ject of acoustics as a branch of Physical Science was complete, and there remained
nothing more to learn. It was assumed, at that point, to be up to the engineers to

carry the field further (Lindsay, 1966).

After Rayleigh, the science of acoustics turned toward practice and application. Sev-
eral contributions to the field were made in the 20th Century. For example, Wallace
Clement Sabine (1868-1919) addressed the issue of architectural acoustics and gained
a precise understanding of the subject. He formulated a law relating the reverberation
time of a room with its volume and the amount of absorbing material (Lindsay, 1972).
Sabine’s theory of reverberent sound in rooms also led him to the first quantitative

measurement technique for determining the noise reduction of a barrier (Holmer,

1976).

Additional work in the field of acoustics in the earlier years of the 20th Century dealt
primarily with sound measurement. For example, Buckingham did the first quali-
tative work on test methods for determining sound transmission. Buckingham first

differentiated noise reduction from transmission loss through a barrier, leading to a
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period of consolidation, and enabling other workers in the field of acoustics to pursue

other problems (Holmer, 1969).

The science of acoustics has since permeated many areas of modern technology, as
the subject of sound has spilled over into the Electrical, Chemical, Architectural,
and Mechanical Engineering fields; the life sciences of psychology, physiology, and
medicine; studies of the Earth, atmosphere and oceans; as well as the arts, in areas
such as speech and music. Specific advanced technologies to which the science of
acoustics is now particularly relevant include sonar, seismology, noise and vibration

control, and ultrasonics (Lindsay, 1972).

1.2 Practical Issues in Structural Acoustics

The previous section discusses the development of acoustics as a science from the
early stages of observation, through experimentation and the formulation of funda-
mental theory, to its current state of practice and application. This section discusses

some practical issues in passive noise control.

1.2.1 General Issues

In technology and industry, noise control is often essential for product quality and
customer satisfaction. This is particularly true in the automotive, shipbuilding, ar-
chitectural, and aircraft industries. In the aircraft and air transportation industries,
noise control is essential for passenger comfort (Mixson and Powell, 1985), and under-
water sound transmission through ship structures is an issue of considerable impor-

tance as well. In other cases, acoustic response is a crucial issue of structural integrity.
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During re-entry, for instance, the space shuttle is exposed to high intensity pressure
fluctuations resulting from attaching and detaching boundary layers and shock waves.
To avoid structural failure, these effects must be taken into account and thoroughly

analyzed (Yang and Tsui, 1977).

1.2.2 Passive Noise Control

There exist two main methods for inhibiting the transmission of sound from one re-
gion of fluid to another. Sound waves can be absorbed in transit by materials specially
chosen to accept energy efficiently from incident sound waves, and dissipated in the
form of heat energy; or large changes of acoustic impedance can by introduced in a

sound field to reflect or scatter the sound energy (Fahy, 1989).

In architectural acoustics, sound control by absorption is commonly achieved by the
use of porous materials, non-porous panels, and by cavity resonance. Porous acous-
tic materials usually appear in the form of liners, coatings and blankets, which are
applied directly to radiating structures. Incident acoustic energy is converted to heat
energy in these materials as pressure disperses within their pores and narrow cavities

(Kinsler, Frey et.al, 1982)

Noise control using non-porous materials is achieved most effectively in the form of
panels offset a finite distance from a solid backing. This distance is usually smaller
than the acoustic wavelength, depending on the frequency range to be attenuated.
The dissipative mechanism which makes this technique effective is hysteretic damp-

ing in the panel material, which converts acoustic energy to heat. This technique is
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particularly effective at low frequencies, and improved performance can be obtained
by adding porous material between the panel and the solid backing (Kinsler, Frey et.
al., 1982).

A modification of this technique is the membrane absorber. Commonly found in
recording studios, this device includes a fixed panel (approximately 1 m square)
mounted to a wall, with a small air cavity between the two structures. The absorber
is tuned to dissipate low-frequency sound energy by resonating in its fundamental
bending mode (Fahy, 1989). Not only do these panels absorb acoustic energy, but
they also scatter incident sound in many directions. This increases the diffusion in

sound fields and reduces sound levels by destructive wave interference (Fahy, 1989).

Cavity resonance is achieved by containing a volume of air within a wall or partition
such that the cavity and acoustic control space are connected by a narrow opening.
Acoustic energy corresponding to a narrow band of frequencies near the cavity reso-
nance is readily absorbed within the cavity. These cavities most commonly appear in
the form of standard concrete block with slotted crevices, perforated paneling, and
wood lattices offset from solid backings with absorption blankets interposed (Kinsler,
Frey et. al., 1982). Cavity resonance can also be applied in the form of add-on devices

such as Helmholtz resonators.

As previously mentioned, noise levels can be reduced by introducing large impedance
changes in the propagation path of acoustic flow fields. Examples of this capabil-
ity include internal combustion engine exhaust systems; and hydraulic line silencers,

where sound waves travelling through oil encounter an acoustically “soft” pipe section

16



surrounded by presssurised gas (Fahy, 1989).

Several passive techniques for controlling structurally radiated noise have been intro-
duced and discussed, along with the physical principles and characteristics by which
they operate. The remainder of this section is devoted to overviewing passive noise
control concepts for aircraft fuselage structures, where low-frequency noise and over-

all system mass are extremely critical to system performance.

1.2.3 Passive Noise Control in Aircraft

Modern aircraft designs require low mass, high strength structures to meet perfor-
mance demands in a fuel efficient manner. These requirements have renewed interest
in propeller-driven aircraft, owing to their high propulsive efficiency (Revell et al.,
1982). Unfortunately, propeller-driven aircraft have also exhibited high levels of in-
terior noise at blade passage frequencies and their harmonics. Much concern has
been expressed regarding the acceptability of future propeller-driven aircraft and the
weight penalties required to achieve acceptable interior noise conditions (Revell et al.,

1982).

Composite fuselage and frame structures offer the benefits of reducing mass and noise.
Constructing a fuselage skin and frame structure from composite materials enables
mass reduction and provides the opportunity to down-size engines. Although the use
of smaller engines reduces noise levels at the key source, this does not resolve the

issue of cabin noise entirely (Revell et. al, 1982).
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Aircraft cabin noise sources can include propellers, exhaust from reciprocating en-
gines of turbofans, turbomachinery, turbulent air flow, or engine vibrations (Mixson
and Powell, 1985). Sound radiating from these souces must be reduced by treatments

having minimal weight and limited occupied volume (Heitman and Mixson, 1986).

The mass and stiffness characteristics of most pressurized aircraft fuselages produce
structural acoustic response that is stiffness-controlled below about 600 Hz; con-
trolled by damping from 600 to 1500 Hz; and mass controlled above 1500 Hz (Sen-
Gupta, 1979). Considerable emphasis has been placed on resolving the aircraft inte-
rior noise control issue by applying various arrangements and combinations of add-on
treatments, including aluminum honeycomb panels, constrained layer damping tape,
porous acoustic materials, noise barriers, and limp trim panels (Vicaitis and Mixson,
1985; Revell et al., 1982; Heitman and Mixson, 1986; Mixson and Powell, 1985).
The general conclusion of this work is that these add-on treatments require up to
2.4 percent added aircraft gross take-off weight, however additional improvements
are still needed to reduce low frequency noise; especially around 225-250 Hz, which
corresponds to the first blade passage frequencies of most propeller-driven aircraft
(Bliss and Gottwald, 1990). In fact, according to Vaicaitis and Mixson (1985), “...
analytical predictions of noise transmission indicate that adding a large amount of
nonload carrying mass to the aircraft skin increases the noise transmission at the
first propeller blade passage harmonic...”. To address this issue, low frequency noise
and vibration control devices such as tuned dampers (Vaicaitis and Mixson, 1985),

vibration isolators and Helmholtz resonators (Kandepo, 1988) have been proposed.

Other passive low frequency sound control techniques have been put forth which
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consider structural tuning. Two such methods include intrinsic structural tuning

(SenGupta, 1978) and alternate resonance tuning (Bliss and Gottwald, 1990).

The concept of intrinsic structural tuning was developed considering the response of
periodic skin-stringer structures in aircraft to highly correlated, coherent, near-field
engine noise enviromnents. For a typical skin-stringer structure, in which the stringer
natural frequency is considerably higher than that of the skin; the peak frequency
response occurs very close to the natural frequency of the individual skin bays, which
are clamped along the stringers and simply supported along the frame. Under these
boundary support conditions, strong reflection of flexural waves in the skin are in-
troduced at the stringer and longeron interfaces resulting from the large stiffness
discontinuities introduced by these members. Intrinsic structural tuning is achieved
by designing the fuselage skin bays and stringers to share a common fundamental
frequency, while satisfying the typical static and dynamic strength requirements. In
this condition, the skin response at the shared funadamental frequency can be greatly

reduced (SenGupta, 1978).

Low frequency response can be further improved by designing the stringers to res-
onate below the fundamental frequency of the skin bays such that the support struc-
ture dominates the response at the first structural resonance and the skin acts like
an attached mass (SenGupta, 1979). The concept can then be optimized for noise

reduction by applying damping material to the stringers.

Alternate resonance tuning (ART) is a method of reducing sound transmission

through flexible, low mass paneled wall structures by controlling the dynamics of
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the panels. Acoustically compact adjacent panels are designed in ART arrays to have

resonant frequencies alternately above and below the frequency to be attenuated.

Low-frequency acoustic energy is particularly difficult to absorb or block, especially
given the weight and thickness constraints imposed by most fuselage construction
techniques. Fuselage panels are thin, flexible, and lightly damped, with resonances
that often coincide with the blade passage frequencies of propeller-driven aircraft.
ART takes advantage of the dynamic panel behavior (flexible and lighty damped)
although these characteristics are not normally desirable for low-frequency noise con-
trol. More conventional approaches (intrinsic structural tuning, for example) empha-
size reducing dynamic response amplitudes to control noise. In contrast, ART focuses
on controlling the shape of the wall and panel motion to break the acoustic coupling

between the structure and the aircraft interior (Bliss and Gottwald, 1990).

At the tuned frequency, ART panel networks oscillate with equal amplitude and near
opposite phase, resulting in cancellation of sound radiation from adjacent panels,
causing cutofl as the transmitted acoustic modes become evanescent and nonpropa-

gating.

1.3 Active Noise Control

Active noise control (ANC) or antisound is achieved by using secondary control
sources to create noise that is 180 degrees out-of-phase with an original sound field
such that the overall sound field is reduced by superimposing the two waveforms. ANC

has recently received much attention for aircaft applications because of its potential
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to reduce low frequency noise levels without introducing much additional weight and

cost to the systems in which they are used (Mandic and Jones, 1989).

The earliest experiment in sound wave interference dates back to the 1870’s and Lord
Rayleigh’s study of two carefully tuned organ pipes. In Chapter 23 of his Theory of
Sound, Rayleigh provided a clear mathematical explanation of the wave interference
phenomenon he observed while investigating the source of “grave notes” produced in
pipe organs when two different tones were simultaneously played. Unfortunately, the
state of technology in the 1800’s prevented Rayleigh from delving deeper into sound

cancellation due to lack of an adequate experiment (Swanson, 1989).

The invention of radio brought forth the audio technology that enabled Paul Lueg
(1937) to patent the first sound cancellation device, which pioneered the concept of
using artificially produced sound waves to control noise (Jones, 1987). Unfortunately,
at that time the available electronics were insufficient to experimentally verify Lueg’s
device, and further development had to wait until Olson and May (1953) published
their description of an “electronic sound absorber”. Conover (1956) followed with the
first practical application for ANC in his attempt to reduce electric power transformer
noise. Since the structural vibrations producing this noise occurred at the harmonics
of the 60 Hz power input, a loudspeaker was directly wired to produce sound that
was 180 degrees out-of-phase with the line signal. The speaker was then positioned to
effectively reduce sound radiation in a given direction. Global attenuation, however,
was found to be unachievable because of the presence of acoustic radiation from many
parts of the structure, requiring several control sources - in the ideal situation, one

speaker is needed per radiating source (Swanson, 1989).
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Further advancement in the field of electronics led to more ANC research the 1960’s
and 1970’s (Jones, 1987). One major refinement was in the area of sensor noise. Pre-
vious ANC systems suffered performance-wise because of control noise mixing with
the acoustic source noise to produce a standing wave, with cancellation occuring at
the speaker and beyond. Pressure nulls at the microphone location then cancelled

the signal to the control source (Swanson, 1989).

In the 1970’s, ANC efforts were primarily directed toward the attenuation of uni-
directional sound waves in ducts, which act like acoustic waveguides, which restrict
sound wave propagation to one direction, for frequencies corresponding to acoustic
wavelengths at least twice the longest cross-sectional dimension of the duct (Swan-
son, 1989). This application was originally motivated by the problem of very low
frequency pressure fluctuations (on the order of 1 Hz) in a large, very long waste
extraction pipeline of a factory ventillation system (Swinbanks, 1972). The problem
was addressed considering a plane wave propagating downstream in a long duct and
in a uniform flow field. A localized distribution of point sources was sought such that
control speakers could be mounted to the interior duct walls to produce a cancelling
radiation pattern and attenuate the disturbance noise. It was identified that two
rings of point control sources could be located to generate unidirectional plane wave
motion such that the control noise would not interract with the disturbance at the
upstream location of the primary sensor (Swinbanks, 1972). The concept has since
been enhanced by Chaplin (1979), who proposed inserting an error sensor downstream
from the control region to provide error feedback and closed-loop control. Chaplin’s

system was the first duct noise cancellation system with adaptive signal processing
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capability (Swanson, 1989).

Research in the 1980’s emphasized attenuation of three-dimensional sound fields.
Guicking et al.(1985) proposed coherent active control of sound fields for room acous-
tics applications. Simpson et al.(1989) have considered using spatially distributed mi-
crophone and loudspeaker systems for reducing aircraft cabin noise. Hesselman(1978)
revisited the transformer noise control problem using multiple sensors and loudspeak-
ers. Unfortunately, in all of these cases control benefits were only realized near the

sensor locations.

Another ANC device that has recently been commercialized is a hearing protection
system that was invented in 1953 and eventually patented in 1961 by Hawley and
Simshauser (1961). The system, with a configuration quite similar to a that of a
stereo headset, includes a microphone and speaker system at each earpiece. This
system operates on the principle that incident sound is detected by the microphones,
and countertones are produced and broadcast into the ear canals of the wearer to
cancel the incident noise (Elmer-Dewitt, 1989). In 1958, RCA issued a report to
the U.S. Army that the device was limited by current state of transducer technology
and by difficulties in building amplifiers with sufficient phase reponse for stable noise
cancellation in the region near the ear (Swanson, 1989). Once again, a useful concept
was initiated long (in this case nearly 30 years) before the necessary electronics tech-

nology was available to enable its implementation.

Only recently - with the advent of compact, high-speed signal processing - have sci-

entists and engineers had sufficient computing power to make practical antinoise
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devices. Bose of Farmington, Mass., now manufactures and sells an antinoise headset
for $965, and at least a half dozen other firms in the U.S. and Europe are selling
antinoise systems. These companies include: two British firms, Racal Acoustics and
Plessey; Digisonix, a division of Nelson Industries located in Stoughton, Wisconsin;
Noise Cancellation Technologies of New York City; the DSP Group of Emeryville,
California; and Active Noise and Vibration Technologies of Phoenix, Arizona (Elmer-
Dewitt, 1989). Active noise control is becoming more than just a technology, but an

entire industry in itself.

ANC depends on two basic physical effects for successful implementation: simple su-
perposition and acoustic impedance coupling (Swanson, 1989). A system based on
simple superposition alone is effective under two conditions: if the sound cancellation
is to occur in a small region in space, or if the the sound waves propagate unidirection-
ally. For optimum global attenuation, the active control sources must be acoustically

coupled with the noise source (Swanson, 1989).

Acoustic impedance coupling is possible when two sources are displaced less than one
third of an acoustic wavelength from one another or where the two sources are con-
nected by a waveguide. Coupled sources affect each other’s ability to generate sound
waves. With two coupled sources radiating in-phase, one source must overcome the
pressure produced by the other, therfore producing more acoustic pressure than if it
were radiating alone. If the two sources are radiating out-of-phase, their collective
ability to produce acoustic pressure is greatly reduced, as one source radiates pressure
outward and the other radiates inward. When the sources are less than one third of

an acoustic wavelength apart, the air density surrounding them stays almost constant
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and sound energy is readily decreased in the near-field. By controlling one source in
a coupled system very precisely, active noise attenuation is possible by minimizing

the radiation impedance for both sources (Swanson, 1989).

1.4 Active Structural Acoustic Control

The traditional approach to active noise control withinin an enclosed structure in-
volves using a number of secondary sources arranged to generate a control sound field
that interferes with the noise sound field, thereby reducing its sound levels. Disad-
vantages associated with this approach are the need for remote location of the control
noise sources from the structure, and the inherent introduction of spillover noise from
these sources. Control spillover may be overcome by careful placement of several
additional control sources. A sound-radiating structure may require several active

sources to achieve effective global noise reduction.

An alternative strategy was put forth for controlling enclosed sound fields by ap-
plying secondary vibration forces via shakers to the enclosure sidewall to couple the
structure to the interior acoustic field (Mandic and Jones, 1989). This technique has
been called “active vibration control”, but distinction is needed from the conventional
interpretation of the term, as the primary objective of the system in this case is to
reduce interior noise levels by controlling structural vibrations, which does not nec-

essarily mean reducing vibrational amplitudes (Fuller and Jones, 1987).

In this context, active vibration control involves modifying the vibrational response

of a structure to reduce the important modes which most efficiently radiate acous-
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tic energy (Jones, 1987). Rather than controlling the acoustic field, this approach
controls the structural response. Essentially this shift of emphasis is a more direct
method, which moves the control mechanism to the noise source: to the structure
itself. Structural acoustic control is achieved by decoupling the motion of elastic
structures from their radiated sound fields (Fuller et al.,1988). A distinction exists
therefore between ANC and active structural acoustic control: active noise control
involves controlling a sound field by producing counternoise; and active structural
acoustic control involves controlling the dynamic response of a structure to reduce or

minimize its source strength as an acoustic radiator.

Two radiating sources are acoustically coupled if they are displaced within one third of
a wavelength from one another (Swanson, 1989). By applying control sources directly
to a radiating structure, acoustic coupling will be automatically and unconditionally
achieved between the structure and the control forces. The nature of this coupling
enables improved controller design (Fuller et al., 1988). Jones (1987) captures the

key mechanism of structural acoustic control in the following context:

Intensity calculations at the [structural] wall indicated a reduction in in-
tensity under controlled conditions. This implied that the control sources
do not act as sinks but, in contrast, modify the acoustic space minimizing
noise transmission into the cavity. In other words, the control system cre-
ated a near zero pressure at the [wall] causing an impedance discontinuity
and hence a reflection of a significant fraction of energy incident on the

acoustic cavity.
An undesirable consequence of using point actuators is control energy spillover into
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the uncontrolled structural modes (Jones and Fuller, 1987). Because of the interface
modal filtering (IMF) effect - controlling only those modes which efficiently radiate
sound into the control space - spillover energy is primarily confined to the structure,
and does not contaminate the control field (Jones and Fuller, 1987). The point sources
tend to be “spectrally white”, so some control spillover is produced by this method of
excitation. Also, mounting problems are forseeable with point force actuators, along

with the fact that they add system mass and occupy space (Fuller et al., 1988).

Workers such as Hubbard et al. (1985), and Crawley et al. (1987) have researched
the concept of utilizing piezoelectric actuators for vibration control, to overcome the
problems of mounting and control spillover (Fuller et al., 1988). Wang et al.(1990)
have analytically demonstrated the potential of utilizing multiple piezoelectric actua-
tors to control sound radiation from a harmonically excited elastic panel. The use of
induced strain actuators is driven by the ever-increasing number of applications for
dynamic and static control of flexible structures. In a rational controlled structure de-
sign, the dependence of the control system on structural configuration is recognized
in the early stages of the design process. Traditional types of actuators normally
used for active structural control are not integral with the structure, but attached
separately after construction. This may alter the dynamic behavior of the system.
In contrast, induced-strain actuators are attractive because they can be integrated

directly into the structure (Anderson, 1989).

The operating principle of piezoelectric sensors and actuators is that when pressure
is applied to a piezoelectric material, an electric field is generated in response to

modified charge distribution. This is called the direct effect, and it is by this capa-
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bility that strain and vibration sensing tasks are possible using these materials. The
converse effect can be manipulated by applying an electric field across the material,
thereby inducing a strain transformation, in which the material expands or contracts
in response to the applied voltage. This strain is induced both uniformly and in the
plane normal to the direction of the applied voltage. The resulting expansion or con-

traction of the material is established by the polarity of the electrical field.

Using piezoelectric materials as induced strain actuators and integral sensors for ac-
tive structural acoustic control offers numerous advantages. The dynamic response of
the material is quick enough that structural vibration can be controlled at frequen-
cies up to several KHz. Another capability of this material is its ability to increase
structural damping: for example, Cudney (1989) found that the damping ratio of a
tuned mode can be raised from 0.11% to 3.67% of critical damping. Perhaps the most
appealing virtue is that the actuation and sensing functions can be built directly into
the material, optimizing the control system capabilities by integrating the sensing

and actuation functions directly into the structure.

1.5 Adaptive Structural Acoustic Control Using
Shape Memory Alloy Hybrid Composites

Recently a novel class of adaptive materials, shape memory alloy (SMA) hybrid com-
posites, was introduced by Rogers and Robertshaw (1988,ab). This material concept
(shown in Fig. 1.1) consists of SMA actuator fibers embedded in a host material such
as epoxy resin, fiberglass, graphite/epoxy or any other composite, plastic or matrix

material (Liang et al., 1989). The embedded SMA fibers can be stiffened in a con-
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trolled manner by the addition of heat, which is usually achieved by passing electrical
current through them (Rogers and Barker, 1990). When electrically activated, the
elastic modulus of the SMA fibers can be increased up to 400 %, and control forces
as high as hundreds of pounds, which are caused by thermally-induced martensitic

phase transformation, can be generated within the structure.

Adaptive SMA hybrid composite laminates are fabricated by inelastcally elongating
SMA fibers, embedding them in a host ‘matrix’ material, and curing the laminate
at high temperatures to consolidate the matrix material. To prevent the SMA fibers
from contracting to their ‘normal’ or ‘memory’ length, they must be longitudinally
constrained prior to and during the cure process. When the cure cycle is complete,
the SMA fibers adhere to (and thus are integrated into) the host matrix material.
When the SMA hybrid composite is subsequently activated by passing electric current
through the embedded SMA fibers, resistive heating causes reverse martensitic phase
transformation in the SMA material, and the fibers ‘try’ to contract to their unde-
formed length. The SMA fibers are inhibited from contracting, however, because of
interfacial shear stresses between them and the host material. It these shear stresses

that enable the induced-strain actuation of SMA hybrid composites.

SMA hybrid composite structures can be locally or generally activated to modify
their structural acoustic response and modal behavior. These control capabilities
are explained by two mechanisms of adaptive structural tuning: active properties
tuning (APT), and active strain energy tuning (ASET). The SMA fibers embedded
in the material posess many unique properties and characteristics. Two of these

characteristics; large increases of Young’s modulus which occur when the material is
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transformed from martensite to austenite, and the ability to recover large amounts

of inelastic strain, are particularly useful for adaptive structural tuning.

Active properties tuning occurs as a result of elastic properties transformation in the
SMA fibers due to martensitic phase transformation. For effective APT capability,
Liang et al. (1989) recommend including a large volume fraction of SMA fibers in
SMA hybrid composite structures. When electrically activated, the resulting phase
transformation increases the elastic modulus of these fibers by as much as 400 %.
The overall modification of laminate properties is directly proportional to the SMA

volume fraction.

Active strain energy tuning is also triggered by thermally activated phase transfor-
mation; but another control variable is added: restoring stresses are applied when the
embedded SMA fibers are thermally activated (Liang et al., 1989). To provide this
capability, the SMA fibers are inelastically elongated and constrained in a fixture to
prevent them from contracting while the host material is consolidated or cured at high
temperatures. When activated, the SMA fibers ‘try’ to contract to their ‘memory’
length. The resulting internal stresses change the state of strain energy in the SMA
hybrid composite material, modifying the modal response of the overall structure in
a manner quite similar to the tuning of a guitar string, or much like variable stiffness

of a human muscle (Liang et al., 1989).

By either APT or ASET, a significant amount of active structural tuning can be
achieved using SMA hybrid composite materials (Rogers et al.,1989). The difference

between these two structural tuning mechanisms is that by APT, the response of
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a structure changes based on its material stiffness alone; by ASET, the distributed
recovery forces of the inelastically pre-strained actuators alter the stiffness of the
structure. With ASET, the properties transformation effects are also present, but
when APT and ASET occur simultaneously, the combined tuning authority is usu-

ally due more to strain energy effects than elastic properties transformation (Liang

et al., 1989).

Active structural acoustic control using SMA hybrid composites has been recently
put forth as an application for this material. Since the natural frequencies and mode
shapes of a structure can be actively modified by APT and ASET, it is possible to
adaptively alter the acoustic coupling between an SMA hybrid composite panel, shell
or beam structure and incident sound waves by activating the embedded SMA fibers.
The active input is non-oscillatory in nature for an SMA hybrid composite structure,
and the structure is adaptive in the sense that its properties and response can be

altered by electrical inputs (Rogers, 1990ab).

The first results of analytical studies considering the active structural tuning of SMA
hybrid composite panels were published by Rogers et al.(1988). In these studies, a
thin, quasi-isotropic SMA hybrid composite panel was evaluated considering several
states of spatially uniform activation. The results of this work show that by activating
the fibers embedded in various ply combinations, the higher mode shapes can be al-
tered, and the natural panel frequencies can be changed. These results are presented
in Table 1.1 and Fig. 1.2. The demonstrated active modal modification capabilities
can be effectively utilized for controlling the transmission of sound through SMA hy-

brid composite panel-like structures.



Simply supported plate structures radiate sound very efliciently when the modes
shown in Fig. 1.3 are excited, because of the large volumetric fluid velocities they
produce as a result of odd numbers of oscillatory lobes, and the large amplitudes of
vibration which occur under structural resonance conditions. When the characteris-
tic 1,1 mode is excited, the entire transverse panel motion occurs in one direction at
any given time, and the net fluid displacement velocity on either side of the panel is
very large. On the other hand, if the net volumetric fluid velocity is very small, the
sound pressure level of the acoustic radiation to the far-field is low. For example, if a
characteristic 2,1 mode is excited the vibrating lobes oscillate with equal amplitudes
and opposite phase. As fluid on one of the panel surfaces is moved away from the
panel by one lobe, the other lobe is drawing the same amount of fluid toward the
structure. Rather than radiating high-intensity sound waves to the far-field, wave
interaction reduces the radiated sound in the near-field. This phenomenon can also

be explained by the concept of acoustic impedance coupling discussed in Section 1.3.

In addition to the structural acoustic control capabilities attainable by active mode
shape modification, if a structure is resonating in an efficient sound-radiating mode, it
can be adaptively tuned to vibrate off-resonance by changing its fiber activation. By
this adaptive capability, vibration control and structural acoustic control benefits can
be realized simultaneously. The results published by Rogers et al. (1990) show how
sound radiation from a thin, simply supported, quasi-isotropic, SMA hybrid compos-
ite panel can be controlled below 1000 Hz by changing its state of activation. The
first ten activated and unactivated natural frequencies are summarized in Table 1.2,

and the transmission loss versus frequency plots are shown in Fig. 1.4.
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Table 1.1: Natural Frequency Summary for a square [£45/0/90], SMA Hybrid Com-
posite Panel; after Rogers et. al., 1988

Natural Frequencies (Hz)
Mode | Unactivated Activated Plys

plate 45° | —45° | 0° | 90° | all
1 20 111 | 119 [ 113 | 124 | 225
2 49 179 | 192 | 120 | 132 | 358
3 50 180 | 193 | 143 | 157 | 358
4 80 233 | 249 | 190 | 208 | 456
) 99 263 | 281 | 227 | 250 | 511
6 99 264 | 281 | 234 | 258 | 512
7 129 305 | 326 | 253 | 277 | 587
8 129 312 | 330 | 260 | 285 | 588
9 167 360 | 382 | 287 | 315|674
10 168 360 | 382 | 345 | 378 | 676
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First Ten Mode Shape of a Quasi-isotropic Plate
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Figure 1.2: First Ten Mode Shapes for a square [+45/0/90], SMA Hybrid Composite
Panel; after Rogers et. al., 1988
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The Characteristic 1,1 Mode Shape

The Characteristic 3,1 Mode Shape

Figure 1.3: Efficient Sound-Radiating Mode Shapes
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Experimental studies investigating the vibration and structural acoustic control of
SMA hybrid composite beams have been done by Barker (1989) and Saunders et
al.(1990). The results of Barker demonstrate that the first three natural frequencies
of a clamped beam constructed from unidirectional SMA hybrid composite material
(Fig. 1.5) can be actively modified. These experimental results are presented in Fig.
1.6. Saunders et al. (1990) used gradient search techniques to minimize sound radi-
ation from a similar beam. The results of this study are presented in Fig. 1.7, and

the experimental apparatus utilized for the experimental work of Barker is shown in

Fig. 1.8.

The analytical and experimental results discussed in this section demonstrate useful
vibration and structural acoustic control capabilities. These favorable results have
prompted further investigation into the control capabilities attainable by consider-
ing localized activation of SMA hybrid composite panels. Specific objectives for this
continued research are to determine a method of effectively modifying the first mode
shapes of SMA hybrid composite panels, and identifying new activation strategies for
controlling structurally-radiated low-frequency sound. These objectives, as well as
the evaluation of physical trends and conditions which influence the adaptive struc-
tural tuning capabilities of SMA hybrid composite structures, constitute the central

focus of this thesis.
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Table 1.2: Natural Frequency Summary for a 0.8m by 1.1m [0/ F45/90], SMA Hybrid
Composite Panel; after Rogers et al., 1990

Natural Frequencies (Hz)

Mode | Unactivated | Activated
1 41.3 71.5
2 82.8 129.7
3 114.8 146.6
4 144 4 2034
5 166.9 239.6
6 224.0 246.9
7 233.7 296.5
8 245.5 3224
9 290.7 355.4
10 317.9 403.5
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Figure 1.4: Transmission Loss Curves for a 0.8m by 1.1m [0/ F 45/90], SMA Hybrid
Composite Panel; after Rogers, Liang and Fuller, 1988
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Specifications
Graphite epoxy: 5245 prepreg system

Dimensions: Length (L) 32.25 in (81.92 cm)

Width (W) = 0.860 in (2.18 cm)

Spacing (S) = 0.031 in (0.79 mm)

Thickness = 0.034 in (0.86 mm)
No. of actuators = 24 x .015 in dia -
Nitinol volume fraction = 15%

------------------------------------------------

Figure 1.5: Experimental SMA Hybrid Composite Beamn (Material Informaion); after
Barker, 1989
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FFT of Unactivated SMA Beam

vf=15%, free fibers, room temperature
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Figure 1.6: Experimental SMA Hybrid Beam Evaluation Results: Active and Unac-
tivated First Three Natural Frequencies; after Barker, 1989
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Figure 1.7: Time History Plots for Experimental Studies of Beam Noise Minimization
Technique; after Saunders et. al., 1990
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Figure 1.8: Experimental Apparatus for Evaluating SMA Hybrid Composite Beams;
after Barker, 1989
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Chapter 2

The Material Behavior of SMA
Hybrid Composites

The structural tuning of an SMA hybrid composite structure is achieved by altering
its material properties and state of internal strain energy in a controlled manner. De-
veloping accurate analytical models to predict the dynamic and structural acoustic
response of these structures requires a precise understanding of composite materials
as well as shape memory alloys. The mechanical properties and the physical nature
of martensitic phase transformation in shape memory alloys are subjects which re-
quire special attention. Section 1.5 provides a general description of how SMA hybrid
composite materials and structures are fabricated and actively tuned. This chapter
provides a more definitive explanation of shape memory alloys and discusses the key
assumptions and theories utilized to model their elastic behavior. In the later sections
of this chapter, the material behavior of SMA fibers is considered in conjunction with
classical laminated plate theory to formulate the constitutive relations required for

the analysis of SMA hybrid composite structures.
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2.1 Shape Memory Alloys

Shape memory alloys have a unique ability to incur large inelastic strains at low
temperatures, and return to their original shape when heated above a characteristic
phase transformation temperature. This phenomenon is known as the shape memory
effect. The shape memory effect was first discovered in 1938, when strain recovery ca-
pabilities were noted in Ni-Zn alloys (Hodgson, 1988). Many materials are presently
known to exhibit the shape memory effect, including the copper alloy systems of
Cu-Zn, Cu-Zn-Al, Cu-Zn-Ga, Cu-Zn-Sn, Cu-Zn-Si, Cu-Al-Ni, Cu-Au-Zn, Cu-Sn, the
Au-Cd, Ni-Al, Fe-Pt, alloys and others. The most common - and to date the most
useful - of the shape memory alloys or transformation metals is the nickel-titanium

alloy known as Nitinol (Rogers et al., 1989).

Nitinol

In 1965, Buehler and Wiley of the U.S. Naval Ordnance Laboratory were granted
a United States Patent on a series of engineering alloys that possess a unique me-
chanical (shape) “memory” capability (Beuhler and Wiley, 1965). The generic name
given to this series of alloys is 55-Nitinol. These alloys have chemical compositions
ranging from 53 to 57 weight percent nickel. A great deal of effort was spent over the
next ten years to characterize the material and develop new applications to exploit its
remarkable shape memory effect (SME) and its unique mechanical properties. The
Naval Ordnance Laboratory (now known as the Naval Surface Warfare Center) was
then (and still is) the leader in characterizing Nitinol. Several other laboratories have

significantly contributed to understanding the characteristics of Nitinol, particularly
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Battelle Memorial Institute and NASA (Barker, 1989).

Nitinol alloys of proper composition exhibit unique mechanical “memory” or restora-
tion force characteristics. The name is derived from Ni (NIckel) - Ti (TItanium) - NOL
(Naval Ordnance Laboratory). The shape recovery capability of Nitinol is phenom-
enal. The material can be inelastically deformed in its low-temperature martensite
phase and then restored to its original configuration by heating it above its marten-
sitic phase transformation temperature. This behavior is unique to NiTi alloys having
near-equiatomic composition. Plastic strains of six-to-eight percent may be fully re-
covered by heating the material to transform it to its austenite phase. Restraining the
material to prevent it from returning to its memorized shape during reverse marten-
sitic phase transformation can induce recovery stresses as large as 100,000 psi (Rogers
et al., 1989). Due to these noteworthy material characteristics, nitinol has been con-
sidered for all SMA hybrid composite applications to date. The analytical studies of
this thesis consider only nitinol as the embedded induced-strain actuators; however

the same mechanical models apply for all SMA materials.

The Shape Memory Effect

The shape memory effect can be simply described as follows: an SMA specimen in
its low-temperature martensite phase, when inelastically deformed with the external
stresses removed will regain its original (memory) shape when heated. This shape
recovery process (shown schematically in Fig. 2.1) occurs as the result of a thermally

triggered reverse martensitic phase transformation.
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Figure 2.1: The Shape Recovery Process; after Barker, 1989
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The process of strain recovery is associated with a reverse transformation from the
deformed martensite phase to the higher temperature austenite phase (Rogers et al.,
1989). As this phase transformation occurs, shape memory alloys undergo changes
in their crystalline structure. Below its transformation temperature, nitinol exists
primarily in a monoclinic martensite phase. Above this temperature, the material
tends to exist in an ordered-cubic austenite phase. The phase transformation of niti-
nol is shown schematically in Fig. 2.2. The mechanism by which forward and reverse
martensitic phase transformation in nitinol occurs is the natural tendency of the ma-

terial to adjust to temperature changes in order to become thermodynamically stable

(Barker, 1989).

Because of the twinned structure of the monoclinic crystalline lattice of martensitic
nitinol, phase transformation to and from the ordered cubic austenite structure in-
volves simple shear motion in the form of bond rotations between adjacent atoms.
General diffusion, which involves much more atomic rearrangement, is usually re-
quired for phase transformation in other alloys. Hence, martensitic phase transfor-
mation of nitinol is relatively easy to produce. Referring to Fig. 2.2, the strain
recovery of nitinol requires simple shear motion between adjacent atoms to establish
thermodynamic equilibrium. In its martensite phase, nitinol has a unique ductility
characteristic by which large amounts of inelastic material deformation (up to about
8% strain) can be sustained, whereby adjacent atoms shift without dislocating real-
tive to one another within their monoclinic crystalline lattice structure. Excessive
strain in the material can cause diffusion, where the atoms dislocate relative to one-
another such that a new state of strain is established to achieve a minimum state of

total energy when the material is thermally excited above its phase transformation
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Figure 2.2: Martensitic Phase Transformation of Nitinol; after Hodgson, 1988
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temperature.

Straining the material in its high temperature austenite phase can induce martensitic
phase transformation with a state of stress present throughout the material, which
thermodynamically ‘prefers’ the austenite phase (Barker, 1989). In this condition,
commonly referred to a strain-induced martensite, a restraining force is required to
prevent the material from returning to its austenitic state and ‘memorized’ geomet-

rical configuration.

When a nitinol specimen is inelastically deformed, restrained, and subsequently
heated, the crystalline lattice structure attempts to shift from its monoclinic con-
figuration to an ordered cubic arrangement, which is more thermodynamically stable
above the phase transformation temperature. If the material is constrained from de-
forming, a state of induced strain occurs accompanied by mechanical recovery stress.
The thermodynamic material response is altered by the presence of strain energy in
this situation. The intermolecular forces which drive this attempted phase transfor-
mation are of sufficient magnitude that the material does not yield, and the energy
balance in the material is established by the resulting state of strain energy rather

than phase transformation or yielding.

Summarizing the previous paragraph, when a shape memory alloy component is in-
elastically deformed from its ‘memorized ’ geometry and heated above its phase trans-
formation temperature, two mechanical reactions may be observed. If the specimen
is unconstrained, it will return to its memory shape if the initial deformation has

not dislocated the atoms in the material lattice structure. If constrained, a state of
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internal recovery stress occurs.

The shape recovery process generally falls into one of the following three categories.
Free recovery occurs when there is no external load applied to the material and there-
for no work is done, and no internal restoring stress is generated. For fully restrained
recovery, the martensitic residual strain is prevented from being restored as the ma-
terial is physically constrained from returning to its memory length. This process
produces high levels of recovery stress in the material. Controlled recovery occurs
when some residual martensitic strain is restored, but the material sustains some

residual stress that is required to prevent full strain recovery (Liang and Rogers,

1990).

The amount of recovery stress in an SMA material specimen depends on the amount
of inelastic strain incurred by the material in its martensite phase, and the tempera-
ture of the material in its heated condition. Figure 2.3 shows how this recovery stress
varies with temperature for several levels of initial strain. The analyses of this thesis
consider initial strain magnitudes of 5% and 250°F activation temperatures, which
corresponds to activation-induced SMA fiber recovery stress levels of approximately

50 ksi.

Along with the changes of atomic structure and states of mechanical stress and strain,
shape memory alloys also undergo significant changes in electrical resistivity, mechan-
ical damping, stiffness, and thermal conductivity (Barker, 1989). Mechanical stiffness
increases as reverse martensitic transformation occurs in nitinol. The Young’s mod-

ulus and yield strength versus temperature for nitinol are shown in Fig. 2.4. The
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Young’s modulus can increase by up to 400 % as the material transforms from its
low temperature martensite phase to its higher temperature austenite phase, and the

yield strength can be increased by an order of magnitude.

2.2 The Mechanical Behavior of Shape Memory
Alloy Fibers

Fabricating SMA hybrid composites requires inelastically elongating SMA fibers, em-
bedding them in a host matrix material and curing or consolidating the composite at
high temperatures. The cure cycle establishes interfacial bonding between the host
material and the SMA fibers, which restrains the SMA fibers from returning to their
‘memory’ length when subsequently activated. In their activated condition, the fibers
are subjected to a restrained recovery process; where large recovery stresses occur in
the SMA fibers as they ‘try’ to contract to their memorized length, but are physically
prevented from doing so. To accurately model the active tuning of SMA hybrid com-

posite structures, the mechanical behavior of the SMA fibers must be understood.

Two approaches exist for determining the material behavior for SMA materials. One
method is simply to measure how the material responds under a particular set of
conditions. This approach, known as the macroscopic phenomenological method, is
utilized for the analyses of this thesis. By considering the experimental data of Figs.
2.3 and 2.4, the material properties of Table 2.1 have been estimated for activated
and unactivated SMA fiber conditions. These conditions correspond to 5% initial

strain, 25°C. unactivated reference temperature, and 104°C activation temperature.
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Table 2.1: Activated and Unactivated Material Properties of Nitinol

Unactivated Embedded Nitinol Fiber
Temperature 25°C.
Phase martensite
Young’s Modulus 4 Msi (28 GPa)
Recovery Stress 0 Ksi

Activated Embedded Nitinol Fiber
Temperature 104°C.
Phase austenite
Young’s Modulus 12 Msi (82 GPa)
Recovery Stress | 50 Ksi (344.5 MPa)
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Another method for predicting the elastic behavior of the embedded SMA fibers is
the microscopic physical approach that derives the constitutive model from funda-
mental physical concepts. The macroscopic phenomenological approach is used most
often in engineering practice; however, it can rarely explain the physics governing the
material behavior. The microscopic physical method can successfully provide fun-
damental explanations to different experimental phenomena; however, its numerical
predictions and simulations are often complex and seldom yield useful engineering or

design relations (Liang and Rogers, 1990).

One key difference between the macroscopic phenomenological and microscopic phys-
ical approaches to estimating the material response of nitinol is that the latter ap-
proach considers the simultaneous occurrence of the martensite and austenite phases
during the forward and reverse martensitic phase transformation processes; whereas
the former only considers specific state-dependent effects. As shown in Fig. 2.5, these
phase transformations are characterized by four temperature parameters when strain
recovery occurs in a stress-free condition. These characteristic temperatures are de-
fined as My, the martensite finish temperature; M,, the martensite start temperature;
A,, the austenite start temperature; and Ay, the austenite finish temperature (Liang

and Rogers, 1990).

When a martensitic nitinol wire is heated through a phase transformation; as the
material is heated above A,, its crystal structure begins to shift to the ordered cu-
bic austenitic phase. The martensite volume fraction reduces as the temperature is
increased to Ay, at which point the martensite volume fraction reaches zero, mean-

ing the material has completely transformed to austenite. This process is denoted as:
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M — A. When an austenitic nitinol wire cools through reverse phase transformation;
as the material temperature decreases to M,, its crystal structure begins to shift to
the monoclinic martensite phase. The austenite volume fraction reduces with tem-
perature until M; is reached, at which point the austenite volume fraction reaches

zero, thus the material has completely transformed to martensite. This process is

denoted as: M — A.

The internal strain energy and elastic properties of nitinol (and SMA materials in
general) have been found to vary significantly with stress, strain, temperature, and
the amount of phase transformation. Only three of these state variables vary inde-
pendently; therefore the thermodynamic state of an SMA material can be defined as
a function of strain, temperature and ,,, the martensitic volume fraction (Liang and
Rogers, 1990). The one-dimensional model used to model the stress-strain and shape

memory effect is given as

O, — 0g = D(Sr—€0)+9(£—£o)+e(T-.—T0) (21)

Where O, Q, and D are the thermoelastic tensor, transformation tensor, and elastic

tensor, respectively. For restrained recovery, this equation reduces to

g, — o9 = Q¢ — &)+ O(T —Tp). (2.2)

since the strain remains constant. Also, the unactivated recovery stress is zero for the
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nitinol fibers in the SMA hybrid composite; therefore oo = 0, and Eq.(2.2) reduces to

or = Q¢ — o) + O(T — To). (2.3)

For this consideration, the material, when heated to A,, does not exert any recov-
ery stress. The martensite volume fraction remains constant from A, through A;.
Essentially very little change is noted in the structure below A,; hence T, can be
assumed to equal A,. At this point, only two unknowns remain to be evaluated for
determining recovery stress: £ and £. The initial martensite volume fraction, £ can

be determined with the aid of Fig. 2.6 and the following equation:

Eres
fo = (2-4)
&

also, since the fiber is considered to be longitudinally constrained, and the A «— M
transformation has recovered its maximum amount of strain, longitudinal molecular
motion ceases, and the martensitic volume fraction does not change with respect to

temperature. Hence:

=& (2.5)

Thus the recovery stress for an activated SMA fiber embedded in a composite struc-
ture can be simply determined by considering the austenite start temperature, the

activation temperature and a thermoelastic constant. This final relationship is:
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2.3 Constitutive Relations

Stress-strain relations are developed in Section 2.2 for the one-dimensional case. A
complete description of these constitutive relations is given by Liang (1990). In this
section, the rule of mixtures is used to determine the elastic behavior of an SMA

hybrid composite lamina in an arbitrary orientation.

Assumptions

There are three basic assumptions used in the following formulations:

1. The shape memory alloy fibers (actuators) are inelastically elongated before be-
ing embedded in the ‘matrix’. After the curing process, the external mechanical

strain on the material system does not exceed the ‘new’ elastic limit of the SMA

fibers.

2. The SMA and ‘matrix’ are perfectly bonded together, resulting in strain com-
patibility across the interfacial boundaries between these fibers and the matrix

material.

3. The activation temperature of the fiber is small and does not influence the tem-
perature of the overall material system, thereby resulting in negligible thermal

expansion of the matrix material.

Some of these assumptions may in fact prove to be inappropriate for certain applica-
tions. For instance, the thermal expansion effects addressed in the third assumption

above could very well prove to significantly influence the mechanical behavior of SMA
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hybrid composites structures.

Stress-Strain Relationships

Figure 2.7(a) shows the SMA actuator-matrix substructure to be modeled. The stress-
strain relations for this substructure containing a single SMA fiber actuator embedded
in a matrix will be developed. In Figure 2.7(b), the stresses in a cross section of the
substructure are shown. The stress in the matrix, o,,, is generated by two sources:
external forces and the activation-induced SMA fiber recovery stresses. The stresses,
or, in the SMA actuators are also induced by two sources, the external mechani-
cal loads and the constriction of the matrix material resulting from fully restrained,

activation-induced recovery.

The resultant force in the substructure cross section may be defined as:

F=Anom + Ago, (27)

and the average normal stress as

O = UpOm + Va0, (2.8)

The stress-strain relationship derived for the SMA actuators and the linear-elastic

'matrix’ components are expressed as

(2.9)
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Figure 2.7 a; Actuator-matrix Substructure

Om

Figure 2.7 b; Cross-sectional Stresses

Figure 2.7: SMA Hybrid Composite Substructure and Cross-sectional Stresses
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£= -2, (2.10)

The stress-strain relationship for the SMA-matrix system is formulated by substitut-

ing Eqgs.(2.9) and (2.10) into Eq.(2.8) resulting in

0 = (Vo Eq + v B )e — v,0,, (2.11)

This one-dimensional model describes the stress-strain behavior of the actuator-
matrix material system in the ‘fiber-direction’. This model may then be extended
to consider an orthotropic lamina by first referring to the one-dimensional model as

predicting the behavior of the lamina in the principal (fiber) direction.

2.3.1 Properties of a Lamina

One of the fundamental needs in formulating a model describing the behavior of
an SMA hybrid composite lamina is an appropriate micromechanical constitutive
relationship. For this work, the micromechanical law used is the rule of mixtures. Any
micromechanical model could be used for future work involving the elastic behavior of
SMA hybrid composites; however, the rule of mixtures relates the global mechanical
properties of the lamina to its two constituents, namely, the SMA actuators and the

'matrix’. From the rule of mixtures (Jia and Rogers, 1989),

El = Elmvm+Eava

E, E,
E, = =
2 vaa + vaE2m
Vig = Vi3, Um + VU, (2.12)
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Gl2mGa
vaa + UaGl2m

P = VmPm + VapPe

G12 =

Where E, is the Young’s modulus of the SMA material. Based on these relations,

the temperature- and strain-dependent compliance matrix can be written:

Suu Sz 0
[S]=| S12 S O (2.13)
0 0 566
in which
1
Sn = E
- _h2_  n 2.14
Su = Mot (2.14)
1
S = E.—2
1
566 = 51;3

and the stiffness matrix can be written

Qu @iz 0
Q=] Q2 Qa2 0 (2.15)
0 0 Qe
where
E
Qu = I—l
— V2l
Q12 _tabs (2.16)
1 — vivn
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E,

sz =
1 — vigvy

QGG = G12

Considering the lamina properties above, and the stress-strain relations of the pre-
vious section, the two-dimensional constitutive relationship can be written for an

orthotropic SMA hybrid composite lamina:

a1 Qu Q12 0 &1 VaOr
(op)] = ng Qgg 0 g + 0 . (217)
Ti2 0 0 Qe 12 0

The above equations apply to the principal material coordinate system, in which the
fibers are oriented parallel to the 1-axis, and prependicular to the 2-axis, as shown in
Fig. 2.8. For cases in which the geometric and material coordinate systems are rotated
relative to one another, the following relationship applies; such that when several plies
with varying fiber orientation are bonded together to produce a laminate, the stress-
strain relations for all plies can be expressed in terms of stress and strain components
in a single global coordinate system. In the following formulations, @ is the angle of
rotation between the global and material coordinate systems for a single orthotropic

layer (or lamina).

Oz Qn Q12 Qe €z Oczr
oy (=1 @ Qn @ €y (+§ Oy, (2.18)
Tzy Q16 Q26 Wes Y=y Ty,
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where by stress and strain tensor transformations (Jones, 1975)

Qi = Qu1c08* 0+ 2(Q12 + 2Qes) sin® 8 cos® O + Qg 5in* 0

Q12 = (@11 + Q22 — 4Qes) sin?  cos® @ + Q12(sin* 0 + cos* 0)

Qs = Qusin® 0+ 2(Q12 + 2Qes) sin® 0 cos? § + Q42 cos 0 (2.19)
Qi = (@1 — Q12— 2Qes)sinfcos®d + (Q12 — Q22 + 2Qss) sin® f cos §

w6 = (@u — Q12 —2Qes)sin®0cos 8 + (Q12 — Q22 + 2Qgs) sin O cos® 0

Qes = (Qu1+ Qa2 —2Q12 — 2Qes) sin? 8 cos® 0 4 Qes(sin® O cos? §)

and

Oz V40 cos? f
Oy, = v,0 sin? 0 (2.20)
Toy, v.0 sinf cos b

Laminate Force and Moment Resultants

So far, this section has presented theoretical formulations for fiber and matrix force
and stress components; resolved the elastic behavior of orthotropic laminae in terms
of equivalent Young’s moduli, shear modulus and Poisson’s ratio; and presented the
compliance, stiffness and rotated stiffness matrices for single orthotropic SMA hybrid
composite layers. The next and final task of this chapter is to establish the elastic
behavior of laminated composites in terms of the the forces and moments they exert

when deformed by flexure, twisting, or in-plane displacements.

The relationships given above apply for a single orthotropic SMA hybrid composite

lamina. Each lamina in a laminate will have its own unique stiffness and stress-strain
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behavior depending on its fiber/actuator orientation, its actuator volume fraction,
and its state of activation. It is in this way that composite stiffnesses can be tailored
to achieve optimal structural performance, both dynamically and statically. In some
cases, it is advantageous not to activate all of the SMA fibers in the same way for

active structural acoustic control, and other applications as well.

For laminate analysis, each lamina must first be evaluated as described above and
then denoted by using the superscript (k) to identify individual plies. The plate the-

ory derived below is an application of the constitutive relation for classical lamination
plate theory(CLPT).

For CLPT, the displacements are of the form (see Fig. 2.9):

u = u(z,y,t) — 2w,
v = v(z,y,t) — zw, (2.21)

w = w(z,y,t).

The strain-displacement relationships are

€; = €2+ 2k,
ey = €+ 2K, (2.22)
— A0 ~
')'ry h 7.7:1/ + 4K'xy
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Figure 2.9: CLPT Displacements
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where

Ky = —Wge
Ky = —Wyy
Kgy = —2Wgy

The stress resultants are defined as follows:

h
2
(a’;, 05, T;‘y)zdz

(M, M,, My,) = ]

[NEY

(2.23)

(2.24)

(2.26)

Using the plane-stress constitutive equation for the k** layer as given by Eq. (2.19)

and the force and moment resultants expressed by Eqs.(2.35-2.37), the following con-

stitutive relations for the laminate can be obtained:
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where

=

Il
M=
N

ii k(26 — zk-1)

k=1
N
By = 3 5@(eh+2n0) (2:29)
k=1
N 1
Dl] = Eg(Qij)k(zl?_zg—l)

»~
]
-

and

vl

(New, Ny, Ny ) = /,. (0.9, 0,9, 0, ) dz (2.29)

2

(0:9,0,, 0., 2dz. (2.30)

i (S

oty bt -

In the expressions above, z; represents the transverse coordinate of upper interface of

the k' layer, and zj is the transverse coordinate of the bottom face of the laminate.

To determine the laminate mass per unit area,

h N
m, = /1 pfdz =" p*(zi — zkm1) (2.31)
-3z k=1

The stress-strain relations for a lamina with SMA actuator fibers embedded in a
matrix system have been presented, and utilized to describe the force-moment consti-

tutive relationships for a laminated structure of multidirectional orthotropic layers.
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Chapter 3 utilizes these constitutive relations to formulate analytical models for pre-
dicting the structural acoustic response of simply supported, SMA hybrid composite

panels.
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Chapter 3

Analytical Formulations

This chapter presents and discusses analytical techniques for predicting the structural
acoustic response of SMA hybrid composite panels to plane wave acoustic excitation.
The chapter begins with a general overview of the analysis of sound transmission
through panel-like structures, and introduces the finite panel acoustic radiation anal-
ysis of Roussos (1985). It is next shown how this analysis can be applied in conjunc-
tion with the Rayleigh-Ritz method and classical laminated plate theory (CLPT) to
evaluate thin SMA hybrid composite panels. The chapter concludes with another
variation of the finite panel acoustic radiation analysis technique of Roussos, which
considers piece-wise evaluation of the Rayleigh-Ritz energy expression for the analysis

of elastically discontinuous structures.

3.1 Analysis of Sound Transmission Through
Panel-like Structures

Structural dynamics and acoustics involve the response of structural members to dy-
namic forces. Structural dynamics is primarily concerned with dynamic stresses severe

enough to threaten structural integrity. Acoustics considers low-level dynamically ex-
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cited waves in structures which are of sufficient strength to radiate unacceptable levels
of sound (Ver and Holmer, 1971). When a structure is excited as such, the resulting
steady-state vibration field builds up to a level at which the source power balances
the losses in the system. These losses include transmitted power to neighboring sys-
tems via coupling, and sound waves radiated to the surrounding fluid or air (Ver and

Holmer, 1971).

Sound transmission through panels, walls or barriers is usually analyzed by the mass
law, infinite panel theory, or finite panel acoustic radiation theory. The mass law is
the simplest of the three and can be evaluated in closed form, but it is accurate only
where wave effects are unimportant and the transmitted pressure can be assumed to

be inversely proportional to the structural mass per unit area (Holmer, 1969).

Non-mass law behavior of single-wall barriers exposed to high frequency acoustic ex-
citation has been observed in experimental results and was explained by Cremer as
the wave coincidence effect (Holmer, 1969). Infinite panel theory was put forth as a
technique for accurately modelling the coincidence effect by incorporating damping,
stiffness, and wave effects into the analysis (Holmer, 1969). Infinite panel theory is
accurate when the acoustic wavelength of the incident sound is small compared to
the characteristic dimensions of the panel, and boundary effects are not critical to

dynamic panel response (Roussos, 1985).

Coincidence occurs when an incident acoustic plane wave produces a standing wave
pattern in a panel, and a traveling sound wave which moves across the panel at a

speed which matches its free flexural bending wave velocity. At any instant, the
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pressure pattern coincides with and reinforces the free wave displacement pattern
in the structure as it moves along the plate (Holmer, 1969). This situation, shown
graphically in Fig. 3.1, produces pressure waves of high intensity radiating from both

surfaces of the panel.

3.2 Finite Panel Acoustic Radiation Theory

For low frequency noise, the dimensions of the transmitting structure are on the order
of the incident acoustic wavelength, hence boundary effects are important. The simply
supported panel is chosen for this analysis as it closely approxmimates many actual
structural configurations (Wallace, 1972). Roussos (1985) developed a method for
analyzing sound transmission through a simply supported panel in an infinite baffle.
This analysis is beneficial for studying many common noise transmission phenomena
which occur in complicated structures that are more easily studied in this simple,
idealized form. Where most other analytical methods emphasize solving for radiated
noise or radiation efficiency of vibrating plates, the analysis of Roussos addresses the
sound transmission problem in its entirety, considering incident noise, panel vibra-

tions, and transmitted noise (Roussos, 1985).

The analysis of sound transmisson through an isotropic plate begins with the following

differential equation of motion for an acoustically excited panel:

Dv4w + CDw,t + MpW 4 = p;(l‘, y’t) + pr(:ca Y, t) - pt(l', y’t) (3'1)
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Figure 3.1: The Coincidence Phenomenon
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where

Y Y
4 _
V= 5z T 2505 T g

Commas denote partial differentation with respect to the subscripts after them; and
Pi, pr, and p; are the incident, reflected and transmitted pressures. The geometry of
the coordinate system on which this analysis is based is shown in Fig. 3.2. The three
pressure components can be written as the sum of the blocked pressure (the pressure
on the incident side when the plate is considered infinitely rigid) and the radiated
pressure (the pressure that is solely due to plate vibrations). The radiated pressure
is an unknown function of plate displacement, w, and the solution of Eq.(3.1) is very
complicated. To obtain an accurate solution while avoiding this complexity, it is as-
sumed that the radiated pressure is negligible compared to the blocked pressure in

the governing equation for plate motion (Roussos, 1985).

Incorporating this assumption, Eq.(3.1) can be rewritten as:

DV*w + CDw,t + mpw = Pb(l', Y, t), (3-2)

where the blocked pressure, p,, is assumed to equal twice the incident pressure,

(po(z,y,t) = 2pi(z,y,t)). The assumed incident pressure can now be expressed as

an oblique traveling wave:

P,(z,y,t) = P;expli(wt — k.z sin f;cos¢; — k.y sin §; sin ¢;)] (3.3)
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Figure 3.2: Panel and Acoustic Geometries
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where P; is the incident pressure amplitude and k is the acoustic wave number (%).
The panel coordinate system and the acoustic incidence angles are shown in Fig.
3.2. The incident intensity and acoustic power can be determined from the informa-
tion thus far presented. Since plane wave incidence is considered here, the incident

intensity is given by

P? cos 0;
I' = %, (3.4)
and the incident acoustic power is
P2abcos 0;
H,‘ == (—T) (3.5)

The steady-state panel vibration is the only response that bears influence on the
acoustic transmission solution for this analysis. Because the acoustic forcing function

is harmonic, the steady state panel response is harmonic, and can be expressed as

W(z,y,t) = W(z,y) exp(iwt). (3.6)

Inserting Eqgs.(3.3) and (3.6) into Eq.(3.2) and dividing through by the periodic ex-

ponential time function yields

DV*W(z,y) + iCpwW(z,y) — myw*W(z,y) (3.7

= 2P, exp|[—tk.p sin 0;(z cos ¢; + y sin ¢;)].

Since the panel is finite and simply supported on all edges, the boundary conditions
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are identically satisfied by the following transverse displacement function:

W(z,y) = Z E Win sin T sin P%ﬂ (3.8)

m=1n=1

Since the steady state solution of Eq.(3.6) must satisfy the boundary conditions also,
Eq.(3.8) can be used for the spatial displacement solution assuming the incident
pressure can be expanded into an infinite series of the same orthogonal functions. For

plane wave sound incidence, the forcing pressure can be expressed as

2P; exp[—ikc, sin 0;(x cos ¢; + ysin ¢;)] = E Z Pmn SID 7T in n_zy, (3.9)

m=1n=1

where p,.. , the generalized forcing pressure, is

P, e b . . . . . !
DPran = 8 / exp[—ike, sin 6;(z cos ¢; + y sin ¢;)] sin 72T in ﬂdyd;c. (3.10)
ab Jz=o0 y=0 a b

Substituting Eqgs.(3.8) and (3.9) into Eq.(3.7) produces the general displacement so-

lution
Wi = Prn (3.11)
el —w? 1 (2]
where
, Drt(m? n?\’
_ _ m . n 3.12
rme = 25 (4 55 (3.12)

Equation (3.10) can be evaluated in closed form to obtain the forcing pressure coef-
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ficients for characteristic terms of Eq.(3.9).

Pmn = SP,—I_an (313)
where
—(4)sgn(sin §; cos ;) | (mm)? = [sind; cos ¢:(22)]?
I, = {1-( 6, cos :(£2)]} ,  (3.14)
mn{l1—(—=1)"exp[—1sin b, cos ¢; (L2 . va
(mw)l-[sii[o.- sin ¢;(22)]2 ‘ , (mm)? # [sin 6; cos ¢i(7)]2
and
—(3)sgn(sin 0; sin 6;) ,  (nm)? = [sin; sin ¢;(2]?
I= (3.15)

nm{1=(—1)"exp[—isinb; sin ¢; (<2 . . w
{ (iw)z_[::}a:ssi:(f,,-(;)], i s (n7r)2 + [sm 6, sin ¢1('Zb')]2

Knowing the W,,, values for a given pressure incidence, 8; and ¢;, the transmitted

pressure can be determined by

w?pab

Pt(raavé) = 9

in
exp{iw[t — L a7
Tr c 2

M N
(a cos ¢+bsin @)]} Z Z Wonlnl,, (3.16)

m=1n=1
where

(—1)sgn(sin 6 cos §) , (mm)? = [sinf cos ¢(“2)]?
I, = , (3.17)

ma{l1—(—1)"exp[—~isin 6 cos $(£2 . wa
& ('r(mrl))?—[sii[ﬂsinqb(%‘lT]é%( ) ’ (mﬂ')z '_Ié [Sm9 cos ¢(?)]2

82



and

—(3)sgn(sin 0 sin 0) , (nm)? = [sinfsin ¢(2)]?
I = o . (3.18)
n7{1~(—1)"erp[—isin fsin ¢(L2)]} : (n7r)2 75 [sinOSin ¢(wb)]‘2

(nm)2~[sin 6 sin $(2)]2 c

Here, r is the radial distance from the panel centroid to a point in the far field, and 8
and ¢ are the polar and azimuthal transmission angles, as shown in Figure 3.2. These
equations are described in greater detail by Roussos (1985). The far field velocity is

next obtained from
U, = —. (3.19)

Considering U} to be the complex conjugate of U,, the transmitted acoustic intensity

is defined as
-1
It(T‘,g, ¢) = iRe[PtU:]‘ (320)

The transmitted intensity, from which the directivity pattern can be determined, is a
function of the polar and azimuthal angles. Finally, the transmitted acoustic power,

II;, can be calculated from

2r r
1, = / ? I,r?sin 0d0ds. (3.21)
¢

=0 J6=0

This integration can be solved by 100-point Gauss quadrature. The incident acoustic
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power, II;, is defined as

24b cos 0;
1, = (P—‘;:cos—) (3.22)

The ratio of the transmitted to incident power is referred to commonly as the trans-

mission coefficient, and the transmission loss is defined as the log of its inverse,
II;
TL = 101og(H—). (3.23)
t

To illustrate the difference between the predicted mass law response and infinite
panel theory, analytical results from Ver and Holmer (1971) are included in Fig. 3.3.
Comparing the transmisson loss versus normalized frequency curves, two key observa-
tions can be made. The predicted transmission loss values at and around the critical
frequency (where coincidence occurs) diverge considerably for the two theories. Also,

the transmission loss ‘dip’ at coincidence decreases as structural damping is increased.

To compare finite panel acoustic radiation theory with the infinite panel theory, re-
sults are shown in Fig. 3.4. The apparent transmission loss differences between these
theories at very low frequencies illustrate the importance of boundary effects in the
low-frequency range. It is interesting that, in Fig. 3.4, the results for the two analyses
agree in the frequency range near coincidence. Referring to Eq.(3.16), for the finite
panel analysis to be sensitive to the coincidence effect, the series expansion must be
carried out a sufficient number of terms to include the characteristic standing wave

in its range of solutions.
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3.3 Rayleigh-Ritz Formulation Using CLPT

Acoustic radiation of isotropic simply supported panels is usually studied assuming
the vibration can be described by mode shapes corresponding to single characteristic
terms from a double sine series expansion in x and y. The study of composite panels
has revealed that harmonic excitation of anisotropic plates excites several of these
characteristic mode shapes simultaneously, such that rather than having geometric
mode shapes conveniently defined by a single product of orthogonal functions in x and
y, displacement solutions for anisotropic panels require simultaneous consideration of
several series terms and their associated amplitude coefficients (Rogers, Liang, and

Fuller 1990).

This section introduces an analytical method for determining sound transmission
through anisotropic simply-supported panels using the Rayleigh-Ritz method, classi-
cal laminated plate theory, and the finite panel acoustic radiation theory presented in
the previous section. This formulation is limited to simply supported, symmetrically
laminated panels that are sufficiently thin that the assumptions of Classical Lami-
nated Plate Theory (CLPT) apply. At at the expense of added mathematical com-
plexity and computing time, the model can be expanded to consider non-symmetrical
laminates and various combinations of fixed, simply supported and free boundary

conditions.

The assumptions governing CLPT (Whitney, 1987) are given below:

1. The plate is constructed of an arbitrary number of orthotropic layers perfectly
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10.

11.

12.

13.

bonded together. The orthotropic axes of material symmetry do not neccesarily

coincide with the x-y axes of the plate.

. The plate is thin such that its thickness, A, is much smaller than its other

dimensions.
The displacements u, v, and w are small compared to the plate thickness.
In-plane strains €, €, and v, are small compared to unity.

To include in-plane effects, nonlinear terms in the equations of motion involving
products of stresses and plate slopes are retained. All other nonlinear terms are

neglected.
The transverse shear strains 7., and 4,, are negligible.

Tangential displacements u, and v are linear functions of the transverse (z)

coordinate.

. The transverse normal stress and strain (o, and €,) are negligible.

Hooke’s law governs the stress-strain behavior of each ply.
The plate is of constant thickness.

Rotary inertia effects are negligible.

No body forces act on the plate.

Transverse shear stresses 0., and o, vanish at the upper and lower surfaces of

the plate.
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Liang, Rogers and Fuller (1990) applied the analysis of Roussos (1985) to evaluate
thin, symmetrically laminated, simply supported, generally activated SMA hybrid

composite panels. The boundary conditions given for a simply supported panel are:
at £ =0 and z = q;

w=my=—DW, —2D16Wyy — D1oW,, =0 (3.24)
and at y = 0 and y = b;

w=my = —D oWy —2D16Wyy — D22 W, =0 (3.25)

Based on these prescribed boundary conditions, the assumed transverse displacement

solution is

M N
W(z,y,t) = D> > Wnnsin 7”:3: sin rbﬁe’“’t. (3.26)

m=1n=1

where a and b are the panel dimensions in the x and y directions as shown in Fig.

3.5, and w is the angular freqency of the applied periodic acoustic forcing function

Tmz . wny
—e"", 3.27
_—sin—=e (3.27)

M N
Q(m, Y, t) = Z Z Gmn SIN

m=1n=1

The total energy functional for a thin, symetrically laminated composite panel can
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be written:

1 a rb
= 5/(; [) {Dllwrxz + 2D12W:c:rWyy + D22I/V,yy2 + 4D661/V,:L“y2 + 1\[:1:‘/1/,1'2

FN,W2 + 2N, W, W, — 2gW + CpiwW? — mw?W?}dzdy, (3.28)

where the D;; variables represent the flexural stiffness coeflicients of the composite
material; the subscripted N’s are the applied in-plane loads shown in Fig. 3.5; m, is

plate mass per unit area; and Cp is the damping coefficient expressed in this case as
Cp = 2m,¢, (3.29)

where ¢ is the mass-proportional damping constant. For most cases in this study, ¢

1s assumed to be 0.05.

Combining Eqs.(3.22) through (3.24) and minimizing with respect to the amplitude

coefficients (W,,,,,) produces M by N linear equations defined by:

M N a rb
Mt =0=2 3 [ [ 1Du(Xie X} (ViY2)
i=1j =1 0 Jo
+D12[(XmXi,xr)(Yan,yy) + (XiXm,x:c)(Yan,yy)]
+D22(XiXm)(}/;,yyYn,yy) + 4D66(Xi,er,z)(Y3'.yYn,y)
+2D16[(Xi,szm.z)(Y}Kz,y) + (Xm,:chi,r)(Yn}/j,y)]
+2D26[(XmXiyr)(Y;}yYn,yy) + (Ximer)(Yj,yyYn,y)]
+Nx(Xm,in,x)(Yan) + Ny(XiXm)(Y:i,yYn,y)

F Ny [(Xi o X )(Y; Vo) + (XiXim o) (Vg Ya)]
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+Cpiw(X: X ) (Y;Y,) — mpw? (X X )(YiY,) ady Wi,
a b . dad
- /0 —/0 an-*XmYn ray (330)

where;

m,2=1,2,3,..M

nj=1,23,..N

. mzT

X; =sin—
a

. Tmz

X,, = sin

a

. TJY

Y; =sin 5

. TNy

Y, = sin >

Equation (3.25) can be written in matrix form to evaluate forced dynamic and static

respomnse as:

[1"st]{u/t} = {Q.s} (331)

where

t=(i—1)N+j

s=(m-=1)N+n
or to determine the eigenvalues and natural frequencies as
([Ko] = [VeJ®){W2} = 0 (3.32)

where the damping terms and forcing function are set equal to zero.

92



The stiffness terms, K ,; can be expressed as:

. M N a b
K, = ZZ/O /0‘ Dll(Xi,m:Xm,zr)(YJ'Kt)

i=1 j=1

+D12[(Xon Xizx ) (YaYiay) + (XiXim,z2) (Y5 V)]
+Da22(Xi X ) (Y py Yny) + 4Des(Xiz Xm,o) (YiyYny)
+2D16[(Xi oz Xom2) (YiVny) + (Ximze Xi o (Ya Yy,
+2D6[(Xm Xiz)(YiyYpy) + (XiXm o) (YigyYau)l
F N (X o Xi2) (YY) + Ny (XX ) (Y Vo)
+ Ney[(Xio Xm ) (YiYay) + (XiXma ) (Yo Ya)]dzdy (3.33)

The mass terms V,; are determined by:

M N .. %
Ve=S%" / / mpw?(X; X, )(Y;Ya)dedy (3.34)

1=1 j=1 o Jo
To analyze sound transmission through the panel, the technique of Roussos (1985) is
utilized. For this analysis, an acoustic plane wave is considered to excite one side of
the panel, causing it to vibrate, and reradiate (or transmit) acoustic energy to the

other side. For light acoustic media such as air, the forcing function function ¢(z,y,t)

can be expressed as the blocked pressure:
q(z,y) = 2P; exp[—(w/c)i(z sin §; cos ¢; + y sin §; cos §;)], (3.35)

where ¢ is the speed of sound, §; is the polar incidence angle, and ¢; is the azimuth
of the incident sound wave. The distributed forcing function can be rewritten in the

form

s = 2P 115, (3.36)



where 1., and T, are defined in Eqs.(3.14) and (3.15).

By solving the set of simultaneous equations produced by combining Eqs.(3.24) and
(3.28), the displacement coefficients (W,,,) can be determined. Knowing the W,,,
values for a given pressure incidence, §; and ¢;, the transmitted pressure can be
determined using the Rayleigh integral approach as

w?pab r sinf

Pt(r,0’¢)=_ 2:7‘ exp{iw[t——-c-— 2%

m N
(acos¢+bsing)]} D Y Winlnly, (3.37)

m=1n=1

where I, and I,, are given in Eqs.(3.17) and (3.18). Here, r is the radial distance from
the panel centroid to a point in the far field, and ¢ and ¢ are the polar and azimuthal
transmission angles, as shown in Fig. 3.2. The far field velocity is next obtained from

U, =—.
pc

(3.38)

Considering U to be the complex conjugate of U,, the transmitted acoustic intensity
is defined as

L

It(r) 01 ¢) = 2

Re[P.U?). (3.39)

The transmitted intensity, from which the directivity pattern can be determined, is a
function of the polar and azimuthal angles. Finally, the transmitted acoustic power,

I1,, can be determined as

2n z
I, = / * [ sin 0d0dg. (3.40)

=0 J6=0

This integration can be solved by 100-point Gauss quadrature. The incident acoustic
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power, II;, is defined as

2ab .
n, = o) (3.41)

The ratio of the transmitted to incident power is referred to commonly as the trans-

mission coefficient, and the transmission loss is defined as the log of its inverse,

I

TL = 1010g(ﬁ—:). (3.42)

At low frequencies, sound transmission through a panel is highly dependent on its
stiffness and modal response characteristics. For finite panels, Wallace (1972) nondi-
mensionalized the ratio of the acoustic power radiated by characteristic mode shapes
to the product of the spatial average panel velocity squared and the characteristic
impedance of the surrounding fluid in terms of modal radiation efficiency. The radi-

ation efliciency for a given mode is

— m™"
= t_ , 3.43
S peab <| Uy 2> ( )

where <| Upnn |?> is the spatial time-average panel velocity squared, when the panel
is vibrating at the m,n characteristic mode shape with a modal amplitude of unity;
;" is the power transmitted by the panel vibrating at the homogeneous mode shape
characterized by m and n, p is the density of the surrounding acoustic medium, c is
the speed of sound in that medium, and a and b are the respective panel dimensions

in the x and y directions.

To graphically describe the acoustic behavior of characteristic mode shapes vibrating

over a broad range of frequencies, Wallace (1972) has plotted radiation efficiency as
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a function of the dimensionless parameter, «, for various panel aspect ratios where:
v == (3.44)

in which K, is the wave number of the acoustic medum expressed by

Ko, = ‘f (3.45)

K, is the panel wave number defined by
I m\? rn\2]? 6
L, = || — — A4
' [(a)+(b)] (3.46)
w is the frequency of vibration, and m and n characterize the mode shape of the

panel. More information regarding radiation efficiency is available in Wallace (1972).

The mode shapes of anisotropic panels can be mathematically represented as the
superposition of numerous characteristic mode shapes (Liang, Rogers and Fuller,

1989). The k** normalized mode shape, ®*, can be expressed as

M N
o= 3 YA, sin ——sin—, (3.47)
a

m=1n=1

—k . . .
where A, . values are normalized modal amplitude coefficients.

Modal radiation efficiency for the k* geometric or composite mode shape can be

numerically determined as a function of frequency by numerical solution as

I,

? = E )
k pcab <| Upn [*>

(3.48)

but the panel wave number, K, cannot be determined by Eq.(3.46). The geometric

mode shapes, ®* consist of several characteristic modes and their associated modal
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amplitude coefficents. To determine the wave number for a the k** geometric (or
composite) mode shape, @, the following expression is introduced:
1
Kk = {glgjlzfnf [(%1)2 + (%)2] }2 (3.49)
For any composite mode shape which can be expressed in terms of Eq.(3.47), the
panel wave number can now be determined by Eq.(3.49), the medium wave number

can be determined from Eq.(3.45), and radiation efficiency can be determined by

Eq.(3.48).

3.4 Analysis of Thin, Elastically Discontinuous
Panels

The procedure formulated in this section can be used to determine sound trans-
mission through piece-wise ‘homogeneous’ simply-supported panels. A segmented
Rayleigh-Ritz technique is used, in which the kinetic, potential and strain energies
of discrete panel sections are minimized, individually integrated, and summed. The
formulation presented is limited to simply supported, symmetrically laminated panels
that are sufficiently thin that the assumptions of Classical Laminated Plate Theory
(CLPT) apply, however thick plates could be analyzed by extending this technique
to higher-order plate theories. At at the expense of added mathematical complex-
ity and computing time, the analysis can also be expanded to consider unsymmetric
laminates and various combinations of fixed, simply supported and free boundary

conditions.

Section 3.3 presents a finite panel acoustic radiation analysis formulation by CLPT
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which can be used to evaluate thin, symmetrically laminated, simply supported, spa-
tially homogeneous SMA hybrid composite panels. The theory of Section 3.3 can be
expanded to consider non-spatially homogeneous panels as follows:

The assumed displacement solution for a simply supported panel is

M N
W(z,y,t) = Y. Y Wpnsin wr:x sin %e""t. (3.50)
m=1n=1

The assumed applied periodic acoustic forcing function is

M N
q(xvyvt) = Z Z Gmn sin T sin %6“‘”- (351)
m=1n=1 a

The total energy functional for a thin, symetrically laminated composite panel is:

1 ra b
= 5/(‘) /0 {DuWs.* + 2D W oo Wy + D'L’2VV,yy2 + 4DeW oy + N, W °

+N, W2 + 2N, W W, — 2gW + CpiwW? — mw?W?}dedy, (3.52)

Which is minimized with respect to the amplitude coefficient to produce M by N

linear governing differential equations of motion defined by:

M N

a b
L3 [ (DK X (1572)
+D12[(Xmn Xio2) (Y Yagy) + (XiXn 22) (YaYigy)]
+D 2 (XiXm ) (Yiyy Yauy) +4Des(Xiz Xm 2 )Yy Vo)
+2D16[(Xi 22 Xm 2 ) (YViYny) + (X2 Xi o) (YaYiiy)]
+2D36[( X Xi2) (Vi Yay) + (XiXmz) (Yigy Yau)]
FNo (X o Xi 2)(YV3Y0) + Ny (Xi X ) (Y y Vo)

+ Ny [(Xio X ) (Vi Yng) + (XiXomz) (Vg Va)] = mpw?(XiXm ) (YiYa)
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a rb
+ Cpiw(Xi X )(Y;Ya) }dzdyW, = fo /0 Gmn X Yndzdy (3.53)

where;

myi = 1,2,3,..M

n,yg = 1,2,3,..N

. miT
X; = sin—
a
. w™mz
X, = sin
a
TJY
Y, = smT
Ty
Y, = sin—
b

The same theory can be applied to locally activated adaptive panels by integrating
the minimized energy functional over each spatially homogeneous section and sum-

ming these integrals over the x-y surface of the panel.

The following expression can be used to analyze locally activated panels:

1! (z) , .
ZZ Z/ / . {Dll X: x:vkm xm)(} Y )
=1 i=1j=1 vi'(=)
+D22 (XiXM)()G,yyYn,yy) + 4D66‘(Xi,er,r)(Yj,yYn.y)
+D121[(XmXi,zr)(YjYﬂ1yy) + (XiXm,zz)(YnY;}yy)]
+2D16’[(Xi.erm,r)(Y:iYn,y) + (Xm'mXi,x)(Yan,yy]
+2D261[(XmXi,x)(Y;',yYn,yy) + (X Xm x)( Iyy .y)]
+Nzl(Xm,rXi,r)(nYn) + Nyl(XiXm)(Yj,th,y)

+N$y[[(Xi.a:Xm)(Y}Yn,y) + (XiXom 2 )( Yy Yo )+ CD w(X; Xm)(Y:iYn)

= m (XX ) (YY) Yz dy Wi = /0 ’ /0 Grn X Yadzdy (3.54)
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Where L is the number of spatially homogeneous panel sections, and the super-

scripts represent properties or loads assigned to these sections. Figure 3.6 shows
an example of a locally activated panel, and how it can be resolved into spatially
homogeneous sections. Locally activated panels may be resolved into quadrilateral
or triangular regions for analysis. This is handled by integrating Eq.(3.54) between

limits in y which are defined as linear functions of x rather than constants.

Equation (3.54) can be written in matrix form to evaluate forced dynamic and static

response as:

[Kae]{We} = {gs} (3.55)

where;

t = (—1)N+j

s = (m=1)N+n
or to determine the eigenvalues and natural frequencies using this form:
([Kat] = [Vaelw®){Wi} = 0 (3.56)

where the damping terms and forcing function are set equal to zero.

The stiffness terms, K ,; can be expressed as:

T=§L:Z / Lm()

— 1!(z)

{Dlll(Xi,:erm,:rr)()/an)

+D221(XiXm)(Yj,yyYn,yy) + 4D661(Xi.a:Xm,x)(Y;}yYn,y)
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+D12' (X Xi oz ) (Yo Yigy) + (XiXim o2 ) (Vi Yoy )]
+2D16'[(Xi 2 Xm,2) (ViYny) + (Xomwe Xz (Ya Y]
+2D26' (X X o) (Vg Yagy) + (XiXm o) (Yigy Yay)l
AN (X o Xi2) (YY) + N(XiX ) (Y Yay)
+ N (Xi o X )(YYny) 4 (XiXom 2) (Y, Ya))dady (3.57)

The mass terms V,; are determined by:

L M N
VF;}; le / /,, oy X)) drdy (3.58)

To analyze sound transmission through the panel, the technique of Roussos (1985) is
again utilized. The acoustic plane wave considered in Sections 3.2, and 3.3 is assumed
to excite one side of the panel, causing it to vibrate, and transmit acoustic energy
to the other side. For light acoustic media such as air, the forcing function function

g(z,y,t) can be expressed as the blocked pressure
q(z,y) = 2P;exp[—(w/c)i(z sin b; cos ¢; + y sin §; cos ¢;)], (3.59)

The distributed forcing function can be rewritten in the form

qs — 2Pi7m1n’ (360)

By solving the set of simultaneous equations produced by combining Eq.(3.60) and
(3.55), the displacement coefficients (W) can be determined. Knowing the W,

values for a given pressure incidence, #; and ¢;, the transmitted pressure can be
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determined using the Rayleigh integral approach as

2 : m N
Pi(r,0,¢) = _w2pab exp{iw[t—z——ﬂr—l—o(acos ¢+bsind)]} D > Winlnl,, (3.61)
r c 2 1

The far field velocity is next obtained from

U, =—.
pc

(3.62)

Considering U} to be the complex conjugate of U,, the transmitted acoustic intensity

is defined as

1
Li(r,0,¢) = -2-Re[PtU:]. (3.63)
The transmitted acoustic power, II;, can be determined as

2r z
I, = / * [, sin 0d0dg. (3.64)
@

=0 J8=0

The incident acoustic power, Il;, is

2 .
I, = (P?abcos 9,), (3.65)
2pc
Finally, the transmission loss is
TL = 10log (£> . (3.66)
II,

3.5 Summary

Two analytical models have been formulated in this chapter for the structural acoustic

and modal analysis of thin, simply supported, symmetrically laminated SMA hybrid
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composite panels. The second model is presented as an enhancement of the first,
as it provides the same analytical capabilities with the added feature of piece-wise
analysis capability for elastically discontinuous structures. At the expense of added
mathematical complexity and computing time, these models can be further enhanced
to consider unsymmetric laminates, thick panels, and various combinations of simply
supported, clamped, and free bbundary support conditions. A finite panel acoustic
radiation analysis model is formulated for thick SMA hybrid composite panels by

first-order shear deformation theory in Appendix A.
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Chapter 4

Results and Discussion

This chapter presents and discusses results obtained using the analytical models for-
mulated in Chapter 3. These results are organized into seven sections. Section 4.1
compares CLPT and FSDT transmission loss results obtained for quasi-isotropic fiber-
glass panels of given spatial dimensions and various thicknesses to determine how the
effects of rotary inertia and transverse shear deformation affect the response of simply

supported composite panels to incident plane wave acoustic excitation.

In Section 4.2, the CLPT analysis formulated in Section 3.3 is used to investigate
the effects of panel thickness on adaptive tuning capability. Section 4.3 includes an
evaluation of the influence of structural damping on acoustic transmisson loss. Dimen-
sionless studies of panel aspect ratio and laminate stacking sequence (for symmetric

angle ply laminates) are presented in Section 4.4.

The results of two case studies considering locally activated SMA hybrid composite
panels analyzed by the the model formulated in Section 3.5 are presented in Sec-
tion 4.5. Two concepts of adaptive structural acoustic control by alternate resonance

tuning are demonstrated in Section 4.6 considering a single panel; and two adjacent
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simply supported, elastically coupled panels. This chapter concludes with Section
4.7, which summarizes the analytical results of Sections 4.1 through 4.6, reiterating

key observations made during the course of this research.

4.1 CLPT and FSDT Comparison

Finite panel acoustic radiation analysis models are formulated in Chapter 3 using
two plate theories: CLPT (Section 3.3) and FSDT (Appendix A). CLPT is accurate
for analyzing thin structures, where the effects of transverse shear deformation and
rotary intertia are negligible. FSDT takes these effects into account, and therefore
can be used to accurately model the static, modal and dynamic response of thick
laminated structures, where the assumptions of CLPT are not valid. The purpose of
this section is not to provide a complete, comprehensive comparison of the two theo-
ries, but to investigate the effects of transverse shear deformation and rotary inertia

on structural acoustic response.

Comparing the acoustic transmission analysis models formulated by CLPT and
FSDT, it is obvious that the accuracy of FSDT realized for thicker panels is gained
at the expense of mathematical complexity and computing time. In fact, comparing
Eqgs.(3.31) and (A.22), the rank of a matrix required to solve for a given number
of series terms (and thus that same given number of characteristic modes: M,N) is
three times greater for FSDT than for CLPT. For example, expanding the orthogo-
nal transverse displacement functions to M=N=10 terms, the coefficient matrix for
analysis by CLPT requires a 100 by 100 matrix, whereas analysis by FSDT requires
a 300 by 300 matrix.
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Because the purpose of this work is to investigate physical trends and capabilties,
the analyses of subsequent sections are done by CLPT only. Sufficient information is
included in Appendix A, however, to expand any analysis of this thesis to accurately
model thick panels by FSDT. Furthermore, future sections show that active structural
tuning capability is generally higher for thin panels, therefore CLPT is sufficient for
fulfilling the goals of this research.

The principal objective of this section is to determine where CLPT is valid for finite
panel acoustic radiation analysis, and how the combined effects of shear deformation
and rotary inertia affect the transmission of sound through panel-like structures. The
analysis of this section considers quasi-isotropic panels of given spatial dimensions,
with width-to-thickness () ratios of 100, 50, 25 and 10. Fixed parameters for his

analysis are specified in Table 4.1.

The first ten natural frequencies for each % ratio considered are presented in Table 4.2.
The results show that the presence of shear deformation, even for very thin panels
with % ratios as large as 100, adds some compliance to the structure by introduc-
ing additional degrees of freedom and rotary inertia, thereby reducing the computed
natural frequencies. The influence of these effects becomes increasingly evident as
the width-to-thickness ratio is reduced. Eventually, as % approaches 10, the effects
of shear deformation and rotary inertia affect the natural frequencies such that they

significantly depart from CLPT behavior.

Transmission loss is plotted versus frequency for four % ratios in Figs. 4.1 through 4.4.
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Table 4.1: Panel Specifications for CLPT/FSDT Comparison Study

Spatial Geometry and Stacking Sequence
Stacking Sequence [90/ £ 45/0],
Panel Length (a) 1.2m

Panel Width (b) 0.8m

Material Specifications
Material Fiberglass
Material Nomenclature | GFRP
E, 38.6 GPa
E, 8.3 GPa
G12 4.1 GPa
V12 0.26
p 1800 =%
Laminate Properties
E, 18.9 GPa
E, 18.9 GPa
Gy 7.45 GPa
Viy 0.27
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Table 4.2: Natural Frequencies Computed by CLPT and FSDT

2 =100 2 =50

CLPT [ FSDT CLPT | FSDT
wi (Hz) | 29.4 [ 294 w; (Hz) | 58.9 | 587
wp (Hz) | 48.9 | 489 we (Hz) | 98.9 | 975
ws (Hz) | 81.6 | 814 ws (Hz) | 1633 | 1624
ws (Hz) | 985 | 983 ws (Hz) | 197.0 [ 1956
ws (Hz) | 117.7 | 117.5 ws (Hz) | 235.5 | 233.7
we (Hz) | 127.2 | 126.9 we (Hz) [ 254.9 | 252.6
wr (Hz) | 150.3 | 150.0 wr (Hz) | 300.8 | 298.0
ws (Hz) [ 184.8 | 184.0 ws (Hz) | 370.2 | 365.4
we (Hz) | 197.3 | 197.0 we (Hz) | 395.1 | 390.7
wio (Hz) | 213.7 [ 212.9 | [wio (Hz) | 4274 | 421.2

2 =125 2 =10

CLPT | FSDT CLPT | FSDT
w (Hz) [ 117.7 [ 116.8 w (Hz) | 294.3 | 281.1
w; (Hz) | 195.7 | 193.3 wp (Hz) | 489.2 | 4573
ws (Hz) | 326.7 | 320.4 w3 (Hz) | 816.6 | 738.0
ws (Hz) | 394.0 [ 3837 wq (Hz) | 985.0 | 854.5
ws (Hz) | 471.1 | 457.1 ws (Hz) | 1177 | 1005
we (Hz) | 509.8 | 495.3 we (Hz) | 1274 | 1103
wr (Hz) [ 601.6 | 580.4 wr (Hz) | 1504 | 1250
ws (Hz) [ 740.4 | 710.7 ws (Hz) | 1851 | 1523
wy (Hz) [ 790.2 | 808.8 we (Hz) | 1975 | 1586
wio (Hz) | 854.9 | 212.9 | [wio (Hz) | 2137 | 1636
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For the thinnest case, where % = 100, the transmission loss versus frequency curves
analyzed by FSDT and CLPT of Fig. 4.1 are virtually identical. The two theories
agree very closely in the lower frequency range for the panel with % = 50 in Fig. 4.2
and diverge slightly as frequency increases. For the % = 25 case shown in Fig. 4.3,
the two theories are fairly consistent off-resonance, however a moderate inconsistency
1s apparent at and around the first two modes. The theories significantly diverge in
Fig. 4.4 for the % = 10 case. The fact that FSDT predicts a more compliant panel
with added rotary inertia explains why the natural frequencies determined by this
theory are lower than those obtained by the CLPT analysis. This also explains why,
for the thicker panels, the FSDT transmission loss curves appear shifted to the left

relative to the the CLPT curves.

To proceed in an efficient manner from the standpoint of mathematical simplicity
and computing time, all subsequent analyses are done by CLPT. The key objective
of this work is to diagnose trends and physical tendancies which enhance structural
acoustic control capabilities; therefore, utilizing the more efficient technique within its
limits does not degrade the quality of the analysis or its accuracy, but rather enables
a broader scope and a more thorough investigation. By this resolution, only panels
with -b,; equal to or greater than 25 are considered henceforth; and where possible,

thin panels with % of 100 are considered.
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4.2 Panel Thickness Effects

In the previous section, finite panel acoustic radiation analysis results obtained using
CLPT and FSDT are compared. These studies show that transmission loss versus
frequency curves diverge as % decreases, due to the effects of transverse shear defor-
mation and rotary inertia. The issue of how panel thickness influences the adaptive
structural tuning capabilities of SMA hybrid composite structures requires additional
investigation. In this section, the acoustic transmission control capabilities of SMA
hybrid composite panels are evaluated based on panel thickness within the width-to-

thickness ratio range where CLPT can be applied with reasonable accuracy.

For this study, nitinol/fiberglass (NiTi/GFRP) panels are sized to have identical

unactivated resonant frequencies by considering the relationships:

%b = constant (4.1)
and
4b
= —. 4.2
am (42)

For consistency, each panel evaluated conforms to the specifications of Table 4.3, and

a baseline geometry is established as:

a = 1.200m.
b = 0.800m.
h = 0.008m.
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Table 4.3: Specifications for Panel Thickness Study

Material Specifications

Material nitinol/fiberglass
Material Nomenclature NiTi/GFRP
Stacking Sequence [90/ £ 45/0],
NiTi volume fraction 20%
GFRP volume fraction 80%
Material Properties (unactivated)
E, 36.5 GPa
Ey 9.6 GPa
G2 4.7 GPa
20 0.28
p 2730 =%
Membrane Stress o, 0.0 MPa
Laminate Properties (unactivated)
E, 19.2 GPa
E, 19.2 GPa
Gy 7.6 GPa
Viy 0.27
Material Properties (activated)
E, 47.3 GPa
E2 10.1 GPa
G]z 5.0 GPa
V12 0.28
p 2730 X4
Membrane Stress o, 68.9 MPa

Laminate Properties (activated)

E, 23.2 GPa
E, 23.2 GPa
Gy 9.1 GPa
Vzy 0.28
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The thickness dimension, & is then progressively doubled such that 0.016m, 0.032m,
and 0.064m panels are evaluated, and their spatial dimensions, a and b, are deter-
mined using Egs. (4.1) and (4.2). The geometric dimensions for each of these panels
are presented in Table 4.4. To evaluate the contributions of APT and ASET to the
overall structural tuning authority of each panel, the first ten natural frequencies for
each panel are computed with only the effects of APT and compared with the results
obtained considering also the activation-induced membrane stresses, by which ASET
occurs in SMA hybrid composite structures. The results of these analyses are pre-

sented in Tables 4.5 through 4.8.

The panel dimensions for each case were determined using Eqgs. (4.1) and (4.2) such
that when a particular set of material properties and a specific laminate ply stack-
ing sequence are considered, the natural frequencies for each case will be identical
in the absence of strain energy effects. This uniformity was established by consider-
ing the relationship used to normalize the natural frequencies of anisotropic plates.
The first ten natural frequencies listed in the third columns of Tables 4.5 through
4.8 correspond to panel activation scenarios in which only the effects of properties
transformation (APT) are considered to be present; hence the APT-activated natural
frequencies for each of the four panels are identical. These results indicate that the
effects of APT do not vary with the thickness of a structure, and that natural fre-
quencies are increased by approximately 10 % for the SMA hybrid composite material
evaluated. More adaptive structural tuning authority by APT can be incorporated
into the material by either increasing the SMA volume fraction, using a more com-

pliant matrix material, or both.
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Table 4.4: Panel Geometries for Thickness Analysis

Thickness (h) | Length (a) | Width (b)

(m) (m) (m)
[ 0008 | 1200 [ 0.800 |
[ 0016 | 1697 | 1131 |
| 0032 | 2400 | 1.600 |
[ 0064 | 3394 | 2263 |
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Table 4.5: Natural Frequencies for Laminate Thickness Analysis (h=0.008m)

Wy We Wa z—: i“l
Mode (APT) | (APT+ASET) (APT) (APT+ASET)
(Hz) | (Hz) (Hz) (dimensionless) | (dimensionless)
1 23.8 26.5 88.5 1.11 3.72
2 40.4 44.0 125.1 1.09 3.10
3 68.1 73.4 172.6 1.08 2.52
4 79.2 88.6 173.5 1.11 2.19
) 95.5 | 106.0 199.4 1.11 2.09
6 106.9 | 114.5 230.6 1.07 2.16
7 123.1 | 135.3 240.6 1.10 1.95
8 1554 | 166.2 289.0 1.07 1.86
9 163.3 | 177.5 291.7 1.09 1.79
10 171.5 | 192.3 298.2 1.12 1.74

Panel Dimensions (m)
h a b
0.008 | 1.200 | 0.800
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Table 4.6: Natural Frequencies for Laminate Thickness Analysis(h=0.016m)

Wy

Wq

Wa

Wg

Wg

Mode (APT) | (APT4+ASET) |  (APT) (APT+ASET)

(Hz) | (Hz) (Hz) (dimensionless) | (dimensionless)
1 23.8 26.5 65.3 1.11 2.74
2 40.4 44.0 93.8 1.09 2.32
3 68.1 73.4 133.2 1.08 1.96
4 79.2 88.6 137.3 1.11 1.73
) 95.5 | 106.0 159.7 1.11 1.67
6 106.9 | 114.5 182.0 1.07 1.70
7 123.1 | 135.3 195.2 1.10 1.59
8 1554 | 166.2 238.3 1.07 1.53
9 163.3 | 177.5 244.5 1.09 1.50
10 171.5 | 192.3 245.8 1.12 1.43

Panel Dimensions (m)

h

a

b

0.016

1.697

1.131

120




Table 4.7: Natural Frequencies for Laminate Thickness Analysis (h=0.032m)

Wy Wo W oa o

Mode (APT) | (APT+ASET) (APT) (APT+ASET)

(Hz) | (Hz) (Hz) (dimensionless) | (dimensionless)
1 23.8 | 26.5 49.8 1.11 2.09
2 40.4 | 44.0 73.3 1.09 1.81
3 68.1 73.4 107.5 1.08 1.58
4 79.2 88.6 115.5 1.11 1.46
) 95.5 | 106.0 135.5 1.11 1.42
6 106.9 | 114.5 152.1 1.07 1.42
7 123.1 | 135.3 167.9 1.10 1.36
8 155.4 | 166.2 205.6 1.07 1.32
9 163.3 | 177.5 213.5 1.09 1.31
10 171.5 | 192.3 220.6 1.12 1.29

Panel Dimensions (m)

h a b
0.032 | 2.400 | 1.600
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Table 4.8: Natural Frequencies for Laminate Thickness Analysis (h=.064m)

Wy Wa We 5: gf

Mode (APT) | (APT+ASET) (APT) (APT+ASET)

(Hz) | (Hz) (Hz) (dimensionless) | (dimensionless)
1 23.8 26.5 39.9 1.11 1.68
2 40.4 44.0 60.4 1.09 1.50
3 68.1 73.4 92.1 1.08 1.35
4 79.2 88.6 102.9 1.11 1.30
) 95.5 | 106.0 121.6 1.11 1.27
6 106.9 | 114.5 134.6 1.07 1.26
7 123.1 | 135.3 152.4 1.10 1.24
8 155.4 | 166.2 187.0 1.07 1.20
9 163.3 | 177.5 196.3 1.09 1.20
10 171.5 | 192.3 206.9 1.12 1.21

Panel Dimensions (m)

h a b
0.064 | 3.394 | 2.263
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The natural frequencies presented in the fourth columns of Tables 4.5 through 4.8
correspond to panels considered to be activated such that the combined effects of
APT and ASET are present. These values vary substantially from case-to-case. The
fundamental frequency of the thinnest (0.008m) panel is shown to increase from 23.8
Hz to 88.5 Hz (Table 4.5) by active structural tuning with the combined effects of
APT and ASET: an increase of 272%. The fundamental frequency of the 0.064m
panel is shown to increase from 23.8 Hz to 39.9 Hz (Table 4.8) when activated simi-
larly; which constitutes a change of only 68%. This decrease in tuning authority with
increasing panel thickness can be theoretically confirmed by the explanation that the
in-plane force resultants (which are directly related to ASET control authority) are
linearly proportional to laminate thickness; whereas the flexural stiffness coefficients
(D;;) vary cubically with laminate thickness. By this rational, the overall control
authority of SMA hybrid composite structures is largely due to the high membrane
stresses induced by the fully-constrained recovery of the embedded SMA fibers. The
greatest structural tuning authority for SMA hybrid composites exists in thin mem-

bers.

Transmission loss versus frequency plots are presented in Figs. 4.5 and 4.6 for the
thinnest (0.008m) and thickest (0.064m) panels, considering polar and azimuthal
plane-wave incidence angles of 45° and 0°, respectively. The effects of increased panel
thickness and reduced strain energy tuning capability on structural acoustic response
and control authority can be readily seen by comparing these two figures. For the
thinner panel (h=0.008m), the transmission loss at and around the first unactivated
resonance (23.8 Hz), is shown in Fig. 4.5 to increase by more than 40dB due to the
presence of ASET. For the thicker panel (h=0.064m), ASET is shown in Fig. 4.6 to
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tivated, APT-Activated, and Activated with ASET)
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increase the transmission loss around the first unactivated panel resonance (23.8Hz)

by less than 25dB.

4.3 Structural Damping Analysis

In this section, the influence of structural damping on structural acoustic behavior is
studied considering the quasi-isotropic GFRP panel construction specified in Table
4.9. For this analysis, mass-proportional damping coefficients (¢) of 0.025, 0.05, 0.10
and 0.20 are considered, and results are presented as transmission versus frequency
curves corresponding to incident plane wave sound at 0° azimuthal and 45° polar

incidence angles.

The transmission loss curves of Fig. 4.7 show an interesting trend. When acoustic in-
cidence causes the panel to resonate (particularly at efficient sound-radiating modes),
the amount of damping strongly influences structural acoustic response. For exam-
ple, at and around the first natural frequency, increasing the damping coefficient from
0.025 to 0.20 raises transmission loss by nearly 15 dB between 70 and 80 Hz, where
high off-resonance transmission loss diminishes with increased structural damping.
For this analysis, a 5 dB tranmission loss reduction is evident as the damping co-
efficient increases from 0.025 to 0.20. This trend suggests that increased structural
damping can either raise or lower the transmission of low-frequency sound through a

panel, depending on the modal response of the structure and the excitation frequency.
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Table 4.9: Panel Specifications

Ply Layup [90/ £+ 45/0],
Material GFRP

Panel Length (a) | 1.2 m

Panel Width (b) | 0.8 m

Ply Thickness 0.001 m
Panel Thickness | 0.008 m

E, 18.9 GPa

E, 18.9 GPa
Gy 7.45 GPa
Vzy 0.27
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4.4 Nondimensionalized Parametric Studies

Previous sections discuss panel thickness and damping. Two additional parameters,
ply lay-up and spatial dimensions are evaluated and discussed in this section. To
study these parameters effectively, structural tuning of SMA hybrid composite pan-
els is again decomposed to isolate and evaluate the effects of ASET and APT. For
these analyses, normalized fundamental panel frequencies are plotted versus ply an-
gle (0) considering families of 8-layer, balanced symmetric, angle-ply laminates (ie.

[£6/ £ 6],).

The normalized fundamental frequency parameter chosen for this analysis is

51 = wlab [m} . (43)

where w; represents the fundamental panel frequency, ELU is the unactivated Young’s
modulus in the longitudinal fiber direction of the material, A is the panel thickness,
a and b are the respective length and width of the panel, and m, is the panel mass

per unit area.

To characterize the transformation of elastic properties induced by the SMA fiber
activation, the ratio of activated to unactivated longitudinal Young’s modulus (%)
is considered. This ratio is determined for five levels of elastic properties transforma-
tion corresponding to 0% (E; = 36.5G Pa for the unactivated laminate specified in
Table 4.3), 25% (E, = 39.2GPa) , 50% (E1 = 41.9GPa) , 75% (E, = 44.6GPa) and
100% (E; = 47.3G Pa for the fully activated laminate specified in Table 4.3). These

properties are obtained by linear interpolation, considering the amount of activation

assumed for each 25% properties transformation increment. The other laminate elas-
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tic properties, F; and Gy,, are interpolated in a similar manner for this analysis

considering the activated and unactivated elastic properties listed in Table 4.3.

To evaluate the effects of aspect ratio (§) and ply orientation, the results of three
analytical studies are presented. For these analyses, the panel length-to-width ratios
are 1.0, 2.0 and 4.0, and five states of transformed elastic properties are considered.
The % values range from 1.0 to 1.3 considering 0%, 25%, 50%, 75% and 100%
activation based on the material properties specified in Table 4.3. Figure 4.8 shows
the variation of normalized fundamental panel frequency with ply angle considering
# = 1. The maximum normalized frequency for each APT scenario in this figure
corresponds to = 45°. The influence of APT is shown in Fig.4.8 to increase the
fundamental panel frequency of square angle-ply panels by 6.25% when § = 45°, and
by 17% when 6 = 0° or 90°.

Figure 4.9 shows results for the same analysis repeated for a panel with § = 2.0.
These results show that as @ increases, so does panel stiffness (and thus @;). Also,
the curves disperse as # approaches 90°. These results suggest that the maximum
structural tuning authority of APT in these circumstances is greatest at 90°, where a
12% increase in fundamental frequency occurs, and is least at 0° where a 5% increase

occurs.

For the analysis considering § = 4, the results (Fig. 4.10) are similar, but the fun-
damental frequency increase at 90° increases to 17%, and where 8 = 0°, very little
structural tuning capability (5% increase in fundamental frequency) is apparent. The

results of the three analyses suggest that APT control authority is greatest for panels
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with large in-plane aspect ratios, and fibers oriented parallel to the shortest spatial

panel dimension.

The same basic analytical procedure is followed to isolate and evaluate the effects of
structural tuning by ASET based on the in-plane panel dimensions and the laminate
ply stacking sequence. For this evaluation, however, activation-induced stiffening is
characterized by the ratio of recovery stress to activated longitudinal Young’s modu-
lus. Because in-plane stresses and flexural stiffnesses do not vary consistently relative
to one-another with panel thickness, the nondimensional ASET analysis of this sec-
tion is valid for only one width-to-thickness ratio (in this case, # = 100). Another
subtle difference is that rather than considering the unactivated elastic longitudinal

Young’s modulus, the activated Young’s modulus is considered, such that

1

B2 = wrab [(EL"’—AM] i (4.4)

Results for the analysis discussed above are presented in Fig. 4.11 for § = 1, in Fig.
4.12 for § = 2, and in Fig. 4.13 for § = 4. These results follow the same trend noted
in the APT analysis: maximum structural tuning authority is achievable with high #
panel ratios where the fibers are oriented parallel to the shortest in-plane dimension.
In Fig. 4.11, the normalized fundamental frequency is shown to increase by 183% and
233% for ply angles of 45° and 0 or 90°, respectively. The structural tuning authority
increases for the § = 2 panel such that the maximum and minimum normalized fun-
damental frequency changes are 200% and 300% for 8 = 0° and 90°, respectively. The

structural tuning authority increases even more for the § = 4 panel such that the

maximum and minimum normalized fundamental frequency changes are 180% and
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328% for = 0° and 90°, respectively. The normalized frequency dispersion for all
values of @ is greater for the ASET results than for the APT results. This supports
the theory that, depending on the recovery stress of the SMA material and the SMA
volume fraction, for a thin panel (in this case % = 100), stiffness control authority
of ASET can be considerably higher than APT control authority. This depends, of

course, on the SMA recovery stress and volume fraction.

4.5 Locally Activated Panel Studies

Comprehensive studies investigating acoustic transmission through SMA hybrid adap-
tive composite panels with uniformly distributed activation have been conducted and
published by Rogers, Liang and Fuller (1990). The results of this work indicate
that general activation can effectively alter the transmission of low frequency sound
over broad frequency ranges by changing the critical frequencies and altering mode
shapes. To gain more insight into optimizing this capability, the study of locally

activated SMA hybrid adaptive composite panels was initiated.

The results published by Liang, Rogers and Fuller (1990) demonstrate how natural
frequencies, mode shapes and acoustic transmission loss through generally activated
SMA hybrid composite panels can be controlled by active structural tuning. Ana-
lytical results for two case studies are presented in this section to demonstrate the
effects of structural tuning by locally activating SMA fibers to stiffen discrete panel
sections. Each of these case studies considers five panel activation scenarios which
include global activation, no activation, and three cases of localized activation. Panel

specifications for the first case study are provided in Table 4.10.
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Table 4.10: First Case Study Panel Specifications

Panel Length (a) 1.1 m.
Panel Width (b) 0.8 m.
Damping Coefficient () 0.05
Ply Layup [90niTi/Ep/ + 456FRP/0GFRP]Ss
Ply Thickness 0.001 m
E. (activated) 31.64 GPa
E, (activated) 28.12 GPa
Gy (activated) 12.00 GPa
vz, (activated) 0.30
E, (unactivated) 30.50 GPa
E, (unactivated) 22.62 GPa
Gy (unactivated) 11.73 GPa
vzy (unactivated) 0.26
Nitinol/Epoxy
Notation NiTi/Ep
Density 2350 ’;‘3-‘1
Composition NiTi(40%) Epoxy(60%)
E; (activated) 41.36 GPa
E; (activated) 20.69 GPa
G12 (activated) 7.54 GPa
v12 (activated) 0.30
E, (unactivated) 19.31 GPa
E; (unactivated) 17.25 GPa
G112 (unactivated) 6.43 GPa
v12 (unactivated) 0.30
Activated Ply Stress 0.138 Gpa
Fiberglass
Notation GFRP
Density 1790 %-3-
E, 17.93 GPa
G12 8.96 GPa
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The adaptive SMA hybrid composite material considered for the first case study is
a balanced-symmetric laminate. The generated force is assumed to be uniformly
distributed throughout the 90 degree layers and symmetric about the midplane of
the panel such that N, N,,, and all applied moments are zero. The five activation
scenarios and their first four mode shapes are shown with their associated natural

frequencies in Figure 4.14.

These results show that all first and second modes are dominated by the character-
istic 1,1 and 2,1 mode shapes, respectively. The first modes for Cases 3, 4 and 5
show some modification, as amplitudes are reduced for these cases in areas where the
panel is considered to be activated. Comparing the first natural frequencies for Cases
3 and 4, the first mode of the centrally activated (Case 4) panel occurs at a con-
siderably higher frequency, because the activation-induced stiffening is concentrated
where the maximum bending curvature occurs for the characteristic 1,1 mode shape.
A similar situation is apparent for the second modes with the Case 3 second mode
occuring at a slightly higher frequency than the Case 4 second mode, because of con-
centrated activation-induced stiffening about the panel region of maximum curvature
associtated with the characteristic 2,1 mode shape. These results demonstrate how
SMA hybrid adaptive composite materials can be locally tuned to alter the dynamic
behavior of vibrating panel-like structures. Furthermore, it is evident that the ef-
fectiveness of a specific local activation scheme for controlling panel vibration at a
given frequency is strongly dependent on the dominant modal characteristics of the

structure at that frequency.

The third and fourth mode shapes in Fig. 4.14 illustrate the utility of active modal
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Case 1: Case 2: Case J: Case 4: Case 5:
Mode Unactivated Activated Left Half Center Half Left & Right
Activated Activated Quarters
Activated
1st
mode
shape
(freq.) (32.0 Hz) (87.7 Hz) (51.1 Hz) (7%.9 Hz) (44.1 Hz)
2nd
mode
shape
(freq.) (64.7 Hz) (99.7 Hz)
e \ESAA
mode iK4 o: D ‘
shape . :, A “2 |
{freq.) (93.3 Hz) (126.9 Hz) (114.5 Hz) (123.0 Hz)
ach !'; ‘ eon.
mode ;" ’%@ E
shape * )| (Cedon ™
{freq.) {117.4 Hs) (172.7 Hs) (123.4 Hs) {158.3 Hs) (124.2 Hs)

Figure 4.14: Activation and Modal Analysis Summary for First Case Study
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modification for low frequency structural acoustic control. These modes are domi-
nated by the 1-2, 3-1, 2-2 and 4,1 characteristic mode shapes, of which the 3,1 charac-
teristic mode is the most efficient acoustic radiator because of unbalanced pairing of
convex and concave lobes in the radiating surfaces of the panel. The 1-2, 2-2, and 4,1
characteristic mode shapes radiate sound less efficiently because of their even number
of lobes, which produces lower volume velocity, and therefore less net acoustic power
radiation to the far field. Selectively activating the SMA fibers to produce panel vi-
bration with inefficient acoustic radiation can enhance acoustic transmission control

capability over particular frequency ranges.

To evaluate the structural acoustic performance of the five panel activation scenar-
i0s, transmission loss was analyzed as a function of frequency considering incident
plane-wave acoustic excitation. The respective polar and azimuthal incidence an-
gles for this analysis are 45° and 0°, respectively. Transmission loss in dB is plotted
versus frequency from 20 to 150 Hz in Fig. 4.15; which suggests that for this case
study, general activation produces higher transmisson loss at frequencies below 65
Hz, because the structural acoustic behavior of the panel below its first resonance is
stiffness dominated. From 65 to 120 Hz however, localized activation offers up to 5

dB transmission loss benefit over the generally activated or unactivated scenarios.

Comparing the modal analysis results of Fig. 4.14 with the transmisson loss versus
frequency curves of Fig. 4.15; the first modes, which are dominated by the character-
istic 1,1 mode shape, produce low transmission loss at and around the first resonance

for all cases analyzed.
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Transmission loss for Case 3 is slightly higher at the first resonance because locally
activating half of the panel causes the panel to behave like two adjacent structures
which are elastically coupled at the interface. At first resonance, the more compliant
section dominates the response, whereby the stiffer section is primarily stimulated by
coupling at the interface. This produces less volume velocity for Case 3 at the first
resonance than for the other cases; therefore less sound is transmitted through the
panel. At and around second resonance, the transmission loss versus frequency curve
for Case 3 exhibits a profound drop. This is explained by the second mode shape,
which is now dominated by the stiffer panel section, with the more compliant section
oscillating less vigorously such that the volume velocity is greater at second resonance

for Case 3 than for the other scenarios.

At the third and fourth resonances, transmission loss is also very mode shape depen-
dent. For each situation where the excitation frequency corresponds to a resonance
dominated by a characteristic 3,1 mode shape, a frequency range characterized by
low transmission loss appears. An exception to this observation is Case 4. Referring
to the third mode shape (Fig. 4.14) for this case; the resonance is dominated by the
stiffened central region, such that the center lobe of the mode shape is oscillating with
greater amplitude than the outer lobes. The volume velocity for this case is lower
than the 3,1 modes for the other cases; hence for Case 4, the radiation efficiency for
the third mode is fairly low. Referring again to Fig. 4.15, Case 5 produces consid-
erable transmission loss reduction at and around the fourth resonance. The fourth
mode shape for Case 5 shown in Fig. 4.14 is dominated by the outer lobes, which
oscillate with greater magnitude than the central lobe. This produces higher volume

velocity and therefore reduces transmission loss at and around that resonance.
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The utility of using SMA hybrid composites for adaptive low frequency structural
acoustic control is demonstrated in Fig. 4.15, as the minimum transmission loss for
any single case alone is less than 10 dB. Considering all 5 activation scenarios, the
transmission loss attainable over the frequency range evaluated can be controlled
to always exceed 25 dB by choosing an activation scheme - localized, general or
unactivated - to most effectively reduce the transmission of incident sound at a given
frequency.

A second case study was performed considering the laminate specified in Table 4.11.
Figure 4.16 summarizes the five activation scenarios considered for this analysis, and
their first four mode shapes and natural frequencies. The previous study considered
activation that could be resolved into rectangular panel sections. For this case study,
the 45° plies rather than the 90° plies are nitinol epoxy layers. This produces N,, N,
and N, force resultants in the activated sections of the panel. Also, localized acti-
vated scenarios must be resolved into quadrilateral and triangular regions for analysis.
This is handled by integrating Eqs.(3.54), (3.57) and (3.58) between limits in y which

are defined as linear functions of x rather than constants.

Transmission loss curves are presented for these cases in Figure 4.17. As in the first
analysis, structural acoustic control advantages are realized above 60 Hz; however
none of the cases considered is clearly advantageous over the others throughout the

low frequency spectrum.

Summarizing the results of this section, midplane-symmetric panel activation applies

in-plane force resultants that produce material stiffening effects capable of altering
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Table 4.11: Second Case Study Panel Specifications

Panel Length (a) 1.1 m.
Panel Width (b) 0.8 m.
Damping Coefficient (§) 0.05
Ply Layup [906rrP/45NiTi/Ep/ — 45GFRP/0GFRP)s
Ply Thickness 0.001 m
E, (activated) 31.64 GPa
E, (activated) 28.12 GPa
G, (activated) 12.00 GPa
Vzy (activated) 0.30
E, (unactivated) 30.50 GPa
E, (unactivated) 22.62 GPa
G2y (unactivated) 11.73 GPa
Vzy (unactivated) 0.26
Nitinol Epoxy
Notation NiTi/Ep
Density 2350 °4
Composition NiTi(40%) Epoxy(60%)
E; (activated) 41.36 GPa
E; (activated) 20.69 GPa
G112 (activated) 7.54 GPa
vy (activated) 0.30
E; (unactivated) 19.31 GPa
E; (unactivated) 17.25 GPa
G112 (unactivated) 6.43 GPa
v12 (unactivated) 0.30
Activated Ply Stress 1.38 Gpa
Fiberglass
Notation GFRP
Density 1790 %%
E, 53.78 GPa
E, 17.93 GPa
G12 8.96 GPa
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Case 1 Case 2: Case 3: Case 4: Case §:
% % % %
Mode Unactivated Activated Left Half Center Half Left & Right
Activated Activated Quarters
Activated
1st
mode
shape
(freq.)
2nd
mode
shape
(freq.) (116.3 Hz) (97.0 Hz)
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Figure 4.16: Activation and Modal Analysis Summary for Second Case Study
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resonant frequencies and mode shapes. Resonant frequencies can be increased if
activation-induced stiffening is concentrated about the areas where maximum bend-
ing curvature occurs, which are strongly mode shape dependent. For the balanced
symmetric adaptive laminates considered, the third and fourth mode shapes were suc-
cessfully modified; however, the dominant characteristic 1,1 first mode shapes were
not significantly altered, resulting in low transmission loss at and around the first nat-
ural frequencies. By selectively activating fibers throughout the low frequency range
such that maximum transmission loss is achieved at discrete frequencies, minimum
transmission loss through adaptive SMA hybrid composite panels can be increased

from less than 10 dB to approximately 25 dB.

A technique was presented in Section 3.5 and demonstrated in this section for analyz-
ing the modal and structural acoustic behavior of locally activated, simply supported,
thin, anisotropic, adaptive composite panels with mid-plane symmetric elastic prop-
erties and applied in-plane force resultants. The application of this technique is not
limited to SMA hybrid composite panels, as the same theory can be applied to ana-

lyze panels locally stiffened by ribs or struts.

Analytical results for two case studies are presented to demonstrate how various lo-
calized and general activation schemes affect critical frequencies, mode shapes, and
transmission loss from 20 to 150 Hz. These results indicate that localized panel activa-
tion can enhance the structural acoustic control capabilities of SMA hybrid composite
structures in the low-frequency range. Activating SMA fibers embedded in a com-
posite structure consumes electrical energy. Localized activation requires less energy

than general activation, enabling adaptive structural acoustic control with reduced
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power consumption.

Acoustic transmission control capabilities were identified in the stiffness-controlled
frequency range. These capabilities can be improved by more effectively modifying
the first mode shape, which for all cases evaluated in this paper is dominated by
the characteristic 1,1 mode shape. Section 4.6 presents a technique by which the
first and second mode shapes can be effectively modified, and demonstrates how this
affects the structural acoustic panel behavior. This concept, adaptive alternate reso-
nance tuning can be implemented to strategically, purposefully and adaptively tune
SMA hybrid composite panels to effectively control low-frequency sound transmission

through panel-like structures.

4.6 Adaptive Alternate Resonance Tuning of
SMA Hybrid Composite Panels

When adjacent sound-transmitting panels in a structure are tuned to resonate above
and below a particular frequency such that they oscillate and radiate sound with
equal source strength and opposite phase, radiated sound is readily attenuated by
the structure at and near the frequency to which the panels are tuned. This concept
is known as alternate resonance tuning (ART). The amplitude and phase character-
istics of two adjacent panels tuned for ART are shown in Figure 4.18.

A simply supported SMA hybrid composite panel can be locally stiffened by selec-
tively activating embedded SMA fibers to achieve ART adaptively, thereby enabling
the panel to attenuate sound over several activation-dependent frequency ranges. Sec-

tions 4.6.1 and 4.6.2 include analytical studies of this adaptive ART concept consider-
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ing localized activation of SMA hybrid composite panels, and identify some physical

trends and characteristics which influence its capabilities.

Bliss and Gottwald (1990) experimentally demonstrated the concept of alternate reso-
nance tuning by arranging panel arrays with adjacent panels tuned to resonate above
and below a given operating frequency. Acoustic incidence at that frequency was
observed to excite the panels to oscillate with nearly equal amplitude and opposite
phase, thereby radiating sound with comparable source strength but opposite phase;
causing high near-field acoustic interaction, and effective reduction of sound trans-
mission to the far-field. The concept of ART was devised as a passive technique for
reducing sound transmission through a panel-like structure when excited by incident
sound at or near a particular frequency. The following sections present and analyti-
cally demonstrate the concept of adaptive ART by localized activation of SMA hybrid

composite panels.

4.6.1 Adaptive ART of a Single Simply Supported Panel

An investigation of the utility and performance of adaptive ART by localized acti-
vation of SMA hybrid composites was initiated to address the issue of low frequency
structural acoustic control. Selectively activating the SMA fibers embedded near the
center of a panel induces localized stiffening and produces a “rigid” section inter-
posed between two compliant sections. The stiffened section may be regarded as a
pseudo-stiffener or support which couples the two adjacent ‘compliant’ panel sections,
ie. the complete panel is adapted into sub-panel regions. This coupling influences the

modal and structural acoustic behavior of the panel as a whole. The concept of adap-
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tive ART using a single panel differs significantly from the passive control concept
using an array of indepenently supported panels introduced by Bliss and Gottwald,
as dynamic and structural acoustic panel behavior can be actively tuned to exploit
the advantages of ART over several frequency ranges by strategic placement of the
activated SMA fiber region in order to adapt the panel configuration in response to

changing input disturbances.

Previous investigations considering locally and globally activated panels showed no
significant modification of the first and second mode shapes. Analytical results for
a unidirectional SMA hybrid fiberglass (NiTi/GFRP) panel with a narrow band of
fibers considered activated at its center to demnstrate the capability of effectively
modify the first two mode shapes, such that the two unactivated panel sections ap-
pear to assume their own separate modal identities, with a finite amount of coupling

introduced in the activated region.

Displacing the region of activation-induced stiffening from the center of the panel
introduces a stiffness inbalance between the two unactivated sections, thereby tuning
them to resonate at different frequencies. Moving the activated section about the
central region of the panel changes the modal response of the entire panel and the
stiffnesses of the unactivated panel sections; stiffening one section, making the other
more compliant, and retuning the alternate resonance behavior. Sound transmission
through SMA hybrid composite panels can be adaptively mimimized by strategically
activating fibers to best attenuate incident sound over a range of frequencies by ex-
ploiting the concept of ART thus providing broad-band structural acoustic control

capability.
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To demonstrate the concept of adaptive ART, a 0.8m by 1.2m unidirectionally lami-
nated panel composed of 60% fiberglass by volume and 40% nitinol (nickel-titanium
shape memory alloy) was analyzed. The material and geometry specifications for this

panel are listed in Table 4.12.

The structure, shown in Fig. 4.19, has all fibers (glass and nitinol) oriented parallel
to the shorter spatial panel dimension for maximum structural tuning authority. The
activation-induced recovery stress in the nitinol fibers is assumed to be 344 MPa (50
Ksi, which corresponds to 5% initial strain and an SMA fiber activation temperature
of 127° per Fig. 2.3); thus the internally distributed stress throughout the laminate,
where activated, is 138 MPa by Eq.(2.8). The magnitude and sign of this stress are
determined by the initial inelastic strain of the SMA fibers; the recovery stress-strain
behavior of the SMA material; and the laminate cure cycle. These effects are are

currently being investigated in detail (Rogers, Fuller and Liang, 1990).

The mechanism by which adaptive ART is achieved using a single SMA hybrid com-
posite panel is best described as follows. Activating a narrow band of SMA fibers
in the central region of the panel (see Fig. 4.19) applies a strong, unidirectional
tension, alters the local state of strain energy, and produces an activation-induced
pseudo-rib or stiffener. The presence of this pseudo-rib divides the panel into three
sub-structures: two larger unactivated sub-panel sections with the pseudo-rib between
them. The pseudo-rib causes the unactivated sub-panels to vibrate as two elastically
coupled structures, and thereby changes the vibratory response of the overall struc-

ture.
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Table 4.12: SMA Hybrid Composite Panel for Adaptive ART

Panel Length (a) 1.2 m.
Panel Width (b) 0.8 m.
Ply Layup [90niTi/GFRP]
Nitinol/Fiberglass

Notation NiTi/GFRP
Density 2680 %31
Composition NiTi(40%) Fiberglass(60%)
E, (activated) 56.24 GPa
E, (activated) 49.10 GPa
G2 (activated) 5.47 GPa
E; (unactivated) 34.2 GPa
E; (unactivated) 33.30 GPa
G12 (unactivated) 5.47 GPa
Thickness 0.008 m
Activated Ply Stress .138 Gpa
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Figure 4.19: Activation Scheme for Adaptive ART
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To demonstrate this concept, four ART activation scenarios are analyzed considering
the parameters of Table 4.12 and the panel geometry of Fig. 4.19. The variable g»
is introduced to characterize each ART activation scheme in terms of the widths of
the unactivated panel sections. The % ratios chosen for this analysis are 0.7, 0.8, 0.9
and 1.0. To demonstrate the effectiveness of adaptive ART, an unactivated panel was
also analyzed for comparison. The plane wave acoustic excitation for this analysis is

oriented at 45° polar (6;) and 0° degree azimuthal (¢;) incidence angles.

Figure 4.20 summarizes the modal analysis results along with transmisson loss values
corresponding to the first and second resonances for each case. These results show
that the first two modes can be actively modified by this adaptive structural tuning
technique. Comparing the first mode shapes indicates that the the activation-induced
pseudo-rib causes the panel to vibrate as two coupled sub-structures, and the first
mode shapes can be altered somewhat by moving the pseudo-rib about the central
panel region (changing the % ratio), thus altering vibrational balance between the
two modal lobes. Two physical effects influence the modal response of the activated
panels considered. The presence of the pseuo-rib causes the subpanels to oscillate
out-of-phase at the first panel resonance. The location of the pseudo-rib also si-
multaneously tunes the sub-panels such that the larger, more compliant sub-panel
dominates the first panel resonance; and the smaller, stiffer sub-panel dominates the

second resonance.

Considering the first resonance transmission loss results of Fig. 4.20, the activated

cases demonstrate effective sound transmission reduction at first resonance by active
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Figure 4.20: Modal Analysis Summary
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modal modification. The transmission loss values at second resonance for these cases,
however, do not compare favorably with the unactivated case. At second resonance,
the coupling introduced by the pseudo-rib adversely effects the structural acoustic
behavior of the ART-activated panels because it causes the unactivated sub-panels
to oscillate in-phase. The second mode shapes in Fig. 4.20 show how the smaller,

stiffer, unactivated sub-panels dominate the second panel resonances.

To further evaluate the effects of active modal modification, radiation efliciency is
plotted versus nondimensionalized frequency () in Figs. 4.21 and 4.22.

Comparing the first mode radiation efficiencies for the cases considered, the low fre-
quency radiation efficiency for the % = 1.0 scenario is significantly lower than the
low-frequency radiation efficiencies for the first mode shapes associated with the other
scenarios. This is because the 2,1 characteristic first mode shape for the % = 1.0 case
produces lower volume velocity at a given frequency than the other cases considered.
As the %21 ratios are decreased, the lobes of the first mode shape become less balanced,

the volume velocities increase, and the radiation efficiency increases as well.

In Fig. 4.22, radiation efficiencies for the second mode shapes are plotted versus non-
dimensionalized frequency. For the second modes, the unactivated panel radiates
sound more efficiently at a given frequency, where ¥ < 1, than the adaptive cases.
Referring again to Fig. 4.20, the second mode for the unactivated panel is dominated
by the characteristic 2,1 mode shape, which produces lower panel volume velocity at

a given frequency than the adaptive ART scenarios.

The results presented in Figs. 4.20 through 4.22 indicate that adaptive structural
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acoustic control by active modal modification alone does not necessarily guarantee
effective broad-band low-frequency control capability. In fact, the concept of ART was
formulated considering off-resonance structural acoustic behavior; therefore, adaptive

ART is best studied by evaluating transmission loss as a function of frequency.

Acoustic transmission loss is plotted in Fig. 4.20 versus frequency from 20 to 100 Hz
for each of the activation scenarios. The effects of active modal modification by adap-
tive ART are most evident at and around the first two resonances for the activated
cases. The results shown in Fig. 4.23 are consistent with the radiation efficiency
curves of Figs. 4.21 and 4.22 and the mode shapes shown in Fig. 4.20. The first
resonance transmission loss magnitudes for the activated cases are greater than the
transmission loss levels at and around the second resonances. This illustrates how
active modal modification can be used to effectively change the radiation efficiency
and transmission loss at and around the first and second natural frequencies. To most
effectively increase sound attenuation at a particular frequency by adaptive ART, Fig.
4.22 indicates that the oﬂ-fesonance behavior is more critical for adaptive structural

acoustic control than the on-resonance response.

For the activated panels, high off-resonance transmission loss peaks occur between the
first and second natural frequencies. This behavior is the key mechanism behind the
concept of ART: tuning adjacent panels to resonate above and below the particular
frequency to which the system is tuned. The benefit of adaptive ART is that the
stiffnesses of two adjacent panel sections can be actively and simultaneously modified
by moving the activated SMA fiber band to reduce the radiated sound such that the

off-resonance transmission loss peaks are tuned to occur at a given frequency.

162



S50
N
40 \
Xﬁb*
& N
8 AN 2
3 30 AR\ A \ EN
S \‘ﬁ Y ——
: S AT S
Z oy \ -
S SNVYAR \ Az
g / N OSSN N =
S \_h_FE’ 3 \ AT
\4_/ AN \ \ 7 S L
E AR o4
= N D
/ N \\J,)'(/
10 S =
© LB 1
20 30 40 50 60 70 80 90 100
FREQUENCY (HZ)
Panel Dimensions (meters)
a b h
1.200 | 0.800 0.008
ACTIVATION: UNACTIVATED ------- Li/12 = 1.0
----- L1/L2 = 0.9 —_—— Lu/12=0.8
—— L1/12=0.7

Figure 4.23: Transmisson Loss Versus Frequency (unactivated and %: 0.7 through
1.0)

163



Figure 4.23 shows an off-resonance transmission loss peak for the % = 0.7 panel that
attenuates up to 7 dB more acoustic power than the unactivated panel near 62 Hz.
Considering % ratios ranging from 0.4 to 0.7 in increments of 0.1. Figure 4.24

shows how this control capability can be exploited from 55 to 88 Hz. Over the fre-
quency ranges of 20 to 48 Hz and 58 to 88 Hz, active structural acoustic control
advantages have been demonstrated considering only 6 panel activation scenarios.
The panel considered for this study can be actively tuned in a nearly infinite number
of localized fiber activation arrangements; thus further investigation can certainly

further enhance the structural acoustic control capability for this particular panel.

Analytical results are presented in this section for a thin, unidirectional SMA fiber
reinforced laminate to demonstrate how SMA hybrid composite panels can be locally
activated in various arrangements to modify mode shapes, modal radiation efficiencies
and sound transmission loss at and around the first two resonant frequencies. The
concept of adaptive alternate resonance tuning was analytically demonstrated con-
sidering a nitinol reinforced fiberglass panel to effectively attenuate sound between

the first and second resonant frequencies.

Numerous possibilities exist for implementing the concept of adaptive ART using
SMA hybrid composites. For example, an array of independently supported SMA
fiber reinforced composite panels can be selectively activated - either locally, gener-
ally, or with varying degrees of fiber activation - to further enhance the structural

acoustic control capabilities demonstrated for alternate resonance tuning.
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4.6.2 The Effects of Damping on Adaptive ART

In Section 4.3, the effects of damping on structural acoustic behavior are evaluated
and discussed. The results of this evaluation suggest that transmission loss tends to
increase with increased damping at and near resonant frequencies. At certain off-
resonance conditions, however, it is apparent that transmission loss tends to decrease
as damping increases. The purpose of this subsection is to determine how structural

damping affects structural acoustic control by adaptive ART.

The analysis of this section considers the %21 = 0.6 activation scenario for the adap-
tive ART strategy discussed in the previous section. The same acoustic incidence is
considered for this study (8; = 45° and ¢; = 0°). The mass proportional damping co-
efficients, £, evaluated are 0.010, 0.025, 0.050, and 0.100. The results of this analysis
are presented in Fig. 4.25. As seen in the previous damping study, the transmission
loss at and near the first and second panel resonances is very sensitive to damping.
Contrary to the notion that off-resonance transmission loss should diminish with in-
creased structural damping, this analysis predicts that increased damping tends have

little effect on, and in fact increases transmission loss in the frequency range where

ART is effective.

4.6.3 Adaptive ART of a Centrally Supported Panel

The concept of adaptive ART using a single SMA hybrid composite panel presented
earlier in this section requires an activation-induced pseudo-rib or stiffener to cause
the panel to vibrate as two coupled substructures. This concept is very sensitive to

laminate ply stacking sequence, which limits the amount of tailoring versatility which
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may be required to optimize the strength and stiffness of a panel like structure. An-
other drawback of this approach is that the strength of the structure may be locally
reduced due to the inclusion of a large concentration of SMA fibers when unactivated,
and the composite itself may be locally weakened by the presence by highly concen-

trated heat energy at the location of the activation-induced pseudo-rib.

This section presents another arrangement which includes two adjacent simply sup-
ported panels with an elastically coupled common boundary. This arrangement en-
ables the panels to be tuned independently without the need for an activation-induced
pseudo-stiffener; thus allowing decreased concentrated heat energy, and laminate ply

stacking sequence flexibility.

The case study presented in this section considers a similar arrangement to the panel
evaluated previously for for the single panel ART studies, the ply stacking sequence
is quasi-isotropic (rather than unidirectional), and the structure is divided into two
identical separate panels with a simple support introduced at their common boundary

(or edge) as illustrated in Fig. 4.26.

The support is modeled as a very narrow rib that is slighlty displaced from the center
of the panel. The elastic properties of this rib are sveral orders of magnitude greater
than the elastic properties condidered for the rest of the panel, which introduces
high stiffness in its longitudinal direction. This high stiffness supresses transverse
deformation in the region of the panel near the rib, such that the two adjacent panel
sections vibrate as two separate structures. The rib is modeled as being slightly offset

from the panel center to eliminate the analytical occurance of degenerative modes.
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Figure 4.26: Centrally supported Adaptive ART Panel Geometry
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The dynamic characteristics of the two adjacent panels when activated in the same

manner are very similar, but not identical.

Specifications for the panels evaluated in this case study are presented in Table 4.13.
The activation scenarios are summarized in Table 4.14, and with the mode shapes

and natural frequencies in Figs. 4.26 through 4.31.

Modal analysis results for the unactivated, Case A and Case B panel scenarios (Figs.
4.31, 4.32 and 4.33) are similar to the results for the unidirectional panel study of
Section 4.6.1, in the sense that the first two mode shapes show two adjacent panel
sections oscillating out-of-phase at first resonance and in-phase at second resonance.

All of these mode shapes include a single lobe per panel section.

By definition, ART is a technique for reducing sound transmission through panel-
like structures by tuning adjacent panels such that their fundamental resonances fall
above and below a given frequency; thereby oscillating with approximately equal am-
plitudes and near-opposite phase, reducing acoustic coupling between the structure

and the transmitted soundfield when excited at that given frequency.

Figures 4.30 and 4.31 represent cases in which the second resonance of one panel
occurs near or below the first resonance of the other panel. This behavior differs from
the modal characteristics noted in the cases studied in Section 4.6.1, as higher-order
modes occur in one panel at frequencies below the fundamental resonance of the other
panel. For example, the second mode shape for Case C includes a characteristic 1,2

mode shape on one side of the panel, and very little oscillation on the other side.
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Table 4.13: Panel Specifications for Two Panel Adaptive ART Study

Spatial Geometry and Stacking Sequence
Stacking Sequence [90/ £ 45/0],
Structure Length (a) 1.2m
Structure Width (b) 0.8m
Panel 1 Width (b;) 0.597m
Panel 2 Width (b,) 0.598m
Support Width (w,) 0.005m

Material Specifications
Material Nomenclature | NiTi(20%)/GFRP(80%)
E;(unactivated) 36.5 GPa
E;(unactivated) 9.6 GPa
G12(unactivated) 4.7 GPa
Vi2 0.28
E, (activated) 47.3 GPa
E, (activated) 10.1 GPa
G, (activated) 5.0 GPa
viz(activated) 0.28
p 2730 2%
Laminate Properties
E, (unactivated) 19.2 GPa
E, (unactivated) 19.2 GPa
Gy (unactivated) 7.5 GPa
vz, (unactivated) 0.27
E, (activated) 23.2 GPa
E, (activated) 23.2 GPa
Gy (activated) 9.1 GPa
vzy (activated) 0.28
| Recovery Stress 68.9 MPa ||
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Table 4.14: Two Panel Adaptive ART Activation Scenarios

Scenario Activation Summary
Unactivated no plies activated
Case A 0° and 90° plies of panel 1 activated only
Case B 90° plies of panel 1 activated only
Case C all plies of panel 1 activated only
Case D all plies of panel 1 and 90° plies of panel 2 activated

172




Left Panel: Right Panel:
No Plies No Plies
Activated Activated

Mode 2 (49.8 Hz)

Figure 4.27: Unactivated Panel Modal Analysis and Activation Summary
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Left Panel: Right Panel:
0° and 90° Plies No Plies
Activated Activated

Mode 2 (95.7 Hz)

Figure 4.28: Case A Panel Modal Analysis and Activation Summary
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Left Panel: Right Panel:
90° Plies No Plies
Activated Activated

Mode 2 (68.7 Hz)

Figure 4.29: Case B Panel Modal Analysis and Activation Summary
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Left Panel: Right Panel:
All Plies No Plies
Activated Activated
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Figure 4.30: Case C Panel Modal Analysis and Activation Summary
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Left Panel: Right Panel:
All Plies 90° Plies
Activated Activated
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Figure 4.31: Case D Panel Modal Analysis and Activation Summary
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Referring to the transmission loss curves of Fig. 4.32, at the second structural reso-
nance (100.2 Hz) for Case C, the transmisson loss exceeds 30 dB; and in fact remains
consistently above 30 dB from 60 to 110 Hz. This trend suggests structural acoustic
control of adjacent adaptive panels is not limited to the first two structural modes;
but, in fact, the concept can be extended to consider numerous combinations of mode
shapes. Additionally, Fig. 4.32 shows that sound tranmsission loss can be effectively
controlled by adaptivly tuning this centrally supported panel from 0 to 110 Hz, with

minimum transmission loss exceeding 30dB.

4.7 Discussion of Results

The analytical results obtained using the techniques formulated in Chapter 3 are pre-
sented in this Chapter to demonstrate some of the key physical trends, limitations
and capabilities of low frequency structural acoustic control of SMA hybrid composite

panels.

Acoustic transmission analysis results by CLPT and FSDT are compared in Section
4.1, showing that the two theories agree very well for thin panels with width-to-
thickness ratios (2) greater than or equal to 50. These theories also agree fairly well
for panels as thick as % = 25, and diverge significantly as % approaches 10, with the
largest transmission loss discrepancies occuring at and around the lower-order panel

resonance frequencies.

The effects of panel thickness on structural tuning authority are discussed in Section

4.2. The initial studies of Section 4.2 show that the overall tuning capability of a
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given SMA hybrid composite material (in this case NiTi/GFRP) diminishes with in-
creasing panel thickness. Decomposing the activation to compare ASET effects and
APT effects shows that the influence of activation-induced strain-energy tuning due
to large activation-induced membrane stresses tends to decrease, whereas the influ-
ence of activation-induced elastic properties transformation remains constant with
panel thickness. This observation is theoretically supported by the fact that the
activation-induced membrane stresses, which bear direct influence on active strain
energy tuning, are linearly proportional to panel thickness. Flexural stiffnesses are
cubically proportional to panel thickness; however, and directly proportional to elas-
tic moduli. Structural stiffness increases more dramatically with panel thickness than
in-plane loads. The influence of APT should remain constant for a given SMA hybrid
composite material composition as panel thickness varies, and the influence of ASET

should be considerably greater for thin panels.

The effects of structural damping on acoustic transmission loss are evaluated in Sec-
tion 4.3 for a quasi-isotropic fiberglass panel. The analytical results presented in
Section 4.3 suggest that low-frequency on-resonance and near-resonance transmission
loss increases as damping increases. Off-resonance transmission loss was shown to
decrease with increased damping at some frequencies. The effects of damping are

shown to be less critical at higher modes.

In Section 4.4, dimensionless parameter study results are presented to evaluate the
effects of panel length-to-width aspect ratio and ply stacking sequence. These re-
sults indicate that maximum structural tuning authority is achieved for SMA hybrid

composite panels with plies oriented such that the fiber direction is parallel to the
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shorter panel dimension. These non-dimensional studies are valid for panel width-
to-thickness ratios of 100, and their results support the observation above, that the
structural tuning authority of ASET is dominant over that of APT for thin panels;

depending on the fiber activation, material characteristics, and fiber activation.

Structural acoustic and dynamic control by localized activation of SMA hybrid com-
posite panels is demonstrated in Section 4.5. The results of Section 4.5 indicate
that some low-frequency structural acoustic control and limited active mode shape
modification are achievable by the localized activation scenarios considered, and that
significant natural frequency modifications can be achieved by activating fibers where

flexural deformation is greatest for a given mode shape.

Two concepts of low-frequency structural acoustic control by adaptive ART of SMA
hybrid composite panels are presented and evaluated in Section 4.6. The first concept
requires the generation of large, concentrated, activation-induced force resultants to
produce a highly stiffened panel section, which functions as a support or pseudo-rib,
causing the structure to respond to dynamic excitation like two elastically coupled
sub-panels. The second concept considers a simple support at the center of the panel,
which divides the structure into two coupled panels, which can be independently
tuned to produce adaptive ART. Analytical results obtained considering both con-
cepts suggest that adaptive ART is an effective technique for strategically controlling
low-frequency sound transmission through SMA hybrid composite panel-like struc-

tures.
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Chapter 5

Conclusions and
Recommendations

5.1

Conclusions

Five major conclusions can be drawn from this research:

Analytical models have been formulated and demonstrated for predicting
the modal and structural acoustic response of symmetric, simply supported,
SMA hybrid composite panels using finite panel acoustic radiation theory, the
Rayleigh-Ritz method, and two plate theories (CLPT and FSDT). Another
technique was developed for the evaluation of locally activated SMA hybrid
composite panels with piece-wise ‘homogeneous’ elastic properties and strain-

energy distributions.

The analysis of Section 4.2 was conducted to study the influence of laminate
thickness on the changes of resonant panel frequencies resulting from elastic
properties transformation and activation-induced membrane stresses. By first
evaluating the resonant panel frequency changes due to APT and then con-

sidering the effects of APT and ASET combined, it was shown in Section 4.2
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(considering a quasi-isotropic, NiTi/GFRP laminate) that the control author-
ity of APT is invariant with laminate thickness. The control authority due
to ASET was found to vary significantly with panel thickness, such that thin
SMA hybrid composite structures generally have more inherent control author-
ity than thick structures. For example, the fundamental frequency of a thin
(8mm) panel tuned by APT only was shown to increase by 10%, and the fun-
damental frequency of the same panel was shown to increase by 272% when
tuned by APT with ASET. The fundamental frequency of a 64mm thick panel
tuned by APT only was also shown to increase by 10%; however an increase of
only 68% was noted with APT and ASET. The theoretical explanation for this
trend is that the flexural panel stiffnesses (which can be modified by APT) are
cubically proportional to panel thickness; whereas the in-plane force resultants
of the activation-induced membrane stresses in a structure (by which ASET

occurs) are linearly proportional to panel thickness.

Results of normalized fudamental frequency analyses are presented in Section
4.4 for thin, eight-layer, angle-ply laminates. These results, which were pro-
duced to evaluate the effects of panel length-to-width aspect ratio and ply ori-
entation on ASET and APT capabilities, show that the fundamental frequency
of thin, NiTi/GFRP (20% NiTi by volume), square panels can be increased
6.25% to 11% by APT; and by 180% to 235%, when the combined effects APT
and ASET (APT with ASET) are present. The greatest control authority is
attainable for square panels when the plies are oriented at +90° or £0°, and
the least control authority is available for a ply orientation of +45°. The funda-

mental frequencies of thin, rectangular panels with large length-to-width ratios

(¢ = 4), can be increased 5% to 17% by APT, and by over 300% when APT
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and ASET are applied. The greatest structural tuning authority can be realized
for long, narrow members when the fiber orientation is biased parallel to the
shortest structural dimension, and the minimum control authority is realized

when the fibers are orientated in the longitudinal direction of the structure.

e Case study results are presented in Section 4.5 which show that adding the op-
tions of localized fiber activation to the globally activated options can increase
the low-frequency structural acoustic control capability of an SMA hybrid com-
posite panel by up to 7dB. At the fundamental unactivated panel resonance,
analytical results predict that transmission loss can be increased by over 30dB
by activating only the central half of the panel. The benefits of localized fiber

activation over global activation are:

1. More control versatility is available with localized activation, as many

(rather than only two) fiber activation scenarios may be exploited.

2. The net activation-induced force resultants throughout the structure and

its supports are lower when fewer SMA fibers are activated.

3. The total amount of electrical energy required to activate the structure is

reduced when fewer SMA fibers are activated.

4. Less internal heat energy is introduced within the structure when it is

locally activated.

e A novel technique, adaptive ART, has been introduced for actively controlling
low-frequency sound transmission through SMA hybrid composite panels. Two
strategies are presented in Section 4.6 by which adaptive ART can be imple-

mented. One method considers a single panel and a unidirectional layup. For
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this concept to work most effectively, SMA fibers must be embedded in narrow
bands such that large local concentrations of SMA fibers are placed strategically
about the panel. When one of these bands is activated, the high concentration of
localized activation-induced strain energy produces an activation-induced sup-
port or ‘pseudo-rib’; which transforms the structure into two unactivated sub-
panels, with a stiffened section between them. The dynamic behavior of the

structure can then be modified in two ways:

1. The modal response of the structure can be altered such that the first

structural resonance is dominated by the characteristic 2,1 mode shape.

2. The unactivated panel sections can be tuned to resonante above and below
a particular frequency such that high transmission loss occurs due to the
alternate resonance of theses panel sections when the structure is acousti-

cally excited at or near that frequency.

The analytical results of Section 4.6.1 indicate that the transmission loss at and
around around the first unactivated panel resonance can be increased by over
30dB when a ‘pseudo-rib’ is activated near the center of the panel, and that
transmission loss at higher frequencies can be strategically increased by 5 to 10

dB by adaptive alternate resonance tuning.

Another adaptive ART concept has been introduced which considers placing a
stiffener at the center of a simply supported SMA hybrid composite panel. SMA
fibers on either or both sides of the stiffener can be activated to cause them to
resonate at different frequencies, thereby producing alternate resonance tuning.

Analytical results predict that broad-band structural acoustic control capabili-
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ties for this concept can be realized such that from 0 to 90 Hz, transmission loss
can be increased more than 10dB above the transmission loss for the unactivated

structure.

5.2 Recommendations

The analyses of this thesis consider ideal activation scenarios, in which material be-
havior is assumed to be governed by the micromechanical model presented in Chapter
2. SMA fiber activation is assumed to occur at a given temperature, with uniform
properties transformation and recovery stress. The thermal energy introduced in the
SMA fibers during activation is assumed not to soften the composite matrix material
into which these fibers embedded. Also, the SMA fibers are assumed to be perfectly

bonded to the matrix material.

It can be anticipated that many departures from these assumptions may exist, in-
cluding non-uniform heat energy distribution, thermal interraction between the SMA
fibers and matrix materials, imperfect bonding between the SMA fibers and the
matrix material, mechanical behavior that is inconsistent with the micromechani-
cal model used, and temperature sensitive matrix material properties and behavior.
To address these issues, fundamental experimental research is neccesary to evalu-
ate activated and unactivated material response. Such activities may include system
identification analyses to determine material properties and applied in-plane loads by
measuring and evaluating modal response characteristics, durability tests and thermo-

cycling evaluations.

Experimental work is recommended to verify the adaptive alternate resonance tuning
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concepts demonstrated analytically in Chapter 4. Of the two concepts presented,
the centrally supported concept is recommended for primary emphasis, as the ac-
tual capability of producing an activation-induced support or pseudo-rib may be very
difficult to achieve. Furthermore, utilizing an actual support appears more effective
as far as laminate construction versatility, SMA fiber volume fraction, and acoustic
transmission control capabilities are concerned. To achieve reasonable agreement be-
tween experimental and analytical results, the models presented in Chapter 3 should
be expanded to consider such effects as clamped boundary conditions and orthotropic

stiffness-proportional damping.

Future activities may also consider multi-panel arrays (ie. 2 by 2 arrays) of indepen-
dently supported SMA hybrid composite panels, which can be tuned by either local-
ized or general activation. Another possibility may involve active structural acoustic
control of SMA hybrid composite panel structures at higher frequencies by adaptively

tuning higher modes, considering approaches similar to alternate resonance tuning.

The analytical approach of this research for evaluating the dynamic and structural
acoustic response of locally activated panels is presented in the context of stiffness
tuning. The energy prinicple considered is not limited to this consideration, and the
model can easily be expanded to consider other effects such as point-force actuators
or piezoelectric patch-type actuators. An interesting application in this regard is the
simultaneous consideration of adaptive structural tuning of SMA hybrid composite

structures with dynamically excited piezoelectric patch actuators.
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Appendix A

Rayleigh-Ritz Formulation Using
FSDT

The Section 3.3 presents a technique for analyzing the transmission of plane-wave
acoustic incidence through a thin, simply supported, symmetrically laminated com-
posite panel. For thick plates, the effects of rotary inertia and transverse shear
deformation significantly affect the vibratory and modal response of the structure.
Although these effects will not be studied in much detail in this thesis, it is useful to
understand how transverse shear deformation and rotary inertia influence structural
acoustic and modal behavior, and under what conditions these effects are critical to

the accuracy of the CLPT model formulated in the previous section.

For this purpose, and to assist future researchers in the area of active structural acous-
tic control using SMA hybrid composite materials, a finite panel acoustic radiation
analysis model is formulated in this section using first order shear deformation theory

(FSDT).

The primary differences between FSDT and CLPT pertain to assumptions 1,6, and

11 of Section 3.3. FSDT considers the the effects of transverse shear deformation and
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rotary inertia, whereas CLPT assumes these effects to be negligible. Where CLPT

is accurate only for thin structures, FSDT can be used to more accurately analyze

thicker members with relatively low width-to-thickness ratios.

The FSDT finite panel acoustic radiation analysis model initiates with the microme-

chanical analyses of the material transverse shear modulii. The other elastic lamina

properties are already available from Section 2.3.1. Only G;3 and Gj3 remain to be

determined.

Obtaining G5 is quite simple, as per Whitney (1987);
Gz = Gra.

The other transverse shear modulus, G3 requires a bit more effort;

G _ G23m Ga
B vaa + vaG23m
where
E22m
Ga23m
B 2(1 + vo3m)

(A1)

(A.3)

The next step of this formulation is to define the stiffness and compliance coefficients

associated with transverse shear deformation. The compliance terms are simply:

1
544—5'2;

1
555——@
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and the stiffness coefficients are

Qs = Ga

Qss = Gis. (A.5)

Incorporating these with the constitutive relations of Section 2.3.1, the material stiff-

ness matrix can be written as

Qu @iz 0 0 0
Q12 Q2 O 0 0
[Q] = 0 0 Qs O 0
0 0 0 @ss O
0 0 0 0 Qes

(A.6)

For a rotated layer, in which the material axes are rotated relative to the global

coordinate axes, the following stress-strain relations apply:

Oz @n Qu’ 0 0 916 €z Oz

Oy Qrz @ 0 0 Qs Ey Ty

Tyz ¢ = | O 0 Qu Qp 0 Yyz ¢+ 0 (A.T)
Trz _0 _9 Q45 QSS _0 Yzz O

Try Qe @ O 0 Qe Yry Try

where

Qu = Quacos’0+ Qss sin’ @
5 = (Qaa— @Qs5)cosbsinb

55 — Q44 sin2 0 + Q55 COS2 0 (A.S)

The activation-induced stresses, o, , o, and 7, are already presented in Eq. (2.20).

For FSDT, the displacements are defined by Whitney (1987) as

u = uo(wayat)+z¢x($syvt)
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v = v°(z,y,1) + 2¢y(z,y,1)

w = w(z,y,t) (A.9)

where t is the time dimension, and %, and %, are the total rotations along the
respective x- and y- directions as shown in Fig. A.l.

By definition,

'wz = U
Yy = v (A.10)

Based on the displacement relationships above, the FSDT strain displacement equa-

tions are

€z = 5: + Z"/)r,x

gy = &yt 2y,
Yvz = v,(; +wy =ty twy
Yz = u?z +w, = ¢.1: + we

Yoz = uf’y + v:’x = ’y;y + Z(’t[)x,y + ¢'y,x) (A.ll)

The constitutive relations are

(N ) [ An Az A Bu Bz Bis ] g ) (N )
Ny A2 Ay A Bz By By 5?, Ny
Ngy | _ | Aie A Aes Bis B Bes ) ‘Yzoy Sy Ng,
M, (| Bu By B Du Di Dis Yo M, |
My Bl2 B22 B26 D12 D22 -D26 d’y,y My

(| Mgy ) | Bie Bxs Bes Dig D Des ] | Yry+ ¥ys J | Mg,

(A.12)
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Figure A.1: ¢, and %,; after Craig and Dawe, 1986
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and

() oef e Ao ) o) s

where A;;, Bij, D;j, Ny, Ny, Ny, M, M, and M,, are defined in Section 2.3.1.

The variable, k, known as the shear correction factor, is determined by comparing

FSDT and elasticity solutions.

Because this analysis only considers symmetric laminates, the B;; terms equal zero,

and the constitutive relations can be rewritten as:

( Nz ) —All A12 A16 0 0 0 1( Ex l ( N; A
Ny A12 A22 Ag(—; 0 0 0 €y N;
< Ngy | _ Ag A Aes 0 0 0 Yoy [ . N, |
M, 0 0 0 Dy Di Di Yo | M:
M, 0 0 0 Dy Dy Dy Yyy My
| My | 0 0 0 D Dy Des ] | oy + by [ M, )
(A.14)

Q:c _ kA kA, w,x""‘,bz
{ Qy }_ [ kA:: kA5: ] { Wy, + B, } (A.15)

The expression above consists of eight linear equations. Because the B;; terms are all
zero, the in-plane and transverse deflections decouple. Since only transverse responses

are sought, only the bottom five equations need to be considered for this analysis.

The constitutive relations can therefore be reduced to:

Mz Dll D12 D16 0 0 "/’.r,x M:c
My D12 D22 D26 0 0 lby,y My
sz = D16 D26 D66 0 0 d’z,y + "/)y,:c + M:cy (A16)
Qz 0 0 0 kA44 kA45 w,z + 1,[)3; 0
Qy 0 0 0 kA45 kA55 w,y + 'l/)y 0
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To determine dynamic and modal response, the Rayleigh-Ritz method is used. This
method initiates with the application of Hamilton’s principle. The governing equa-

tions of motion are obtained by considering the total energy functional:
N=U+V+W-T (A.17)

where II is the total energy, U is the strain energy, V is the potential energy due to
applied in-plane forces, w is the potential energy of the transverse forcing function,

and T is the kinetic energy.

The above expression can be rewritten in the context of FSDT as:

T = S{Du. + 2Dt sty + Dos(ty + )’ + Dt
+2D16%2,2(Yzy + Vyz) + 2D26tyy (Yo gy + Yyz)
+hAu(W] + 2w,y + w3) + kAss(VE + 2900, + W)
+2k Ags ($athy + Powy + Yy + wewy) + Now),
+Nyw§l + 2N w wy — 2qw — m,[,(.uzw2 + Cp, tww

—m,w’Y} + Cp,iwh, — mw’2 + Cp, iwh, }dzdy (A.18)

where ¢ is the transverse forcing function, m, is the mass per unit area, and m, is

the mass moment of inertia per unit area, determined by

3 N
me= [ ptdz= 33 P - ), (A19)
-7 k=1

and Cp, is the mass proportional damping coefficient. The rotary damping coeflicient,

Cp. is:

r

2m, ¢ (A.20)
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Before solving the total energy equation to obtain the governing equations of mo-

tion, boundary conditions must be evaluated to provide assumed forms of solution

for ¢, (z,y,t), ¥y(z,y,t), and w(z,y,t). These boundary conditions are

Atz =0and z = q;

and at y = 0 and y = ¢g;
w=1, = = 0.
These conditions are satisfied by

¢:c(xa Y t) = Z Z Amn COS

=1 3=1
M N

Yy(z,y,t) = Z Z B, sin mre cos —— nry et

=1 ]—1 b

W(z,y,t) = Z Z Cn S = §in . it
a

=1 j=1

(A.21)

(A.22)

(A.23)

Substituting Eq.(A.21) into Eq.(A.16) and minimizing the total energy expression

with respect to the displacement amplitude coefficients, Amn, Bmn and Cp. yields

three governing equations of motion:

CllAmn + C12an + Cl3cmn - 0

=
b
H
|
M
M=

-
Il
—

w,
Il
b

CZlAmn + CZZan + CZSCmn =0

=

[o:]

3

3

|
M
M=

-
I

—
<.
]

-
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m N a b wTmzxz . TN
HC,mn = Z Z C31Amn + C32an + C33Cmn - anA /0 sm sin ——ydﬂly =0

=1 j3=1 a b

where the (;; coefficients are

2

Gi=  ZPDy[SSSS]+ i De[CCCC) — Z2iD[CSCS)
+A55[CCSS) — Zmi Dy g[CSCS) + (Cp,iw — muw?)[CCSS]  (A.25)

2= TDy[SSSS] — Zim Dyg[SCSC) + “mi Deg[CCCC]
— 4% Dy [CSCS] + Ass[CSSC) (A.26)
(is = mm A [CCSS) 4 T A5[CSSC] (A.27)

(= TZHLDy[SSSS] — 2 Dy[SCSC] + T De[CCCC]
— T4 Dog[SCSC) + Ags[SCCS] (A.28)

(2= TE"Dn[SSSS]+ T Des[CCCC) ~ T2 Dye[ SCSC]
+(Au[SSCC) — ZmiDy)[CSCS] + (Cp,iw — mw?)[CCSS]  (A.29)
C23 = %A44[SSCC] + WTmA‘;s[SCCS] (A30)
Car = ™ Ass[CCSS] + 2L Ags[CSSC] (A.31)
(32 = Ebj‘AAM[SSCC] + %A45[CSSC] (A.32)
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Cos = T (Ass + N2)CCSS] + 42 (Asa + N2)[SSCC]

2

+Emi( Ay + N2,)[SCCS] + 22 (A + N2,)[CSSC]

+(Cp,tw — mpw?)[SSSS)

and
[CCCC) = cos T2 cos T2 cos T2Y o5 0¥
a a b b
[CCSS] = cos 7 cos T2F gin 7Y i TY
a a b b
[CSCS] = cos T sin T0T cog Z2Y gin T
a a b b
[CSSC] = cos % gin 7% gin Z2Y cos T2¥
a a b b
[SCCS] = sin 7 cos TT s 1Y in I2Y
a a b b
[SCSC] = sin T s T gin TIY 05 T
a a b b
[SSCC] = sin % in T% cos 1Y cos T2
a a b b
[SSCC] = sin 7 sin T8 cos 1Y s T2¥
a a b b
[SSSS] = sin T2 sin 2% gin TIY in I7Y
a a b b
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(A.37)

(A.38)

(A.39)

(A.40)
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(A.43)



These equations can be rewritten in matrix form to evaluate forced dynamic and

0N

s=(m—-1)N+n
t=(C—-1)N+j

static response as

C21 C22 C23

l:CII Cl2 Cl3
CSI (:32 C33

0
0 } (A.44)
q S

where

or to determine modal response as

Zn §:12 (13 m 0 0 A, 0
(a1 G2 C3 | —| 0 n22 O w? B, p=¢0 5. (A.45)
Gat (32 (a3 st 0 0 s ], Ct 0

The (;; and 7;; terms are

(i = Gu = (Cp,iw — mw?*)[CCSS] (A.46)
Cap = (22 — (Cp,iw — muw?)[SSCC) (A.47)
Cas = Cas — (Cp,iw — myw?)[SSSS] (A.48)
mm = mw*[CCSS] (A.49)
N2 = mw?[SSCC] (A.50)
N33 = mpw?[SSSS] (A.51)

Next, the acoustic forcing function must be determined. Only transverse pressure
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components are considered, and therefore, as in the other two previous formulations,
the following forcing function is considered:
M N
. ™mI . TNy ;
a(z,y,t) = D_ Y gmnsin sin L gt (A.52)
a

m=1n=1 b

To analyze sound transmission through the panel, the technique of Roussos (1985)
is again utilized, and the forcing function function ¢(z,y,t) can be expressed as the

blocked pressure:
¢(z,y) = 2Pexp[—(w/c)i(zsinb;cosd; + ysinb;cos;)], (A.53)

The distributed forcing function can be rewritten in the form

gs = 2P 1,.1,, (A.54)

where I, and T, are defined in Eqgs.(3.14) and (3.15).

By solving the simultaneous equations produced by Eq.(A.23), the displacement coef-
ficients (C}) can be determined. Knowing these values for a given pressure incidence,
0; and ¢;, the transmitted pressure can again be found using the Rayleigh integral

approach as

2 hab : m N
Py(r,0,¢) = el exp{iw[t—z—sma(a cos p+bsin¢)]} > Y Crmnlmln, (A55)
2rr c 2 By Syt
where
v, = & (A.56)
pc

Considering U} to be the complex conjugate of U,, the transmitted acoustic intensity
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is defined as
1 .
It(T‘,G, ¢) = §R6[PtUr]
The transmitted acoustic power, II;, can be determined as

27 z
1, = / * Ir?sin 0d0dg.
¢

=0 J§=0
Where II;, is defined as

I, = (P2abcos 9,-).
2pc

The transmission loss can be found as

TL = IOIog(%).

t
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