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| have been a part of the shock and vibration community in one way or another for more
than thirty years. Much of that time has been occupled with the technical information
business and, as » part of thet, the organization of technical symposia. It is not surprising,
therefore, that | have heard most of the arguments for and against participation in confer-
ences and symposia. The basic question is whether the benefits of symposia to a person
and/or his organization outweigh the costs. There is, of course, no single answer to this
question. Each symposium must be judged on its own merit reiative to the needs of the
person and organization involved. In some cases, 8 decision is made as a resuit of 8 debate
between staff and management. The manager is ususlly the bad guy and the burden of
- proof with respect to benefits rests with the staff member. In other cases, there is no
. opportunity for debate. The answer is negetive without recourse, sometimes without an
!! explanation,
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There are organizations with a policy of total nonparticipation, while other organizations ;
offer almost unlimited opportunities in the other direction. In my view, both policies are v
extreme and wrong. In the first case, the engineers and scientists must work in a vacuum ¥
with little opportunity to interact with their peers. In the latter, productive research and -
development effort may well suffer from too much time away from the job. The correct
policy lies somewhere in between, where the decision is based on & careful sssessment of
the benefits versus the cost. In other words, | think that judgments relative to symposia
Perticipation are important and should not be taken lightly. Furthermore, these judgments
should be taken with equal care by both staff and management,
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In the pest, members of the shock and vibration community have used Statistical Decision
Theory to find a rational solution in the face of uncertainty. This process involves an
examination of the probabilities of different results from esch of several possible actions.

In other words, they examine possible actions and possible results in terms of the product I*;

of their knowledge of the situation and their ingenuity in devising strategies. | am certainly ;i

not an expert on Decision Theory, but | would ask those who are to consider application 1

of the theory to the symposium attendance problem. Can we use this method to examine ;

all factors bearing on the decision and arrive at some probability of beneficial results? 1

Such a tool, if proven valid, could be of great value to those faced with such decisions. "
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EDITORS RATTLE SPACE

OBSOLETE INSTRUMENTATION

Recently | wrote about the lack of engineering courses in our colleges and univer-
sities on making physical measurements. At that time | alluded to one cause of this
growing trend to exclusive training in computational techniques: a lack of funds
to buy test equipment -- both instrumentation and test fixtures.

A recent editorial by George E. Pake of Xerox Corporation on obsolete instru-
mentation in universities* reminded me of this situation. Pake reviews the state of
instrumentation used in the universities for research and training in such basic
sciences as chemistry, physics, life, earth, and astronomy, According to his assess-

- ment the situation borders on disaster; billions of dollars are needed to modernize
:-'_. the instrumentation in university laboratories. Pake claims that the strength of our
b~ technological economy depends on our ability to train quality scientists, Perhaps
»

- it can be argued that we are in or should be in a transition from a technological
society; however, the growth of computers and other high technology-oriented
products does not reflect this trend.

What does it mean to the engineering profession? As with the basic sciences it is
essential that engineers use instrumentation and associated techniques to perform
their duties of design, development, and analysis. Fortunately the instrumentation
involved in engineering does not approach the cost of that used in physics courses.
It is my opinion that in the engineering area much necessary equipment could be
obtained either by direct donations or at a reasonable cost. The interest shown by
the faculty and administration in obtaining equipment will determine whether or
not the test equipment in our engineering labs will be modernized. It appears to me
that both industry and government are sensitive to these needs. If properly ap-
proached and challenged, they will aid in the refurbishment of the instrumentation
in our university laboratories.

R.L.E.

[
Y
i

*Pake, George E., ““Universities’ Obsolete Instrumentstion,” Physics Todsy, August, 1982,
p. 88,
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COHERENT STRUCTURE AND JET NOISE

R.E.A. Amndt* and D.F. Long*

This review on aeroacoustics ressarch
focuses ‘on the existence of coherent structures in
turbulent flow. Their possible influence on sound

radiation is also described. %

It has been pointed out that the noise level of a
turbulent jet scales like the eighth power of velocity
and diameter squared (U%d?); thrust scales with the
square of both velocity and diameter {(U3d?). The
noise level on an equal thrust basis is’ therefore
proportional to U%, leading to the conclusion that
significant reductions in jet noise are possible at the
same thrust level by moving larger quantities of air
at lower velocity. This is exactly what the high bypass
ratio fan jet engine does. Propulsive efficiency is also
increased, The fan jet concept is probably the most
significant noise reduction concept available and does
not rely on any modification to the basic turbulent
flow.

This review focuses on one new aspect of aeroacous
tics research; i.e, the existence of coherent structures
in turbulent flow and their possible influence in the
radiation of sound. It has been pointed out [22] that
turbulence research has taken a new direction with
the discovery that turbulent flows of simple geometry
are not as chaotic as previously thought. Early
studies (7, 21] relied on relatively simple flow
visualization. Researchers are reexamining methods
that might lead to meaningful understanding of the
physics of turbulence. An in-depth review of this
topic is available [8] .

The effect of large-scale, coherent structure in turbu-
lent flow on noise radiation is an important problem,
Unfortunately current conclusions are as diverse as
the number of investigations in progress. Even though
a definitive statement on the role of coherent struc-
ture in radiation cannot yet be made, many interest-
ing results have been obtained. They point to a better

understanding of the physics of noise radiation and
could lead to improved methods of noise control.

COHERENT STRUCTURES IN TURBULENCE

Experimental research in the last 20 years has shown
that the transport properties of most turbulent
flows are dominated by large-scale vortical motions
that are not random, The size of these motions,
or structures, is comparable to the width of the
flow; an underlying vorticity is instantaneously
correlated over the spatial extent of the flow (see
Figure 1). These structures were undetected during
more than 30 years of research. It is evident that the
experimental methods, which relied heavily on the
interpretation of two-point velocity correlations,
were doomed to failure. Time and space averages
taken from one or two probes fixed in space tend
to smear out the essential features of these structures
because the averages are taken over many realizations
of different structures in different stages of develop-
ment [22),

The statistics of turbulent flow can be interpreted
to accommodate the existence of coherent structures.
An example is the typical set of space-time correla-
tions using two hot wires in the mixing layer of a
jet (see Figure 2). As the spacing between the wires
increases, the delay time for peak correlation in-
creases. The ratio of spacing to peak delay time is
fixed and equal to convection velocity U, The
envelope of these correlation curves, shown as a
dotted line in Figure 2, represents the autocorrela-
tion in a frame of reference moving at U.. The
classical interpretation of this moving frame auto-
correlation is that of eddies continuously deforming
and giving up energy to smaller eddies through the
mechanism of vortex stretching.

A different view is that the eddies themselves do not
deform to any significant degree; rather, their life-

*St. Anthony Falis Hydraulic Laboratory, University of Minnesota, Mississippi River at Third Ave. S.F., Minneapolis, MN 55414
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times are randomly distributed in time [35]). The Well before coherent structures were in vogue the )
moving frame autocorrelation then indicates the possibility that large eddies - an order of magnitude
probability of survival of an eddy as it convects from larger than the energy containing eddies - exist in ;
ons probe to another. In this interpretation, the shear flows was explored [16, 37]. Eddies were k
turbulence performs its work only during the time defined as @ mean statistical quantity from space- ;‘
vortices are created or destroyed. The flow is rela- time correlation measurements, Because these large .\
tively quiescent during the time the eddy is con- eddies contain relatively little energy, correlation 3
vecting., Since the lifetimes of the eddies vary in measurements would appear to say more about the Z
both space and time, the measured space-time correla- energy containing scales of motion than about the "
tion gives the impression of a continuous energy largest scales. Flow visualization experiments show ;

exchange. This is in agreement with other observa- that the largest scales are defined more precisely than
tions [6] that the Reynold stress production is a statistical interpretation allows. 1
highest during the period of vortex pairing, a process |
in which two ring-like eddies merge into a single Possibly the first clue that coherent structures exist |
larger eddy. and influence noise radiation was obtained as a result
of a detailed examination of the near field pressure
signal [31]. It was suggested that turbulence comes
in wave packets the phase of which is preserved for
a few diameters as they convect downstream, The b
assumption is that the turbulence is convected at i
the phase velocity obtained from cross correlation .
measurements. The phase velocity is the speed that ;
best preserves the spatial relationship between peaks

and valleys of the signal; that is, an observer traveling '_

Figure 1. Ring-like Vortex Structure Made Visual

in a Turbulent Jet with Smoke Injection, Figure 2. Typical Space-Time Correlation Data.
3 Re = 26,000; flow is from bottom to top; the long The straight line marked by triangles is the correla- .
; slender object is the support for the hot wire used tion between wire spacing x¢ and the peak delay time :
: to trigger the camera (Courtesy Professors R. Drubka (defined here as the tangent to the moving frame :

E and H. Nagib, Hlinois Institute of Technology). autocorr.iation) [38].




at the phase velocity would see the slowest change
in the signal but not necessarily the slowest change
in all sizes of eddies.

Coherent structures can be considered either an
orderly arrangement of well defined eddies or a
large-scale, wave-like motion superimposed upon
the more irregular fine grained turbulence in the
flow. In fact, calculations have shown that the jet
is sensitive to helical as well as axisymmetric modes
{20]. This observation is interpreted in terms of
vortex structure in Figure 3.

ACOUSTIC EXCITATION AS A METHOD
FOR STUDYING COHERENT STRUCTURES

The lifetimes of coherent structures vary in both
space and time. The introduction of small ampli-
tude acoustic disturbances of appropriate frequency
tends to bring the large scale structure into greater
coherence; in effect, the wave-like motion is phase-
locked to the excitation signal.

Smoke visualization has been used to determine that
a naturally developing jet at a Reynolds number less
than 20,000 showed little evidence of coherent
structure [4]. Acoustic excitation with a loudspeaker
caused readily observable axisymmetric vortices
that were observed to pair into larger structures. It
has been observed that similar vortical motions

VORTEX WAVE
INTERPRETATION INTERPRETATION
Mooe: o =

Figure 3. Alternative Viewpoints of Coherent
Structure

occurred at lower Reynolds number (3000) without
excitation, but distinct vortex structures at higher
Reynolds number were not seen [2] .

In a landmark paper Crow and Champagne [11]
found evidence that the same type of orderly struc-
ture exists in a high Reynolds number jet as was
previously observed in low Reynolds number jets.
Coherent structures were enhanced by acoustic exci-
tation at forcing frequencies comparable to those at
which the bulk of the turbulent energy is found

id
(G5 = 03)

Acoustical excitation results in a wave-like structure
that dominates the turbulent field over the first five
to six diameters of the flow at the expense of fine
grained turbulence,

It has been suggested [20] that the initial shear layer
instability (sensitive to much higher frequencies) can
be coupled to the column mode instability studied by
Crow and Champagne [11] through the mechanism
of vortex pairing. The initial shear layer of a jet was
excited at the most highly amplified frequency fg
{in this particular case fed/Uj = 3.54). This excitation
enhanced and stabilized large axisymmetric eddies
that were observed to pair at discrete positions in
the jet. The vortex pairing sequence produced fre-
quencies fg/2, fo/4, and fg/8 in the flow field, Maxi-
mum coupling occurs when

18‘2 = fc or;-% =fc n = an integer

where fc is the column mode frequency. This is
illustrated in Figure 4, which is based on unpub-
lished work at the University of Minnesota. The
dotted line is a plot of 8f. vs velocity as measured
ina 7.1 mm jet. Superimposed on this plot are the
calculated most unstable frequency in the laminar
shear layer for both an axisymmetric disturbance f,
as well as a spiral disturbance f; (amplification rates
at the given unstable frequency are about equal).*
Excitation in this case is at a constant frequency of
40 KHz. The velocity is varied such that either the
helical mode or the axisymmetric mode is dominant.
Typical far field noise spectra are shown in Figure 5,
At M = 0.21 the axisymmetric mode is dominant;
the noise spectrum conteins tones at fg = fg and its
subharmonics as well as such nonlinear interaction
tones as fo/8 + (f; = fo) and f5/4 + (fy - f,). At the

*These frequencies scale with momentum thickness, which in a laminar shear layer scale with TR power; hence f, ~ U 32
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slightly lower Mach number of M = 0.20 the helical
mode is dominant; jet noise is suppressed by approxi-
mately 8dB. Comparable results have been observed
(40] in the polential core,

Kibens work [19, 20] and the unpublished work
at the University of Minnesota dealt with jets at
relatively low Reynolds number (Ud/v < § x 10%).
Recent work [27] as well as earlier work [39]
indicate that jet noise at low Reynolds numbaers
(<10%) is relatively less intense than jet noise at high
Reynolds number and that differences also occur in
the spectral characteristics. It is possible that the
coherent structure in a jet plays a more passive role
at higher Reynolds number, Significant increase
was found in the broadband level of jets at high
Reynolds number (>10%) when forced at frequencies
comparable to the column mode instability [3, 32].
In a review of aeroacoustics Crighton [10] showed
that excitation at Reynolds numbers in excess of
10°% results in increased broadband noise and con-
versely excitation at Reynolds numbers below 10%
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Figure 5, Comparison of Far Field Spectra from a 7.1 mm Jet.
1). natural development; 2). excitation of axisymmetric mode; 3). excitation of spiral mode
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results in decreased broadband levels (albeit there
can be dominant pure tones in the signal). Another
important point is that noise spectra are independent
of flow speed: i.e., Helmholtz number fd/a, is a
better frequency scaling parameter. This is also true
for unforced jets at low Reynolds number [27].

THEORETICAL MODELS

Attempts have been made to calculate the noise
radiation from coherent structure using the Lighthill
theory [23, 24]). The first models proposed were
discrete vortex models. Hardin [17] modeled the jet
as an axial array of axisymmetric ring-like vortices
convecting downstream, The analysis showed that
the primary noise source mechanism is the temporal
change in the toroidal radii. Other investigators [25]
also used ring-like structures to model the near field
pressure and found qualitative agreement between
model and experiment,

Two other models, a wave model and a vortex pairing
model, have been described by which noise could be
produced by a large structure [12]. The wave model
is based upon instability waves [26]. The noise
source is seen to be the growth and decay of this
wave in the axial direction. If the randomness in
phase is small, the radiated noise would be narrow
band. If the randomness in phase is not small even
though the forcing frequency (or passing frequency)
is pure tone, the radiated noise would be broadband.
Experiments [32] suggest that this model is correct.
The vortex pairing model is based on the possibility
that the forcing term in the Lighthill model is signifi-
cant only during a vortex pairing event. This con-
jecture has been supported by observations [6].
Another model [12] is valid only for jets in which
the pairing process has a fairly regular pattern, as
is the case in a forced jet or in jets at low Reynolds
number, The model predicts extremely well the
overall sound pressure level [32]; this is probably
coincidence due to the crude nature of the model.

A triple decomposition scheme has been used to
formulate the problem as an organized wave [15].
Numerical results indicate that the wave-induced
stress gradients

aui

Tt
ij 3o
ax]

are the significant factors in noise production, This
term has been used to describe the interaction be-
tween the organized wave and the fine grained
turbulence [33}. The noise is not produced by the
large structure or the turbulence acting separately
but by the interaction of the two. Gatski [15] also
claimed that the model is supported by Moore's
experimental results.

Michalke [28, 30] viewed this problem in an abstract
way; he formulated coherence as a statistical quantity
and not as an observable coherent structure. He used
cylindrical coordinates to express the pressure terms
as a Fouier series of aximuthal components of the
source, He looked at single frequency components
and concluded that the lowest order modes (m =
0, 1, 2) would be the most efficient radiators of
sound.

An energy integral method was used to estimate the
development of the lowest order modes [9]; modes
beyond m = 2 were insignificant in terms of source
coherence, Experimental results [1, 9, 13, 39] sup-
port this estimaie in both the near and far fields.
Recently it has been shown [b5] that far field mes-
surements of source coherence can be misleading.
It can be shown theoretically [34] that an azimuthal-
ly coherent radiation pattern can be generated from
a cylindrical array of incoherent sources at low
Helmholtz number (d/A<€1). The peak of the noise
spectrum for low Reynolds number jets is at a Helm-
holtz number of 0.1 [27].

SUMMARY

Coherent structures in turbulent jets have been
observed in naturally developing jets, especially at
low Reynolds number. Detailed study requires
either acoustic excitation to b.ing the coherent
portion of the turbulent motion into greater promi-
nence or the use of conditional sampling techniques.
Flow visualization is an important experimental
technique.

Theoretical models have been constructed to deter-
mine the relevance of these structures to the jet noise
problem, These modes fall into four main categories:
discrete vortices, instability waves, vortex pairing,
and large scale-small scale interaction. The instability
wave model has received the most attention, The
mathematical development from first principles is
straightforward, but the details are complicated.
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The last two models are more complex theoretically,
The vortex pairing model is really a subset of the
interaction model because vortex pairing can be
considered as the interaction of two large structures,
When the pairing process is isolated, there is theoreti-
cal and experimental evidence that pairing produces
a sufficiently violent turbulent field to account for
the observed noise, When this model is extended to
vortex interactions from all different sizes, the
broadband noise spectrum is obtained,

it is also possible that large structures merely modu-
late the noise produced by more conventional turbu-
lent sources but play no active role in the production
itself. This idea is feasible but has not received
sufficient mathematical treatment as yet. In fact,
the evidence to date

® at low Reynolds number the noise field is
somewhat less energetic

® the spectrum at all angles scales best with
Helmholtz number

Aadr et mu vl pret e et R Brele it R T Janas G Rt A e SR R S
“ . . LT . . PR . .

L AR R B LA A A e T

@ forced jets produce a radiation pattern that
scales with Helmholtz number

® broadband noise is suppressed by acoustic
excitation at low Reynolds number and en-
hanced at high Reynolds number

points to a pattern, Perhaps at sufficiently low
Reynolds number direct acoustic radiation from
vortex pairing events can be a dominant noise source
that is enhanced if the coherent structure is made
dominant by acoustic excitation. At sufficiently
high Reynolds number, noise due to the interaction
of the wave-like structure with incoherent fine-scale
turbulence might be dominant. Acoustic excitation
enhances the wave-like structure; but at the same
time the interaction noise is enhanced, resulting in a
higher broadband level.

A summary of the significant observations on the
nature of coherent structure and the supporting
theoretical developments is presented in the Table,

Table. Summary of Experimental Observed Characteristics and Their Theoretical Foundation

T e L L T

. ‘i
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MODEL,
OBSERVATION METHOD SUPPORTED BY SUPPORT
Broadband increase in Plenum excitation Bechert and Pfizenmaier [3] Wave model of

radiated noise with excitation

Broadband decrease in
radisted noise

Significant Reynolds stress
production during vortex pairing

Normalized acoustic power
output is less below Re=10°

Helmholtz scaling works better
in the presence of large structures
than Strouhal scaling

Noise amplitude independent
of excitation amplitude

A spike in U signal is correlated
with 8 spike in far field pressure

Similarity between turbulence
spectra and far field spectra

Possibility of feedback of noise
on initial shear layer

Shear layer excitation

Conditional sampling

Low Reynolds number

and excitation

Low Re and excitation

Excitation

Conditional sampling

Moore {32]
Schmidt [36]

Kibens [20]

Browand and Weidman (6]

Long etal [27]
Yamamoto (39}

Long et al [27]

Moore [32]

Moore {32]

Juve et al [18])

Fuchs [13])

Fuchs and Michel [14)

Laufer and Monkewitz [22]
Kibens {18]

Ffowcs Williams and
Kempton {12]

Pairing model

Pairing model

Modifying effect of
large structure

Vortex interaction
{pairing)

Extended source
wave model

?
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The important point is that not one unified theory
can explain all of the experimentally observed charac-
teristics of coherent structures. This implies that
future mathematical models will require an even
greater degree of sophistication.

The prognosis for future developments in this area
is both bleak and bright. There is no evidence that
favorable control of jet noise can occur at high
Reynolds number; in fact, the problem of excess
noise in jet engines becomes more insidious because
noise sources within the jet engine can reorganize
the turbulence in the jet in a manner that is more
effective for noise generation. On the other hand,
the fact that axisymmetric and spiral modes are
equally sensitive within the jet and that the spiral
modes appear less effective as a radiator of sound
is a bright spot. In any event, the study of coherent
structures has led to a new and meaningful under-
standing of turbulence in general. This is perhaps
the most important result of this concerted effort.
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survey and analysis

LITERATURE REVIEW: giins sheckand

s Vibration literature

The monthly Literature Review, a subjective critique and summary of the litera-
ture, consists of two to four review articles each month, 3,000 to 4,000 words in
length. The purpose of this section is to present a ‘‘digest’’ of literature over a
period of three years. Planned by the Technical Editor, this section provides the
DIGEST reader with up-to-date insights into current technology in more than
150 topic areas. Review articles include technical information from articles, reports,
and unpublished proceedings. Each article also contains a minor tutorial of the
technical area under discussion, a survey and evaluation of the new literature, and
recommendations. Review articles are written by experts in the shock and vibration
*ield,

This issue of the DIGEST contains articles about behavior of elastomeric materials
under dynamic loads and research on dynamics of composite and sandwich plates.

Mr. E.C. Hobaica of General Dynamics, Groton, Connecticut reviews literature
published since 1979 on the behavior of rubber materials under small amplitude,
sinusoidal forces.

Dr. C.W, Bert of the School of Aerospace, Mechanical and Nuclear Engineering,
University of Oklahoma presents a survey of the literature concerning dynamics
of plate-type structural elements of either composite material or sandwich construc-
tion. Papers from mid-1979 through early 1982 are reviewed.
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BEHAVIOR OF ELASTOMERIC MATERIALS
UNDER DYNAMIC LOADS - III

E.C. Hobaica*

Abstract, This is a review of literature published since

1979 on the behavior of rubber materials under small
amplitude, sinusoidal forces. Advances in the field
in the past three ysars were most significant when
applied to the fleld of damping.

This is the third review of the state of the art of
rubber when it is subjected to small amplitude sinu-
soidal stresses, The two previous reviews were pre-
sented in 1976 (1] and 1979 [2]. The following
compilation brings the reader up to date on publica-
tions since 1979,

GENERAL

No new significant test apparatus or method of
testing has appeared in the past three years. Data on
dynamic properties of rubber-like materials continue
to be presented in many forms. Applications of
improved analysis techniques with rubber-like mate-
rials reflect a greater understanding of materials
behavior, possibly due to increased cooperation
between the materials engineer and the analyst.
Constitutive equations are being developed that
allow unified modeling of viscoelastic behavior,
Correlation between molecular structure and dynamic
properties remains murky and subject to limited
studies at a few schools. Correlation is a field for
fruitful research, particularly in the area of copoly-
mers, It also presents the greatest potential for
rapid advances in materials that push the present
limits of modulus and damping.

A few articles published in the past three years fall
into the category of general reviews of the subject.
Perhaps of most interest is that of Snowden (3] on
vibration isolation; included are an extensive dis-

cussion of static and dynamic properties of rubber-
like materials and a lengthy bibliography. The article
is recommended as a basic text on the use of rubber-
like materials in vibration isolation and for the
beginner interested in viscoelastic behavior.

Another recent summary on parameters affecting
dynamic properties of elastomers [4] reviews the
effects of frequency, strain amplitude, temperature,
and static load including hydrostatic pressure. The
interdependence of these parameters is discussed,
The paper is a survey of existing literature rather
than a presentation of any detailed study and is much
more limited in scope than Snowden's paper.

Some of the most significant advances in the under-
standing of viscoelastic behavior of elastomers have
occurred in conjunction with the development of
damping materials. Three papers provide excellent
background information on the behavior of elasto-
mers as they function as viscoelastic dampers [5-7].
The paper by Rogers [5] is of most general interest,
He presents a unified model of viscoelastic behavior
under sinusoidal, relaxation, creep, and constant
strain rate conditions. He has used polymer dynamics,
solid mechanics, system dynamics, structural analysis,
and feedback control systems to construct a unified
constitutive equation,

Another attempt at a constitutive equation for an
elastomer has been made [6]. A generalized model
was derived and used to describe the linear frequency-
dependent stiffness and damping of a particular
elastomer. A constitutive relation was found that
was continuous and bounded for sinusoidal strain,
In the third paper [7] a modal strain energy approach
was implemented with finite element techniques
and used to predict modal damping loss factors of
viscoelastic damped structures.

*General Dynamics, Electric Boat Division, Dept., 443, R&D Annex, Eastern Point Road, Groton, CT 06340
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TESTING

A number of papers have been devoted to testing
methods of viscoelastic materials. Several novel
and unusual techniques were described at the April,
1980 meeting of the Acoustical Society of America,
The session on measurement of dynamic modulus
and loss factors of viscoelastic materials covered a
wide range of unusual techniques for determining the
dynamic properties of elastomers (8] .

The torsion pendulum continues to be a popular
instrument for researchers desiring to characterize
thermal transitions and mechanical relaxation pro-
cesses in rubbers. Instrument data i*=2 been recorded
graphically using a computer [9].

Most of the dynamic data reported .n the literature
are taken on rubbers at very low strains; linear
viscoelastic response at such low strains can be
assumed, A method for measuring dynamic visco-
elastic response at large strain magnitudes has been
described [10]. It was demonstrated on a series of
elastomers with various carbon black loadings. The
operation of the Rheovibron in the shear mode has
also been described [11].

Interesting and productive work on development of
data at high frequency with elastomers is going on at
the Naval Surface Weapons Center. The equipment
used has been described [12], and much of the
dynamic data has been summarized [13]. A pro-
gressive wave technique was used in which a pulse
was initiated at one end of ¢ string of rubber. The
phase and amplitude of the compressional wave were
measured at several positions. The data were pro-
cessed in a minicomputer; Youngs modulus and a
loss factor were automatically plotted vs frequency,
A wide range of frequencies (100 Hz to 20K Hz) is
swept automatically, and much data are accumulated
before the position of the pickup is changed.

Another article on damping materials is useful for
the reader interested in testing of viscoelastic mate-
rials [14]. A very simple test was used to determine
modulus and loss factors of elastomers: the transient
response of a damped single-degree-of-freedom sys-
tem, including the viscoelastic material, was observed
and analyzed. The decaying free vibration of a simple
cylindrical specimen impacted by a small hammer was
measured. The response trace was recorded on a

storage oscilloscope, and the amplitude ratio of
successive maxima of response could be measured,
Values for modulus and loss factor vs reduced fre-
quency at different temperatures can be determined,
Data by this method on two different materials
compared favorably with other more complex test
methods.

DYNAMIC DATA

A number of papers present some data on dynamic
properties of elastomers, It is difficult to apply these
data to the solution of specific material selection
problems because of their diversity. The influence
of carbon black loading on the dynamic properties
of elastomers subjected to static deformations was
investigated [15) .

Dynamic stiffness and damping data were given for
polyurethane foams used for sound enclosures [16].
Such materials are rarely tested in this mode, The
paper would be useful in determinations of resonant
frequencies and responses of structures containing
such materials. The frequency band of concern was
200 Hz to 1000 Hz,

The dynamic viscoelastic response of various blends
of natural rubber with two tackifier resins were
evaluated on the Weissenberg rheogoniometer {17].
Two interesting presentations [18, 19] highlight the
dynamic properties of various polyurethanes when
used alone or blended with fillers and epoxy resin,
Of particular interest were the broadening effects on
loss factor of polyurethane-epoxy blends.

Much of the data generated at the Naval Weapons
Systems Center on the progressive wave apparatus
has been summarized (13]. The paper also includes
data generated at David Taylor Naval Ship Research
and Development Center in Annapolis. Dynamic
data were presented over broad temperature and
frequency bands.

Various blends of rubbers and plastics were evaluated
on the torsion pendulum; correlations were estab-
lished between blend stiffness and properties of
individual components [20]. The dynamic properties
of glass bead filled thermoplastic polyurethane
have been measured using the rheovibron and torsion
pendulum [21]. Dynamic data on four elastomers --
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Viton, Vamac, neoprene, and butyl -- have been pre-
sented {22]. The Rheovibron and an inertial mass
test method were used to obtain data at various
temperatures. An equation for predicting the temper-
ature sensitivity of the elastic modulus is presented.

Some dynamic data on EPDM rubbers have been
presented (23, 24). The effects of oil type, carbon
black level, and a cure system for an EPDM rubber
were studied [23]; six commercial EPDM rutbers
were tested on the rheovibron [24] .

APPLICATIONS

Recent work on elastomeric bearings is important
because it illustrates design parameters and typical
bearing applications of elastomeric materials. Data
on dynamic properties of elastomer cartridges oper-
ating under a rotating load were presented [25]. The
dynamic properties of two elastomer buttons and a
shear specimen were tested on a resonant mass
apparatus, and temperature distribution was mea-
sured. The experimental results were compared with
analytical productions. Data on dynamic properties
of elastomer cartridges operating under a rotating
load were given [26]. An elastomer damper was
compared to a hydraulic damper for a power trans-
mission shaft [27], and a guide for the design of
elastomeric dampers in rotating machinery was pre-
sented [28]

i

Two articles are of peripheral interest in this review
in that they describe two bearing applications for
natural rubber [29, 30]. The first covers bearings
for large structures and contains relevant static and
dynamic properties of natural rubber and some
mathematical modeling of rubber behavior. The
second covers rubber bearings in transport and is
primarily application oriented.

;
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RESEARCH ON DYNAMICS OF COMPOSITE
AND SANDWICH PLATES, 197981

C.VW. Bert*

Abstract. This paper presents a survey of the /itera-
ture concerning dynamics of plate-type structural
elements of either composite material or sandwich
construction. Pspers from mid-1979 through early
1982 are reviewed, Particular attention is given to
experimental research and to linear and nonlinear
analysis. Configurations Include rectangularly ortho-
tropic, cylindrically orthotropic, and anisotropic
plates; laminated plates; and thick and sandwich
plates. Free and forced vibration, flutter, and impact
are considered,

The fundamentals of the mechanics of composite
and laminated plates have been discussed in a previ-
ous two-part survey [1], which was updated in 1979
[2]. Other recent surveys that are closely related to
the present work include the author's survey of vi-
bration of composite structures [3], a survey by
Leissa on complicating effects in free vibration of
plates [4], another paper by the same author on
vibration, buckling, and postbuckling of composite
plates [b], and a survey by Reddy on finite-element
analyses of composite plates and shells [6] .

Information sources referenced in this survey are
primarily papers in the open literature and a few
reports, The following topics are not included:
anisotropic-crystal plates, magnetoelastic effects,
and plates with cracks.

EXPERIMENTAL RESEARCH

Research that is primarily experimental rather than
analytical is described in this section, It is encour-

series of clamped rectangular plates and cylindrically
curved panels. The plates were of graphite/epoxy
and hybrid graphite/epoxy/aluminum alloy and
were laminated in various symmetric lamination
schemes. The experimental results were compared
with those of a mixed finite element developed by
Lee and Pian [8). Agresment for mode shape was
excellent, Agreement for frequencies was reasonable;
discrepancies were attributed to differences between
dynamic flexural and static in-plane moduli.

Rasskasov and Sokolovskaya [9] investigated the
static and frequency response of a series of hinged
and combined-support rectangular plates of single-
core and double-core sandwich construction. They
included four lamination schemes symmetric with
respect to the midplane and four unsymmeétric
schemes. The stiff layers were of sheet stee! and of
glass/polymer; the cores were of foam plastic. The
results were compared with analytical results for
hinged supports,

Teh and White [10] conducted experiments on
eight-layer graphite/epoxy (and aluminum-alloy)
panels with clamped edges. The panels were sub-
jected to a combination of uniaxial compression and
random acoustic pressure loading to simulate condi-
tions representative of an aircraft flight environment,
Experimentally determined frequencies were gener-
ally lower than those obtained by Rayleigh-Ritz
theoretical analysis.

Chamis and his associates [11] reported on an
innovative series of experiments to determine the
resonant frequencies and damping factors of lami-

(D ST S

nated panels previously subjected to damage induced
by residual stresses and monotonic or cyclic applied
loads. The materials were glass/epoxy and high-modu-
Sinusoidal and random loadings. Crawley [7] investi- lus-graphite/epoxy in various lamination schemes.
gated the resonant frequencies and mode shapes of a They concluded that the dynamic response of the
*Perkinson Professor of Engineering, School of Aerospace, Mechanical and Nuclear Engineering, University of Oklahoma, ﬁo—;

aging to note an increase in experimental research
since the 1970 survey [2].
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glass/epoxy panels was susceptible to low-level
damage, but that the response of the graphite/epoxy
ones was not,

Impact and blast loading. The considerable recent
experimental research on impact loading of com-
posite plates has been surveyed recently by Takeda
and Sierakowski [12]. An extensive series of experi-
ments reported by Takeda, Sierakowski, and their
associates [13-16] were concerned with glass/epoxy
laminated panels subjected to local ballistic impact.
Emphasis was on the delamination failure mecha-
nisms.,

Rhodes and his associates [17] investigated low-
velocity impact damage in graphite/epoxy panels;
Hayes and Rybicki [18] reported on experiments
on panels of graphite/epoxy, aramid/epoxy, and their
hybrids. They also concentrated on delamination
failure. Knauss [19] reported on the use of the
moire fringe technique to determine the phenomeno-
logical aspects of damage due to low-velocity impact
in graphite/epoxy laminates,

In a series of experiments C.T. Sun of Purdue Univer-
sity and his associates [20-22] focused attention on
the contact law and its role in the dynamic response
of locally impacted plates.

Rajamani and Prabhakaran [23] investigated the
response of unidirectional glass-epoxy plates sub-
jected to blast loading produced by a shock tube.
Both solid plates and plates with a central circular
hole were studied. The measured dynamic amplifi-
cation factors for glass/epoxy averaged about 35%
lower than those for homogeneous aluminum-alioy
plates.

LINEAR ANALYSES OF THIN PLATES

Linear analyses of thin plates assume linear stress-
strain behavior of the material and small deflections
so that strain-displacement relations are linear. Fur-
thermore, in many cases the material is assumed to
be macroscopically homogeneous through the thick-
ness, Thus, the material can consist of either a single
layer of composite material or multiple layers pro-
vided that all layers have the same grientation, Three
categories of reinforcement geometry are considered
in this section: specially orthotropic and generally

18
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orthotropic (equivalent to anisotropic) with respect
to rectilinear coordinates and cylindrically ortho-
tropic (such as approximated by manufacture using
the filament-winding process)., Thin laminates (non-
homogeneous through the thickness) are also dis-
cussed.,

Specially orthotropic thin plates. Specially ortho-
tropic thin plates have the principal-material-sym-
metry axis oriented parallel to a geometric axis of
the plate (such as a center line or axis of symmetry).
Sakata [24, 26] reviewed the use of reduction meth-
ods to convert numerical results for isotropic plates
to those for specially orthotropic plates.

In a series of papers Laura and his associates [26-
31] used polynomial approximating functions
in conjunction with either the Rayleigh-Ritz or
the Galerkin method. Part of the work [26-28]
was concerned with rectangular plates having elas-
tically restrained edges. Various combinations of
free and elastic edges were analyzed [26], as were
an attached concentrated mass [27] and plates
tapered in two directions [28). The solid circular
planform was considered [29] , as were the polygonal
planform [30] and a methodology for analysis of
either clamped or simply supported planform with
numerical results only for regular polygons [31].

A number of other analyses were concerned with
rectangular-planform plates. For example, Wilson
[32] considered an infinite plate strip on an elastic
foundation and subjected to line loads and moments
traveling at constant speed. It is cautioned that in
this analysis, an incorrect equivalent isotropic plate
approach is used. For example, the Poisson-bending
and twisting term

2(Dy, + 20.) 2w
12 66 3x23y?
is replaced by the following much more restrictive
term:

4
2(Dy1D,,) % —3¥
11722 3x23y2
D, and D,, are the flexural rigidities in the x and y
directions, Dy, is the Poisson-bending rigidity, Des
is the twisting rigidity, w is the plate deflection, and
x and vy are the longitudinal and transverse directions
in the plane of the plate.
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Sakata [33) treated simply supported rectangular
plates with stepped thicknesses, using the reduction
method [24, 25]). Ganesan and Dhotarad [34)
analyzed plates tapered in one direction with tem-
perature-dependent elastic properties and subjected
to a temperature gradient. They used the finite-
difference method to consider all edges clamped, all
edges simply supported, and opposite edges clamped
and simply supported. Sobotka [35] analyzed visco-
elastic plates with the latter two combinations of
boundary conditions. However, this analysis has been
severely criticized [36] .

Kuttler and Siglillito [37] applied to clamped rectan-
gular plates their method [38] for obtaining upper
and lower bounds on the natural frequencies. Bucco
et al [39] applied a combination of the finite-strip
method [40] and the deflection-contour method
(41] to various shapes of isotropic plates and to
clamped, square, orthotropic plates. Narita [(42]
used a series method to attack the problem of free
vibration of a plate that is partially restrained along
portions of its edges and simply supported on the
remainder,

Simply supported plates of parallelogram planform
were considered by Sakata [43] using the reduction
method (24, 26]. Forced vibration of polygonal
plates with linear damping was analyzed by Katsaitis
[44]. Plates of infinite planform extent were con-
sidered by Busch-Vishniac [45], who derived the
driving-point impedance in the presence of initial
tension, and by Das and Roy [46], who considered
arbitrary forcing functions for plates on elastic
foundations,

Anisotropic (generally orthotropic) thin plates. In
a series of paper [47-49], Laura and his associates
considered plates of rectangular planform, using
polynomial approximating functions and either the
Rayleigh-Ritz or the Galerkin method. Elastically
restrained edges were treated [47]; clamped edges
and in-plane initial loads were included [48]. The
effect of a small, free-edge diagonal cutout at a corner
was also investigated [49] .

Sakata and Hayashi [50] conducted both analytical
{using the reduction method) and experimental
investigations of parallelogram piates.

Irie and Yamada [51) used the Rayleigh-Ritz method
in conjunction with spline functions to analyze

elliptic plates with confocal elliptic holes, Although
the equations were developed for general orthotropy,
they were implemented numerically only for special
orthotropy,

Polar (cylindrically) orthotropic thin plates. Cylin-
drically orthotropic (or polar orthotropic) plates
are those with directions of material symmetry that
coincide with a circular cylindrical coordinate system.
In practice, such plates are made by winding fila-
ments circumferentially on a circular mandrel. In a
plate {or disk) configuration, the plates are most
widely used as reinforcements at circular cutouts or
as rotating disks (energy-storage flywheels and tur-
bine or compressor disks}. Biaxial loadings are present
in both of these categories of application and the
most efficient designs involve varying thickness (radi-
al taper), Surprisingly, during the time interval cov-
ered in this survey, apparently only one paper on vi-
bration of a varying thickness plate subjected to in-
plane preload appeared. This was the work of Dyka
and Carney [562]. They considered a circular annular
plate with parabolic thickness variation and ring-type
stiffeners at both edges and subjected to uniform
radial compressive load at the outer edge.

Circular plates subjected to centrifugal preload were
considered by several investigators. The in-plane
torsional vibrations of both radially tapered and
uniform-thickness disks were analyzed by Ochan
[63), who developed expressions for the critical
speed of rotation for dynamic instability. Flexural
vibration of a uniform-thickness plate with ring-type
stiffeners at both edges was treated by Dyka and
Carney [54). Laura et al [65] made Rayleigh-Ritz
and FEM (finite-element method) analys:s of uni-
form plates subjected to uniform in-plane prestress.

Flexural vibrations of varying thickness plates with-
out preload were studied by several investigators.
Lenox and Conway [56] presented a closed-form
solution for vibration of a plate with a parabolic
thickness variation vibrating in any arbitrary combi-
nation of radial and circumferential nodes. This
solution should be valuable in assessing the accuracy
of various approximate numerical techniques. Bell
and Kirkhope [57] considered plates with piecewise
stepped radial thickness variation by extending the
isotropic transfer-matrix analysis due to Ehrich [58] .

Both FEM analysis and experiments were used by
Ginesu et al [59] to study flexural vibrations of
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uniform-thickness plates with various boundary
conditions. Gorman [60] used an FEM analysis
[69] to develop extensive tabular results for uni-
form-thickness annular plates with various combina-
tions of clamped, free, and simply supported edge
conditions, Avalos and Laura [61] used a Galerkin
polynomial approach to treat the axisymmetric
flexural modes of annular plates with elastic rota-
tional restraints. Tani [62] investigated the dynamic
instability of annular plates subjected to pulsating
torsion in their plane,

Sector plates have a quadrilateral planform in the
shape of a sector of an annular circular plate. The
Rayleigh-Ritz method was used to analyze free vibra-
tions of such plates. Irie et al [63) used spline func-
tions as the admissible function; Ramaiah [64] used
simple polynomials.

Laminated thin plates. In the time frame covered
in this survey, there have been relatively few linear
analyses of laminated thin plates. C.T. Sun of the
University of Florida presented an excellent wtorial
exposition [65]. Crawley and Dujundji [66] made a
Kantorovich variational analysis of symmetrically
laminated cantilever plates. Lin [67] considered
clamped, free, and simply supported plates resting
on a viscoelastic foundation and subjected to a con-
stant force moving along the plate at constant speed.

Stavsky and his associates [68, 69] considered the
arbitrary-mode vibration of circular plates consisting
of concentric cylindrically orthotropic layers. Two
different eigenvalue solution schemes were used:
a classical approach [68] and a finite-difference
scheme [69]. In these works it was shown that
certain lamination schemes are capable of producing
higher fundamenta! frequencies that can be attained
by homogeneous plates of either constituent material.
This is not surprising, as it is the basis for the use of
sandwich construction,

Dynamic fracture mechanics of a laminated plate
were considered [70]. Laminated composite plates
(cross-ply laminates and isotropic-material laminates}
with discrete stiffeners were analyzed by Chao and
Lee [71]) using a classical approach.

Although the potential for tailoring of laminates is
usually mentioned as one of their advantages, most
optimization to date has been on an ad hoc basis
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and has not considered dynamic criteria (objective
functions or constraints), Rao and Singh [72] at-
tempted to remedy this situation in a recent formal
optimization using nonlinear mathematical program-
ming. They considered minimum-weight design with
constraints on minimum fundamental natural fre-
quency, minimum buckling load, and maximum static
deflection,

LINEAR ANALYSES OF MODERATELY
THICK PLATES

Due to the low thickness shear moduli of fiber-
reinforced composite materials relative to their
flexural elastic moduli, it is advisable to include
thickness shear deformations (sometimes called
transverse shear deformations) in dynamic analyses
of plates made of such materials. This inclusion is
often necessary even in the case of plates having
geometrical parameters such that they would be
considered thin if they were constructed of homo-
geneous isotropic material. Inclusion of thickness
shear deformations has resulted in the generation of
the analyses that are discussed below. Because there
is considerable analogy between so-called sandwich
plates and homogeneous or laminated plates with
thickness shear deformation included, sandwich
plates are also discussed.

Specially orthotropic, generally orthotropic, and
cylindrically orthotropic plates with thickness shear
flexibility. A new and improved theory includes
thickriess stretching as well as thickness shearing
deformation (73]. The theory was applied in a Ritz-
Galerkin analysis of a cantilever, rectangular plate of
CFRP (carbon-fiber reinforced plastic) and hybrid
glass FRP and CFRP plates.

Dobyns [74) presented a simplified analysis of
simply supported plates subjected to blast loading.
He called his materials laminates but neglected
bending-stretching coupling (Bij) and bending-twist-
ing coupling (D¢ and Dy4). The symbols are ciassi-
cal laminated plate theory notation [75, 76]. An
orthotropic high-precision finite element [78] was
extended [77] by adding the effects of an elastic
foundation,

Patra and lyengar [79) made a displacement-function
FEM analysis of a generally orthotropic rectangular



plate clamped at its outer edges and containing a
free-edge circular or rectangular cutout.

Cheung and Chan [80] applied the finite-strip meth-
od [40) to cylindrically orthotropic sectorial plates,
Other work has also been reported (63, 64} .

Laminated plates with thickness shear flexibility.
In a recent monograph, Bolotin and Novichkov [81]
covered such aspects of the mechanics of laminates
as vibration and wave propagation of laminated plates
including thickness shear deformation. Green and
Naghdi [82]) developed a new dynamic thermoelastic
theory of plates laminated of orthotropic materials
and applied it to analysis of propagation of harmonic
waves in three-layer plates.

Khoroshun [83) also developed a new theory of
laminated plates and shells. It differs from the classi-
cal Reissner-Mindlin type theories (and Timoshenko
beam theory) in that it does not require ad hoc deter-
mination of thc shear correction factors. In this
respect it is analogous to the new theory of homo-
geneous plates introduced by Levinson [84). Khoro-
shun and lfvanov [85] applied Khoroshun's new
theory to wave propagation in two-layer laminated
plates.

Chatterjee and Kulkarni [86) developed a dynamic
approach to determination of the shear correction
factors for the Whitney-Pagano shear-deformable
laminate theory [87]. The factors were obtained
by matching cutoff frequencies for propagation of
thickness shear waves predicted by plate and elas-
ticity theories. In general slightly lower values than
those predicted by Whitney [88] using a static
approach are obtained. Chatterjee and Kulkarni
(89] made an extensive investigation of the effects
of material damping, temperature, and moisture
on the panel flutter of graphite/epoxy laminates.

The moving-load response of a two-layer plate on a
compressible fluid half-space was investigated by
Chonan [90}. A similar configuration was studied by
Crighton [91].

Reddy [92] used his isoparametric finite element
to analyze free vibration of simply supported rectan-
gular plates of angle-ply lamination scheme, He gave
numerical results showing the effects of plate aspect
ratio, relative thickness, and lamination angle on

plates of two different materials typical of high-
modulus graphite/epoxy and high-strength graphite/
epoxy. Reddy and Chao [93] studied the effect of
reduced integration, mesh size, and element type
{linear or quadratic) on predicted natural frequencies
of cross-ply and angle-ply plates.

Witt and Sobczyk [94] analyzed the cylindrical-
bending response of simply supported laminated
plates to random-pressure loading. Sih and Chen
[95] performed a dynamic fracture mechanics analy-
sis of a four-layer plate containing a crack and sub-
jected to sudden stretching. In a series of three
papers, Guyader and Lesueur [96-98] considered
vibration modes, transmission under oblique plane-
wave excitation, and transmission under reverberant
sound excitation,

Wave propagation in laminated plates was recently
considered by two different sets of investigators.
Kim and Moon [99] used a Laplace transform in
time and a Fourier transform in space and reported
information on longitudinal waves, thickness waves,
and wavefront surfaces. A similar analysis was made
by Sun and Tan [100] , who then tied it in with Sun’s
previous impact-law work {20-22] to predict plate
response to localized impact foading.

Certain materials, including fiber-reinforced compos-
ites with soft matrices, biological tissues, and brittle
materials such as concrete, have quite different stress-
strain curves when loaded in compression rather than
tension. As a first approximation to the stress-strain
behavior of such materials, Timoshenko [101] (one
dimensional case) and later Ambartsumyan [102]
{general case) suggested the use of a bilinear approxi-
mation, with different moduli in tension and com-
pression {thus catled bimodular). This approach was
extended to fiber-governed soft-matrix composites
[103]. Recently Bert, Reddy, et al [104] presented
the results of closed-form and FEM analyses for free
vibration of rectangular plates cross-plied of such
bimodular composite materials. More recently Reddy
[105]) reported on FEM analyses of such plates
subjected to transient loadings.

A specialized category of laminate is a plate with
unconstrained damping treatment, usually on one
side of a substrate, so that the laminate has a total of
two layers. The plate substrate is usually constructed
of a homogeneous, isotropic material (although it
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could be of composite material), and the damping
layer is usually a low-modulus, high-damping mate-
rial such as an elastomer, Recent research into various
kinds of damping treatments was surveyed by Nakra
[106].

In a series of three papers, Ramachandra Reddy and
his associates [107-109]) analytically and experi-
mentally investigated the response of plates with
unconstrained damping layers to random acoustic
excitation,

Sandwich plates A sandwich plate is one having a
lightweight, flexible, relatively thick core {or severa!
cores) with attached, stiff, relatively thin facings.
Thus, it is customary to neglect transverse shear
deformation in the facings and to include all of the
transverse shear deformation in the core (or cores).
The geometric configuration can be either symmetric
or unsymmetric with respect to the midplane of the
core,

Two papers were concerned with the effects of the
in-plane inertia terms. Markus and Nanasi [110]
made an extensive investigation of axisymmetric free
vibration modes of clamped circular plates with iso-
tropic facings and cylindrically orthotropic core.
Grover and Kapur [111] analyzed the transient re-
sponse of undamped, simply supported, rectangular
plates subjected to a half-sine acceleration pulse. The
materials were all isotropic;, however, the facings
were unsymmetric with respect to the midplane of
the core. It was found that, for relatively short
loading durations, the effects of both rotatory and
in-plane inertia actions were significant; for relatively
long shock durations the effects were small.

Chonan [112] made a theoretical analysis of -an
infinitely long plate with thick facings and initial,
in-plane, compressive stresses that was subjected to
a line load moving at constant speed. The same
author also analyzed both axisymmetric and un-
symmetric modes of circular annular plates with
initial radial tension and elastically supported at both
the inner and outer edges [113]. Gupta and Jain
{114] analyzed the free vibration of circular annular
plates with linear radial thickness variation; they
used a cubic spline method.,

Two papers were concerned with plate response to
random acoustic loading. Ramachandra Rao and
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his associates [116] made a Galerkin-type analysis
of clamped square panels with isotropic elastic facings
and isotropic viscoelastic core. Reasonable agreement
with experimental results was obtained. Narayanan
and Shanbhag analyzed the sound transmission and
structural response of an ordinary isotropic sandwich
panel [116] and one backed by an acoustic fluid
cavity [117).

Ibrahim and his associates [118]) made one of the few
recent analyses of sandwich plates with facings of
anisotropic material and arranged unsymmetrically
(incorrectly called unbalanced) with respect to the
core middle plane. They considered simply supported
rectangular plates with cross-ply and angle-ply fac-
ings.

In a series of two pioneering papers, Park and Bertoni
[119, 120] analyzed elastic wave propagation in a
hexagonal-cell honeycomb core (not a complete
sandwich). In the analysis they considered the dis
continuous nature of the detailed honeycomb geom-
etry. Thus, the waves considered were Bloch waves,
which are analogous to plane waves in an elastic
continuum, The purpose of their investigation was to
support the use of high-frequency waves for non-
destructive evaluation of honeycomb cores and panels
with honeycomb cores. However, in light of the wide-
spread use of hexagonal-cell cores in aircraft struc-
tural panels, their work should be of great interest
to the structural dynamics community as well, Their
results showed that the honeycomb acts as an elastic
continuum only at low frequencies [119]. They also
made a detailed study of the dispersive effects pro-
duced by the periodic nature of the structural con-
figuration [120].

Torvik [121] recently reviewed the analysis and
design of constrained-layer damping; i.e., a sandwich
consisting of a flexible, high-damping core with thin,
stiff, low-damping facings. For such structures with
equally spaced discrete stiffeners, Slazak and Vai-
caitis {122] developed an ingenious extension of the
transfer-matrix method,

Considerable recent activity has been aimed toward
the development of finite-element models of damped
sandwich panels, or constrained-layer damping
[123-128].

Ty W

i

— -‘-T

Boa 4 i i a0 4 A

A s Ty -

LI WP W T




g ) Al

. _—l

ndiey

ERCDOAENTIRS 4= I

P

e R VLIS PARISS ™ SXDr KAty — 3

YT

NONLINEAR ANALYSES

Although nonlinear analyses involve more Lomputa-
tional effort than linear ones, the former are some-
times necessary, particularly in [arge-amplitude
vibration (geometric nonlinearity}, in which the
slopes are sufficiently large to require the use of
nonlinear strain-displacement relations; and iri non-
linear constitutive equations,

Geometrically nonlinear thin plates. Although the
formulation of the equations governing the funda-
mental kinematic behavior of thin isotropic plates
in the presence of geometric nonlinearity is generally
attributed to von Karman in 1910 [129], it was not
brought into the formulation of laminated compos-
ites until the work of Whitney and Leissa in 1969
(130].

The most comprehensive work on the geometrically
nonlinear analysis of both the static and dynamic
behavior of thin plates is Chia's recent book [131],
Particularly pertinent are Chapter 1 on nonlinear
theory of laminated plates and Chapters 6 and 8 on
postbuckling behavior and nonlinear flexural vibra-
tion of anisotropic plates and of unsymmetrically
laminated anisotropic plates.

Table 1 is a summary of recent research papers [132-
142] on geometrically nonlinear vibration of thin
anisotropic and/or laminated plates. It should be
mentioned that a specific investigation was made
[138] to illustrate the errors that can result from the
use of Berger’s approximation [143).

Table 1. Analysis of Large-Amplitude Vibration Thin Anisotropic and/or Laminated Plates

Planform Material Type of
Investigators Reference Geometry Class® Problem Type of Solution

Alwear & Reddy, 132, Circulsr CO with Transient Chebyshev polynomials in

Neath & Alwar 133 damping loading space; Houbolt numericai
integration in time

Kanska Raju & 134 Circular co Free vibration Finite-element method

Venksteswara Rao (radially tspered

thickness)

Venkateswaras Rao 136 Circular CcO Axisymmetric Finite-element method

& Kanaka Raju free vibration

Kunukkasseril & 136 Circular Laminated Axisymmetric Galerkin

Venkatesan isotropic free vibration

Chia & 137 Perallelogram RO Free vibration Galerkin

Sathyamoorthy

Prathap & 138 Parailelogram RO Free vibration Galerkin

Varadan

Sathyamoorthy 139 Elliptic RO Free vibration Galerkin (combined deflection
and stress-function formula-
tion)

Sathyamoorthy 140 Elliptic RO Free vibration Explicit polynomials (three

& Chia displacement formulation)

Mei & Wentz 141 Rectangulsr Laminated Random Galerkin

anisotropic acoustic
w/damping loading
Niyogi & Meyers 142 Rectangular RO Free vibration Perturbation

*The symbols CO and RO denote cylindrically orthotropic and rectangularly orthotropic, respectively.




Geometrically nonlinear plates with thickness shear
flexibility. Considerable recent analytical research
on plates that are geometrically nonlinear and yet
hav thickness shear deformation and rotatory inertia
has emanated from only five research teams. The
most extensive work was by Sathyamoorthy, either
alone (144-149] or with Chia [150-153]. In these
investigations of a variety of planform geometries
the same general methodology was used throughout:
Galerkin solution in conjunction with Runge-Kutta
numerical integration. No laminated plates were
considered, although both specially orthotropic and
generally orthotropic ones were; see Table 2 for
details, It is interesting that Sathyamoorthy [146-
148] investigated use of the Berger hypothesis [143]
and found that it did not result in more than about
5% error for the cases investigated. Wang and Wang
[164] used the Galerkin method and the method of
multiple scales.

The most extensive finite-element work was by
Reddy and his co-workers {166-160]. They investi-
gated a variety of material classes and both free
vibration and transient loading, as can be seen in
Table 3. Other work has also been reported [161,
162].

Plates with nonlinear material behavior. Due to the
mathematical complexities involved, there have been
very few analyses of composite panels with nonlinear
material behavior, Katsaitis [163] considered the
sinusoidally forced vibration of a clamped, rectangu-
lar, thin plate of specially orthotropic material having
nonlinear damping. Ni [164) used a quadrilateral
finite-element approach based on the finite-difference
energy method to analzye thin panels constructed of
materials with a cubic nonlinearity in in-plane shear
deformation. Geometric nonlinearity was also in-
cluded,

T YL .

Table 2. Galerkin-Type Analyses of Large- Amplitude Vibration
of Thick Anisotropic Plates

Planform Material Flexural Boundary

Investigator(s) Reference Geometry Class* Conditions
Sathyamoorthy 144 Rectangular RO Simply supported
Sathyamoorthy 145, 146 Parallelogram RO Clamped
Sathyamoorthy 147 Circular RO Clamped
Sathyamoorthy 148, 149 Elliptic RO Clamped

o Ssthyamoorthy 160 Circular RO Clamped

g & Chis

",

E" Ssthyamoorthy 161, 152 Parallelogram GO Various

: & Chis

L‘ Sathyamoorthy 163 Rectangular GO Various

- & Chia

r:; Wang & Wang 154 Rectangular RO Clamped & simply

supported

;'\

. *The symbols GO and RO denote generally orthotropic and rectangularly orthotropic, respectively.
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Table 3. Finite-Element Analyses of Large-Amplitude Vibration
of Thick Anisotropic and/or Laminated Plates

Planform Material
Investigetor(s) Reference Geometry Class* Type of Problem
Reddy, Huang, 166 Circular co Free vibration
& Singh (axisymmetric modes)
Reddy & Huang 166 Circular Cco Free vibration
annular
Reddy & Chao 157 Rectanguler RO Free vibration
Reddy & Chao 168 Rectangular LA Free vibration
Reddy 169 Rectangular LA Free vibration
w/rectangular
cutout
Reddy 160 Rectangular LA Transient
Kanaka Raju 161 Rectanguler RO Free vibration
ot al
Mota Soares 162 Rectangular RO Transient
et al

*The symbols CO, RO, and LA denote cylindrically orthotropic, rectangularly orthotropic, and laminated aniso-

tropic, respectively.

In two reports [165, 166] Zak and Pillasch used a The author believes that the following aspects should
quadrilateral finite element to model the transient be investigated more fully in the future:

behavior of laminated plates with geometric non-
linearity and orthotropic elastic-viscoplastic material
behavior. The numerical time integration was accom-
plished by a finite-difference technique.

TRENDS AND SUGGESTIONS FOR FUTURE
RESEARCH

These trends are notable in the research reviewed
here:

® |ncreased emphasis on experimental research

® Considerable increase in the number of analyses
including thickness shear flexibility

® Continued expansion of the use of the finite-
element method, especially in the analysis of
nonlinear problems

Analyses of plates under transient loading
Expanded attention to more realistic material
models, including nonlinear stress-strain rela-
tions and material damping [167]

Analyses of geometrically nonlinear panel
flutter

Interaction between vibration loading and
material flaws, including fatigue crack propa-
gation

Study of the effects of laminate residual
stresses, due to thermal-expansion mismatch,
on vibration response of laminated plates
Increased attention to material and laminate
optimization, including hybrid composites
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