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The program described in this report was performed to bring together
a.ll available data from wind tunnel test, flight test, vibration test,
thermal test and theoretical investigaticns to form comprehensive panel
flutter design criteria. Procedures were developed which are applicable
to the environment and various panel structural arrangements for transonic
and hypersonic aircraftaerospace re-entry vehicles, and boosters.

This report (Volume II) presents the results of investigLa3ns tc
determine the state of the art in panel design and to provide the back-
ground data for the criteria that are given in Volume I. The investiga-
tions included a thorough literature seprch and review as well as surveys
of personnel and facilities having made recent contributions in the field.
In addition, supplementary analyses are described that were required in
some areas to complete the criteria presentation. A comprehensive
bibliography is appended to this volume.
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SECTION I

INTRODUCTION

The purpose of the work described in this report was to update existing
criteria and, where possible, to develop new criteria for designing panels
that may be subject to flutter. The criteria and guidelines presented in

this document are based on (a) the results of literature surveys, (b) con-

sultation with personnel who have made recent contributions in the field,
and (c) vurplementary analyses that were needed to clarify trends. The

panel parameters and physical characteristics that are taken into account
are the following:

Mach number Edge conditions
Dynamic pressure Curvature

Angle of attack Modulus
Length Inplane stress
Width Differential pressure
Thickness Differential temperature
Sweep (yaw) angle Cavity effect

The work is divided into two volumes in order to facilitate use of the
criteria; Volume I presents the criteria and guidelines for panel design,
and Volume II contains the background data ana study results that were used

as bases for the criteria as well as disc.ussions of inherent shortcomings
and problem areas.

In achieving the objectives of the program, the effort was divided into
the major phases as follows:

1. Data Compilation and Evaluation

This phase consisted of: (a) a comprehensive literature search and survey

to define the state of the art as pertaining to published information; (b) con-

tacts (personal and/or telephone) with individuals and facilities that have been

active in panel flutter work whether in research, test, or design; and (c)

evaluation and correlation of the data and information obtained during the

literature and facilities surveys.

2. Parametric and Trend Studies

The specific objectives of this phase included: (a) isolation of the

trends obtained duing the first phase data collection; (b) the supplementary

analyses that were necessary to complete the criteria for design of flutter-

free panels; (c) definition of comprehensive design criteria; and (d) definition

of areas, both analytical and experimental, in which furth~er work would improve

the state of the art.

3. Formulation of Panel Design Techniques

This phase included: (a) study of existing design techniques and existing

methods of presentation; (b) formulating a set of comprehensive design criteria

that incorporate elements of existing criteria together with results of supyle-

mental studies; and (c) definition of areas that require further study.

1
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The facilities survey is discussed in Appendix A to this volume and
includes discussions of both the information obtained and of the panel
flutter design criteria that are in currert use.

The literature survey resulted in the extensive bibliography that is
presented in Appendix C. In addition, certain highlights and milestones
from this survey have been incorporated into the historical sketch that is
presented in the following paragraphs.

4. Historical Developments

The first recognition of panel flutter is credited to Jordan (l) who
* attributed the flight failures of some sixty to seventy V-2 rockets to an

aeroelastic instability of the outer skins. The first analysis of panel
flutter appears to be the interesting study of Isaacs (2) in which he inves-
tigated the behavior of a buckled panel exposed to supersonic flow. The first
buckling mode is a statically stable configuration in still air, but Isaacs
showed that static aerodynamic forces cause the first mode to take on the
appearance of and coalesce with the second buckling mode. Since the second
mode is not statically stable, he reasoned that panel flutter must occur when
static sta'ility is no longer possible. Miles (3) presented the first study
of panel flutter as a dynamic phenomenon in 1950. He used linearized quasi-
steady aerodynamic theory together with an assumed mode representation of a
two-dimensional panel. He showed that aerodynamic damping was negative between
M = 1.0 and M - Z and predicted that all panels would flutter in that range
regardless of thickness .... _n (4) (5) extended Miles' work on the two-
dimensional simply supported panel by using an exact, rather than an assumed
mode, approach and found that increasing the panel thickness had a stabilizing
effect even in the transonic range. In addition, Shen made improvements on
the generalized aerodynamic forces for sine mode shapes so that better agree-
ment could be obtained with the exact theory. A test program of significant
scope was undertaken by the National Advisory Committee for Aeronautics and the
Langley Aeronautical Laboratory when wind tunnel tests reported by Sylvester
and Baker (6) were conducted to verify the existence of panel flutter and to
study xhe effects of some structural parameters on the aeroelastic character-
istics. Two panel configurations were tested; the first. was clamped front
and rear but free on the edges so that tension could be applied, and the
second was clamped on all four edges thereby simulatitig a more realistic
structural configuration. Both types of panels fluttered. On the basic of
experimental evidence from the Langley tests it was concluded that flutter
could be eliminated by applying sufficient tensile stress, by decreasing
streamwise length, by increasing bending stiffness, or by applying a differ-
ential pressure (that is, static overpressure applied to one side) across
the panel to build up tensile stress.

In 1954 Goland and Luke (7) used the Laplace transformation to analyze the
stability of a two-dimensional membrane. By using potential theory aerody-
namics they s.•0wed that a membrane will not flutter at high Mach numbers,
contrary to the prediction of the Galerkin method. Because of the spurious

Numbers in parentheses indicate References listed at the end of this volume.
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boundaries that the Galerkin procedure predicted for membranes, they reasoned
that the same result would hold true for panels and suggested that ail panels
might become stable at the high Mach numbers. They did not actually extend
their analysis to panels; however, Hedgepeth, Budiansky, and Leonard (8)
studied a multibay panel configuration for which the supports were assumed to
be equally spaced along the direction of airflow. A noteworthy result of
the study was the prediction that viscous damping is not always stabilizing
in panel flutter but sometimes results in modal phase shifts that cause the
panel to absorb more energy from the airstream than is disipated by the
damping.

The doubt cast on the validity of the Galerkin procedure came under
attack by several investigators in early 1957. A part of the impetus may have
been provided by the confidence that was gained in the point-function aero-
dynamic theories when Ashley and Zartarian (9) putlishc. t-,Lir t-icle on
piston theory. They nct only justified its use for certain combinations of
Mach number, reduced frequency and local slope, but also showed how several
problems in aeroelastic stability and response might be formulated. Hedgepeth (10)
used quasi-static aerodynamic theory to obtain both closed form and assumed
mode solutions for a simply supported plate of finite aspect ratio. His closed
form solution showed that panels do flutter at high Mach numbers even though
membranes do not. Furthermore he showed that boundaries obtained from two,
three and four mode Galerkin analyses converged to the exact solution. It is
to be noted that the eigenvalues that Hedgepeth obtained with the closed form
solution showed the classical frequency coalescence as airspeed became criti-
cal. Hedgepeth's work was among the first to restore confidence in the
Galerkin procedure, but many investigators have continued to use more elegant
solutions thereby sacrificing a great deal of insight and flexibility that is
only provided by a modal approach. From a practical standpoint, the advantage
in using assumed modes lies in the ability to vary modal frequencies in the
flutter study. The frequencies may be measured in still air teits, calcu-
lated, or varied in a parametric manner to find the effect on flutter
boundaries. Cunningham (11), in investigating possible cavity effects on
flutter, showed a strong destabilizing trend when the still air frcquency of
the fundament.i mode was increased and allowed to coincide with the still air
frequency of the second panel mode.

Although a clearer picture of the panel flutter phenomenon was emerging
from the analyses, there ws a real need for more experimental data to verify
the accuracy of the theories. Unfortunately, the Mach 1.3 data of Sylvester
and Baker did not agree well with any of the theories. In order to extend the
experimental investigation of buckled panels, additional testing was performed
at Langley in ]955 and the range of Mach numbers was extended to include 1.2
to 3.0. Sylvester (12) reported that the data for the buckled panels showed.
scatter due to variation in the type and amount of buckle. The experimental
value of panel thickness to prevent flutter was some twenty percent lowuer than
the value predicted by Isaacs' transtablity theory, (2). One reason
for the difficulties in correlating thegry and experiment was the lack of
coordination between the theoreticians and the experimentalists in formulating
test programs. It was at this time that Fung and his associates at the
California Institute of Technology began an extensive program of investigation

3I
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to incorporate both analysis and test. Included in the program were studies
of a two-dimensional buckled plate (13), transonic flutter of a clamped-free
panel (I4), and supersonic tests of flat and curved panels (15). By the
use of carefully controlled tests, the overall program contributed greatly
t) the understanding of the mechanism& of panel flutter and showed improve-
ment in the correlation between theory and experiAent.

More recent work has been devoted to improving test techniquec (16) and

(17), and to defining the areas of strength and weakness in analysis. Bohon
and Dixon (18) have shown that two-dimensional static aerodynamic theory is
aprlicebrlc t!- all ;.ntc'essa!- panels with length-to-width ratios greater than

one. In addition, they indicate that the inclusion of structural damping
in the analysis of stressed panels improves the comparison with experiment.
Furthermore, these investigators point out that peculiarities in edge
attachments of built-up, corrugated panels can lead to significant decreases
in flutter boundaries. It is generally agreed that structural analyses
of actual panels is the area that still requires the most work, and the

trend of the recent investigations is strongly slanted toward that end
(19)-(21).

f
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SECTION II

EVALUATION OF CURRENT DESIGN TECHNIQUES

This Section presents an evaluation of the existing techniques that have
been used to achieve the current state of the art in panel flutter. It is
divided into three parts, and treats analyses, tests, and existing criteria.

I. Evaluation of Analytical Methods

There are two practical questions to which a designer would like reliable
and predictable answers. The first concerns the actual location of the panel
flutter boundary, i.e., the flight speed that separates stable from unstable
oehavior. The second concerns the behavior of the panel within the unstable
flight regime, i.e., the nature of the instability as regards destructiveness,
violence, annoyance, etc.

It is the first of these questions, concerning flutter boundary location,
that is the major goal of the analytical efforts to be discussed here. The
boundary for panel flutter is predicted by linear analysis because all large
amplitude flutter begins first as infinitesimal motion and grows with time.

Tha post-flutter behavior, on the other hand, involves restoring stresses
that are not linear with the amplitude of motion and, therefore, require
analytical method- that are beyond the scope of this report.

a. General

The current methods for panel flutter analysis can be broadly
grouped into two categories designated simiiply (a) exact and (b) approximate.
The exact methods, usually more tedious to apply, are obtained by sclving
differential (or integro-differential) equations of motion and no recourse
need be made to assumptions of mode shapes or frequencice. Discujsiuit of
the exact methods are presented in Reference 11 and 2_, and extensive data
from these methods are presented in References 10 and 23. The approximate
methods that are in general use are usually referred to as "assumed mode"
analyses and are applied to both the Galerkin and Rayleigh-Ritz solutions.
In the latter cases the analyst uses panel modes with appropriate boundary
ccnditions as allowed degrees-of-freedom and obtains approximate aero-
elastic solutions to either the differential equation (Galerkin) or the
system energy equations (Rayleigh-Ritz).

The rpader may reas•.nably ask- why appruximate solu.ions should
be required when exact methods are available. Each of these me*hods of
analysis has its particular advantages. The exact methods, though more
tedious to apply, provide trend data for certain types of panels (notatly
very high k/w) that are obtained from the approximate methods with extreme
difficulty. A serious shortcoming, however, is that measured mode shapes
and frequencies cannot be used in the exact analysis ana it is extremely
difficult to account for anomalies in the panel behavior. In surmary, the
exact method is best adapted to treating ideal panels.

5



The approximate (assumed mode) methods are very useful in the
analysis of panel configurations that can be described by including a rea-
sonable number of assumed modes. (It is shown in Reference 24 that panels
of very large L/w require an unwieldy number of modes before satisfactory flutter
solutions are obtained.) Anomalous panel behavior, as measured in vibration
tests for example, can easily be incorporated in flutter analysis. Further-
more, the approximate methods are amenable to parametric trend studies from
which the analyst is able to determine the effect of certain parameters on
stability boundaries. In this report, data from both exact and approximate
methods are used as aids in establishing criteria.

It would not be prudent to leave a discussion of analytical
methods in panel flutter without mentioning the "membrane dilma" (Reference
9 ) which casts doubt on the approximate methods. Briefly, it can be shown

by exact analysis that a membrane (lacking bending rigidity) will not flutter;
however, any finite number of modes used in an approximate analysis yields
finite flutter boundaries. The addition of higher frequency modes alwUY6
raises the predicted boundary. Studies of the behavior of panels of large
t/v indicate that the "membrane dilemma" is not caused by a lack of bending
stiffness, but is due rather to the spacing of the frequencies between adja-
cent, coupled modes. A similar problem arises in any asaumed mode panel
analysis in which the frequency spectrum becomes altered in such manner to
cause a uniform spacing oif frequencies. Assumed mode analyses for L/v >
are of little value because convergence to an "exact" solution requires an

* inordinately large number of modes. The spacing of streamwise panel fre-
quencies is governed by

Sf-C [~+ (L/w)2]: I

in which fmis frequenc), C is a constant, m is streamwise mode number and
1/w is length-to-vidth ratio. It can be seen that the frequencies become
closely spaced when I/w > m.

b. Aerodknam -a

Panel flutter is a result of the interaction between aero-
dynamic and structural forces. It is generally believed throughout the
industry that the aerodynamic forces are adequately predicted by theory and
that most of the deficiencies in panel flutter prediction are due to inade-
quacies in analyziig the structure. This belief is supported by the fact
that better theoretical correlation is obtained in tests of very simple
panels than with structurally complicated (built-up, corrugated) panels. An
excellent discussion and comparison of the aerodynamic theories used in panel
flutter analysis is presented in Reference 15. It is pointed out, therein,
that ror M > 1.3 and I < £/w < 10, two dimensional "strip" theory gives

results that are in good agreement with three-dimensional "surface" theory
aerodynamics. For M < 1.3, the three-dimensional theory (based on linearized
potential flov ýheory) must be used to obtain results that correlate with
test data. Such an analysis is described in Reference 25. For M > 2 the
point function aerodynamic theories (such as the vc.ll known "piston" th-ory,
or Ackeret theory) offer reasonable approximatic.ns to tht local aerodynamic
pressure and greatly simplify the analyses.

6



c. Structures

The principal shortcomings ..f most of the structural analyses
are apparent when predicted still air dynamics are compared with bench test
vibration data. The deficiencies in the theory are due to mathematical ideal-
izations which fail to describe the real paru:l characteristice. "Anomalous"
behavior of the real panels can often be traLed to conditions such as:

Deviation from flatness

Inhomogeneities (mass, stiffness)

Edge conditions

Studies recently conducted at NASA Langley by Guy and his associates havy shown
much promise in isolsting the effects of edge supports on the vibration and
flutter of built-up panels. The designer should keep in mind that the "stiff-
ness" or "softness" of edge supports only has meaning in relation to the elas-
ticity of the panel itself.

Difficulties that are encountered in the analytical description
of Lhe dynamics of plate-like structures are due largely to (a) unanticipated
inplane stresses and (b) edge conditions that are inadequately described. It
is virtually impossible for the analyst to assess the accuracy of his analysis
without test data. He has the possibility of evaluating the accuracy of his
effort with measured vibration data and should require a minimal amount of
testing to provide confidence in his predictions.

2. Evaluation of Test Techniques

It is beyond the Lcope of this document to present detailed guidelines
for establishing the philosophy, objectives, and procedures for panel test
programs. However, experience gained from the many tests that have been con-
ducted during the past dozen years does provide insight into the choice of
acceptable test procedures and indicates problem &yeas that may be avoided
by careful pimrliing. The suggestions and procedures presented in this section
largely reflect the results of literature search, interviews, and data redur-
tion that were accomplished in the formulation of the Criteria presented in
Volume I.

The discussion encompasses two general classes of testing, viz. (a) re-
search tetts and (b) hardware development tests, both class2s may ir.volve
vibration and/or wind tunnel phases of testing. The major distinction between
the two is that research requires a physical model (test specimen) dictated
more by mathematical formulation than by practical requirements. whereas a
development test specimen usually simulates ai actual ssrictural design. The
research test provides a physical verification of mathematical prediction a-nd
the development test provides assurance that a panel design is adequate for
its intended use.

Instrumentation requirements vary with the test objectives; frequency ar-d
deformation strain measurements are easily obtained from strain gages bonded
directly to a panel. Yide shape Js more difficult requirir.g the output fro'm
an attached piciup (accelerometer, velocity pickup) which causes io3cu, inertia
loading, or from a non-contacting sensor (indutive, ca-q-itiveý. Te state17
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of the "rt of non-contacting pickups is improving but there are still problems I
with calibration and output linearity. The most stringent requirements, how-
ever, usualli oc.ur for elevated temperature tests. The displacement and strain
measurements that are made with relative ease during room temperature tests
often dictate the procedures and goals of elevated temperature tests. Data
from a high temperature specimen must be obtained either from special high tem-
perature sensors or from room temperature sensors that are protected from the
heat.

(a) Research Tests - The exacting requirements for research tests begin
with the design of the specimen, including the support structure,
which is intended to achieve the objectives of the test program.
However, even J:h-n.1gh "ideal" physical conditions are not attained,
thE specimen should have measurable characteristics thus lending
itselif i.o •. ntlal ,descrpt.ion sr. that deviations from the
"ideal" can be accounted f.r

The characterstcic of skin panels that sets them apart from
most Ather structures i' the extremely small ratio of thickness to

length (or to width) which causes & panel to have very little bend-
iog rg.`bdi-y; the "m'-mbre .iec , defined here as the influence
of inplaine stresA ou -t estr'int stiffness (anM hence on
l.torai vibrn.ic : frequencies) is well knorwn but is difficult to
control. •'his effect mtAy be cau..d b) several conditions that can
be controlled ,during the fabricat-on or test phases; aside from
strecses built in du=.ing initial. -setly the more common causes C
are s9i1:ht initial, curvature, differential pressure (unequal pres-
sares on panel faces), and differ-Lntial temperature (panel at t.
trmperature differ•at from thc saipport ,:ructure). If such con-
ditions are pre~eraz and -heir megnitudes inown, then their effects
can be accountet for in arai.ysis; otherwise, test results may appear
spurious. A researcn e•ezt will usually require extensive instru-
mentaticn tc. in sure that nanel •r-•dltiorn are known and accouLnted
for.

(1) Vibration Test -. The purpose c" vibration testing is to verify the
struc-tural assumptions ;n an analy-sis or to obtain modal charac-
teristics for sutsequent use in flutter ane..sis. It has been
emphasized in Ltis report ths. thrý str -ttral portion of punel .
flutter analysis is usually not as accurate •, the predictions of
supersonic aerodynpunlc proe5suras; hence tLe need for good vibration
Liata. Ex;;er'.e;ice ildlcO.t•: thst fýiiro proprly control or
account for tbc foiAcvj'..;g items 2e•c."x I 1L-,,:,ptrci-zes the validity

and interprutaAion of the ;ýect i-esults:

Membranre f ffenjng ,f tcts (as d!osussed ea'lier.
Enclose cavity behind the panel.
lnerý..a i'oading due to use oi; contacine. type of eCciter

or pickups.
Large jynamlc deflections (detected by frequency change

tha- &ccompn.iies increases in vibration amplitude).

8 3,



(2) Wind Tunnel Test - The wind tunnel portion of reaearch testing pre-
aents unique design challenges. In addition to the panel charac-
teristics discussed previously, a set of aerodynamic conditions
often exists that may alter flutter speeds of panels. Some general
precautions are listed below:

Use continuous flow tunnel (size panel so tnat it is not
struck by reflected shock waves).

Measure feow conditions near the panel surface.
:f vibration data are used, bench and tunnel conditions

should be matcbed, if at all possible.
Measure (and account for, if possible) such flow induced

properties as boundary layer, static pressure distri-
bution along tunnel wall, aerodynamic heating.

The Mach number• range that is least troublesome for wind tunnel panel
flutter tests lies approximately between M = l.h and M = 2.2. At lower Mach
numbers, wall static pressures, boundary layer buildup, reflected shocks and
"ttrough" flow cause problems with data interpretation. At higher Mach nuimbers,
aerodynamic heating becomes a deciding factor in data interpretation due to
induced thermal compressive load; but this effect can be accounted for by the
acquisition of additional data from thermocouples and from high temperature
strain gages. Mach number does not scale in dynamic modeling, therefore data
must be obtained at each Mach number of interest.

(b) Hardware Development Tests - Although the instrumentation, fabrica-
tion, and test requirements are not as demanding as for research
tests, development tests must be well planned in order to provide
the required verification of design integrity. Adequate simulation
not only of the anticipated aerodynamic conditions but also of
the anticipated structural condition of the panel are required
if the test is to provide a realistic appraisal of the design.
Fabrication of a test fixture from sections of an actual airframe
provides the structural simulation of panel attachments and edges
supports; however, there may be loadings generated i. flight that
must be sirimulated by artificial means. The following items axe
very important and should be high on the list of priorities for
simalatior of flight conditions:

Mach number.
Bc.indfiry layter (t-icKness should be simulated if at all possi.rle).
Inpiane oad• on panel.
D Offeren" p rer on panel.

'['e~ere- f pas•' i,

With the sangula: txý-ep-tcr. ,f In-flight panel flutter research tests
conducted by NAZA Flight Research Center, other in-flight pane) flutter tests
have been performed as the fInal phase of hardware development, i.e., tne final
proof in the true aeroclynazic es:•r-nment. Generally, data is not taken unless

9
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there are symptoms of panel flutter, in which case suspect panels are instru-
mented (strain gage or vibration pickup) until the fluttering panel(s) are
located. A "fix" is made, the panel(s) reinstrumented, and the vehicle re-
flown through the previous flight condition; the adequacy of the "fix" is
determined from the recorded data.

Many well managed test programs have been conducted and a study of the
techniques employed can provide valuable guides in formulation of new tests.
Different investigators have used varying means to account for test errors;
for example, the cavity problem was solved in tests described in Reference 2T
by opening the rear of the panel holde.r, while in Reference 17, vibration tests
were conducted in a reduced pressure.

3. Uraluation of Published Panel Design Criteria

One may wonder why, with the large amount of work that has been done, the
state of the ar in tne design of flutter-free panels is not further advanced
from its present status. It has been stated that we have adequate
understanding of the induced aerodynamic forces and we also have the cap-
ability for predicting the structural forces that come into play. However,
we have continued to find discrepancy between theory and experiment and siave
apparently lacked the design tools to insure optimum panel design. Thereason lies partly in the fact that the large number of variables that affect 4
panel flutter boundaries are extremely difficult to handle; in addition, the
failure of theory in predicting stability boundaries has discouraged many
designers from using theoretical trend data in a design situation. This
Section presents a discussion of the design techniques that are in current

use.

a. Nondimensional Parameters

It is found, when nondimensionalizing certain parameters in
panel flutter analysis, that it is convenient to present data in one of the
following forms

or 
OD

(E ) /3 ~

These parameters are closely related, and by making the substitution

D = l2(l-v2)

it can be demonstrated that

3 24(1-v2)
$ A

or, if v 0.3,

10
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The parameter 0 offers the advantage of presenting flutter boundaries that
are directly proportional to panel thickness, while the term Y presents the
data as a function of dynamic pressure. The panel designer might desire an
all inclusive parameter that takes into account the many factors that affect
flutter boundaries. Such a parameter has not been found; this is probably
due to the complex nature of the phenomenon.

The fundamental criterion for designing panels might conceivably
be based on:

(a) Determining a flutter fatigue life which a panel can endure

without Jeopardizing the vehicle mission, or

(b) Designing for complete avoidance of flutter instabilities.

Sufficient data are not available to use the first concept with any degree
of confidence; therefore, the latter approach has been used almost exclu-
sively throughout industry and is the basis for current specifications.

Currently used criteria naturally fall within the following
categories :

(a) Analytical - based on theoretical concepts.

(b) Eapirical - based on experimenta. data.

(c) Analytical/empirical - based on a combination of theory
and experiment.

The purely analytical approach offers the convenience and economy of para-
mctri.c studies, but suffers from a lack of comparison with measured data.
The use of a purely experimental design approach instills more confidence
in panel designers, but has an obvious disadvantage in that it is not feasible
to obtain the wealth of data that would be required to specify all flight
situations. A sensible mixture of theory and experiment offers the best
procedures within the current state of the art. Several facilities were

visited during the course of this effort; in formulating design criteria, most
of the individuals who are uharged with panel design combine theoretical and
experimental data.

Most of the panel flutter design criteria that are in current
use can be traced to experimental origins. Furthermore, the following
,documents have contributed heavily to the basic information that has been

used for design:

11
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NASA TN D-451

NASA TN D-1386

Langley Working Paper LWP-177.

In view of the amount of work that has been done in panel flutter and related
fields (see Bibliography), it is surprising that so few documents have pro-
vided such a broad basis for current design efforts. At the same time the
trend toward dependence on experimental data accentuates the lack of confi-
dence in theoretical data which has been caused by the lack of correlation
between theory and experiment.

b. NASA TN D-451

This document presented the results of an early organized
attempt to provide comprehensive panel flutter informa.ion. The results
from both wind tunnel tests and in-flight occurrences of panel flutter were
presented in the form of the panel flutter parameter * versus E/w. The
upper limit of the data was enclosed by an envelope that has come into
wide usage for panel design. The data for unstiffened panels is reproduced
in Figure 1. A theoretical analysis for the flutter of orthotropic panels
was also presented, but the authors stated that experimentally determined
boundaries should be relied on for design information for all but the simplest
configurations.

The experimental wcrk was presented to show the status of the
panel flutter problem. Although the authors did not suggest that the
envelopes be used as a basis for design, the retults from TN D-451 were
seized immediately and applied to the design and diagnosis of skin panels.
It is historically significant that the report tecame available at a time
when aircraft companies were able to use the da..a to diagnose and remedy
panel flutter problems that were encountered or, early supersonic airplanes.

i

c. NASA TN D-1386

This report describes an investigation of the effects of com-
pressive stress on the flutter of panels. Aluminum and steel panels were
fluttered with varying axial compressive loads; it was fouand that the minimum
dynamic pressures at flutter occurred when the panels were loaded to a point
near the calculated critical buckling stress. An irportant conclusion was
that the envelope of TN D-45l might be unconservati if a panel were sub-
jected to inplane stress. The buckled panel boundary from TN D-1386 i&
shown in Figure 2 and is compared with the flat panel boundary from TN D-451.

) d. NASA Langley Working Paper LWP-177

This document is an interim report of work that was conducted
on a series of flat panels ranging from i/w - 1.0 to 4.5 at Mach numbers
1.56 and 1.96. The panels were stressed longitudinally; therefore, the
program offers experimental panel flutter boundaries as a function of in-
plane stress and length-to-width ratio. The test apparatus incorporated

t
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features that had been found to be desirable in earlier test work. At the
time of this writing, the final report had not been releaped, but it was
felt that the data in LWP-177 was the best available for a flat, stressed
panel. The zero stress and buckled panel flutter parameters from LWP-177
are shown in Figure 3. The M a 1.96 data has been chosen az the basis for
the design of flat panels in the range 1.0 < L/w .5.-

The following two documents have been prepared with the specific
goal of assisti-g in the design of skin panels and present criteria for the
prevention o" panel flutter:

e. T Report No. AKTC-32

In 1960, Panel 58-A (Dynamics and Aerolasticity Research) of
the Aerospace Industries Association e-signed to McDonnell Aircraft Corpora-
tion the responsibility for gathering data on in-flight incidences of panel
flutter for the purpose of improving the state-of-the-art. The assignment
resulted in a set of design criteria that encompassed flight data, wind
tunnel data and literature survey. Based almost exclusively on empirical
data, ARTC-32 presented Mach number, inplane stress, sweep, and buckling
corrections. It was recommended that a concentrated attack should be
directed back to the fundamental research problem concerning the flutter
of a flat, unbuckled, rectangular, -uniform thickness panel. Furthermore,
the report, which was released in 1962, pointed out the limitation in the
use of 8 in the panel flutter parameter. Advances that have been made in
theory and experiment since that time have provided designers with a sub-
stantially greater amount of background information.

f. NASA Space Vehicle Design Criteria

In 1964 the National Aeronautics and Space Administration
circulated a set of criteria, designated NASA SP-80o4, for design of space
vehicles. As a design document, the criteria were to be regarded as guide-

lines and not requirements. Panel flutter was covered in a section dealing
with structures, where it was recommended that panels be designed to with-
stand dynamic pressures up to 1.5 times the maximum anticipated flight
value. Furthermore, it was recommended that tests should be conducted on
at least one panel of each structural type to include flow angularity,
local Mach number, local dynamic pres.ure, thermal and mechanical loads
and differential pressure. Recommended practices were presented for select-
ing critical panels both with and without midplane stress. It was recommended
that TN D-2 5l not be relied upon for ML < 1.5. Reference was made to twenty-
one published reports for background information and for detailed design data.

15
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SECTION III

PRESENTATION OF DATA AND TREN" STUDIES

This Section presents the results of studies and data correlations that
pertain to the parameters that are included in the design criteria. In addition,
the utilization of the data trends in the final design presentation is discussed
for each parameter.

1. namic Pressure (q)

Dynamic pressure (q = I pV2 ) determines the level, or intensity of the
aerodynamic forcing function, and stability boundaries are often specified in
terms of critical dynamic pressure. It is common in some branches of aero-
elasticity to refer to stability boundaries in terms of velocity (i.e., flutter
speed), especially if aerodynamic damping (which varies with V) has a strong
influence on the instability. It will be noted later in thisreport'tat damping effects
on panel flutter are poorly defined; therefore, dynamic pressure has the greater
significance. In fact, dynamic pressure, q, appears directly in the nondimen-
sional panel flutter parameter, f, that describes the flutter level of panels.

2. Mach Number (M)

Point function aerodynamic theories are applicable under certain conditions
in supersonic flow (Reference 9 ). They have a local pressure-slope relation-
ship that is approximated by

in which 2/8 is the lift curve slope and / 8x is te instantaneous inclin-
ation of the surface to the airstream. Since 8 =VM A-1, this equation cannot
be expected to hold when M!l because 2/84 o. This situation has contributed to
the conrusion that has dominated transonic panel flutter problems, and has left
the designer with an untenable situation if he uses 8 indiscriminately in the
panel flutter parameter. The Mach njmber range 1.1 thru 1.6 has produced most
of the in-flight occurrences of panel flutter, and also the greatest analytical
difficulty. It was decided that a Mach number correction factor, to replace 8
in the transonic region, must be obtained largely from experimental data.

The effect of Mach number on flutter speed has been studied both experi-
mentally and theoretically. The results of those studies hnve been analyzed
and are presented, for panels of £/w = 1/2 and 2, in Figures 4 and 5. 7he over-
whelming majority of transonic panel flutter data (References 16 and 27) have
been obtained with panels of these length-to-width ratios. The data shown on
these plots are normalized to the critical dynamic pressures at Mach 2; this
value was used in order to minimize the effects of other parameters (aero-
dynamic heating for M>2; damping and/or boundary layer for M<2) that might
obscure the Mach number trend. It also provides a convenient tie-in with the
M = 1.96 data of Reference 17. The solid line on Figure7 L envelopes the
L/w = 1/2 data below M - 2. When compared with the 1/w = 2 data of Figure 5,

17I
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the envelope shows that there is an L/v effect in this region. The spreadin the data for Mi2 in Figure 5 is attributed to aerodynamic heating and
is not considered useful for modifying P . Theoretival resrcitsusing a three-dimensional, lineariLzed, otentiai f'ow aero4Qym±c theory arealso given for comparison with experiment. The correlation obtained with anidealized simply-supported panel (Reference 29) is poor but a clamped Danel
analysis (Reference 25) is in good agreewent with test data at 21W . I.
The flutter speeds that are predicted in transonij analyses are very seninitiveto the letvel of structural damping which miý1-" accc;ut for some of the diocrepancy
between theory and experiments.

Sufficiert data are not yet available to dofine the transonic bounderytrenas as a fuanction of' £/w; therefore tne mure conservative of the dataenvelopes has been chosen as the required Mach number correcttioa trendfur all val].es of t/w. The Mach number correction factcr f(M) is shown in
Figxre 6 in .omuarison with z. These curves were obtained by multiplying the
f(M)/f(M)M=2 and 6/aM=2 curves shown in Figure 4 by the normalizing
factor (6v4-2 = V) jsed in their preparation.

3. A-ngle of Attack

The flow con'cItions (Mach number and dynamic pressu,-e) due to the Compe-nentof stream velocity that is parallel to the plane of the panel, are called
1o0_a conditions and have a strong influence on flutter speed. if the panelis aligned to the free. stream velocity so that the free stream velocity vectoris parallel to the plaa.e of the panel, the free stream and local conditions arethe same. However, if the panel is inclined to the free stream, significantdift'erences can occur between the local and free stream flow conditions.
Additionally, a panel that is inclined to the airstream will experience a
static aerod-amic pressure acting on its surface.

C= > 0

ML M_ 
M

qL= q- LqL q_

SFIgre 7 Sketch Showing ?.2• ionship betweer.
Free !t.-_am, and L.ca. Flow Conditions



17h•e sketch sho~m. Lvi Figure 7 illustrates the features of the flowcharacteristics. Relationships between the local and free stream parameters

can be obtained from sources such as Reference 30. The available relation-

ships include (q/0)LlAqlaj., MLI• , and q /q..

With the presence of the static overpressure p , it is not at all clear
that a panel design will be determined by panel flutter. If the designer is
in doubt, he may run a check by the following procedure:

(a) Determine If(M L'

This is accomplished by using free stream conditions, M and q,
together with a to obtain the ratio (q/8) /(q/0) and the local
Mach number MH. Then computing aL I and determining f(ML)
from Figure 6,' the expression

can be evaluated throughout the anticipated flight path. The

maximum value of q/f(M)(free stream or local) is used in deter-
mining the final panel thickness.

(b) The differential pressure resulting from the inclination is I
ca.Iculated, and thickness correction made as described in
Section III of Volume I. j

The designer is cautioned to recall, in using q/B, that 8-0 as M-I.

The length £ and width w are the flow oriented dimensions of a rectangular
panel. The convention used in this report is shown in the following figure.

w
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The ratio of the lengths of the sides, I/w, plays an important role in panel
flutter.

One pronounced effect of variation in the length-to-width ratio concerns
flutter mode shapesand modal participation therein. The lateral response of
fluttering panels usually follows an established pattern in which the largest
motion (and failure) occurs at the trailing edge of the panel. Typical
mode shapesare sketched in Figure 9 for low and high L/w panels.

V

Low Z/w

V

(b)

High Z/w

Figure 9 Typical Flutter Mode shapes fcDr
Low and High £/w Panels

From the arnalytical standpoint, the low £/w panel is easier to analyze. It
is obvious that the waveform in Figure 9 (a) can be described with consider-
ably fewer Fourier components than the wave form of Figure 9 (b). This fact
is directly related to the number of vibration modes that must be included
to obtain a satisfactory flutter solution. It has been shown in Reference 24
that while 2 to 4 modes may yield satisfactory flutter speeds for panels with
low/w(O<e/w<3), as many as 60 modes may be required for Z/w = 10. The
authors prefer modal solutions 'or investigating parametric variation in
factors of interest; however, the supplementary analyses were found tc give
doubtful answers for £/w>4. Therefore, the tnickness correction factors pre-
sented as a part of the design criteria do not extend beyond . . = 4. The
theoretical behavior of flutter boundaries at large 2/w can best be seen by
modifying the baseline curve so that increasing k can be studied independently.

A p l o t o f 4 x -I --
w w
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versus t/v shows that the new parameter apparently approaches an asymptote of
about 0.74. The significance is, of course, that panels of very large 1/w
(say t/w>5) can be designed according to

4 X i - 0.74
w

The inverse of this relationship was given in Reference 18.

A second effect of L/v involves a Mach number-1/w interaction that has
been previously noted in Reference 31, for example. The mechanism, occurring

.* in the transonic flow regime is not nearly so well understood. Sufficient
data are not available to delienate the M-1/w interaction.

In this, as well as most other panel flutter criteria, L/w has been used
as a fundamental parameter in the design approach. If flexibility in design

* or redesign allows variation in L/w, then this parameter can be used very
profitably to save weight. Some guidelines for X/w are

(a) For I/w>l, yaw -orrection not required

(b) For I/w>5, it apdears that for a constant width the same thickness
may be used for a panel with a given dynamic pressure, q. (Theoret-
ical, requires experimental verification)

(c) A rectangular unswept panel is more stable when its shorter dimension
is parallel to the air stream.

5. Flow Angularity

Flow angularity (also called yaw, or sweep) is an external aerodynamic
condition whereby the airstream velocity vector is oriented at some angle
A to the principle axis of the panel. In this report, A is measured in respect
to a line that is parallel to the side L; in order to prevent ambiguity the
sweep angle is restricted to the range O<A<45 0 . The convention is shown in
Figure 10.

V
#0

A

VV
V (=0)

Figure 10 Orientation of Wind Direction Relative to Panel Demonstrating Flow

Angularity



Several investigators have used supersonic aerodynamic theory, together
with a component velocity flow approach to assess the effect of flow angular-
ity. The results, as shown in Figure 11 (from Reference 32) indicate that
sweep is stabilizing when 1/v > I but may be strongly destabilizing when A/w
1. Additional verification of the trend for A - 900 was obtained from the

baseline curve presented in Figure 36 of Section IV. Assume for any given value of
L/w, that the baseline parameter % represents the A w 0 flutter condition.

Then we wish to relate to the same panel configuration that is turned 900.
Relationships are developed from the sketches in Figure 12.

A-O

A 90' I

Figure 11. Flutter Boundary Relationship
`or a Panel at A = 0 and A = 900

From the uwo relationships

w 1A koq( op)() E )1/3t

* 9go q(f

(Note that the latter equation is obtained from Z' = w and w' = 9)
and assuming that only the * and q change, the simultaneous equations give
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Therefore, assuming as we have that the baseline design curve is correct,
then the last equation allows us to relate the A = 0 and A = 900 flutter
dynamic pressures. These data have been added to Figure 1l and verify the
analytic trends, at least for A - 900.

Seemingly, this would wrap up the sweep effect and we should need only
to formulate the thickness correction factors tA/tB. However, experimental
data from Reference 27 for t/w a 1/2 and £/w = 2 indicate that there is a
Mach number effect on sweep that is not accounted for by the supersonic theory.
The data are shown in Figures 13, 14, and 1 5 for A = 30, 600 and 90', respec-
tively. It is noted in every case that the yaw data points vary from approx-
imately the theoretical curve down to no change at all. Inasmuch as the effect
of Mach number could not be clearly defined, the conservative branches of the
curves (that is, the greater thickness requirement) were chosen for criteria
that account for flow angularity. The thickness correction curves are given
in Figure 16 for A = 150, 300, and 450 and interpolation may be used for inter-
mediate values. These curves clearly indicate that thickness cor-
rections for sweep should be made only for I/w<l.

6. Edge Conditions

The baseline panel is uniform, flat, unstressed, and is assumed to have
edges that are completely restrained against rotation at the supports. There
were two main reasons for using the clamped edge condition. In the first
place, the best available flat panel data were obtained from a panel with
edges that simulated the clamped condition. Secondly, the methods that are
commonly used to install skin panels more nearly simulate clamped supports
than simple supports.

Attempts have been made to design test hardware to simulate a simply
supported configuration (no restraint against edge rotation), but this ideal
condition cannot be approached as easily as the clamped configuration. The
edge support correction that is presented here is based on theoretical data
from Reference 23 and relates a required panel thickness for simply supported
edges to the thickness required for the baseline panel (clamped edges). The
curve t /t versus L/w is shown in Figure 17. Some Judgment is required to
estimate the degree of edge fixity; it is recommended that the designer assume
clamped edges (i.e., no thickness correction) if panels are to be attached
by continuous welds or closely spaced rivets. The designer should use a
thickness correction if, in his opinion, the manner of attachment offers
considerably less than rigid rotational restraint at the panel eages.

7. Curvature

The analysis described here applies to panels that are cylindrically
curved in one direction and are constrained cn i2l ?dgec zc th-ct inplý-; motion
is not allowed. The frequency equation (developed in

27I
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Reference 33) is derived from linear analys .s based on strain equations that
were usta by Dornelil (34). Mode s'iapes for .lat plates are assumed to be
uncheanged, had frequency behavior is influenced by inp[awne stress that is
induced by lateral displacement. The frequency change of significance occurs
:n the manner shown by the frequ,!ncy equation

2 U+
out =2 (I + G N2)

curved rbflat re

Table I has been prepared to show the constants G for a curved panel whose
edges are clamped against edge rotation. The cro64 iing, or curvature factor
N =h 0hot) is the number )f t.hickrnesses that the cente-r of the panel is dis-
placwd in its initially curved coidition. la th-is insts-ice, r denotes the
number of half waves iu the arial (flat) direction and s denotes the number of
half waves in the circumferezatial (:urved) direction.

Note that the mod9J. designation m-n is flow orientated and that the desig-
nation r-s depends on the direction of curvature. In the same manner, the
edge dimensicns 1, w are stream flow oriented while V', w' are oriented ac.-ord-
ing to curvature. Figure 18 presents the thickness correction factor due to
curvature asi a function of iength-to-width ratio. lhese results were obtained
from four mude flutter studies using the analysis techniques described in Section IV.

TABLE I
Constants G for a Clamped Curved Panelrs

Mode "4ode shape Grs
r-s

1_/ >5.64

5.244 + 3,115 (,,'/w) 2 + 5.j4lh /,,)4

1-2

1-3 '1 ,o6
5 l4h + 25.015 (i',/w'1,2 + 15(-.r63 (t.IW7P

1-4 0

_-i___. . . 5.6t _ _ _ _

39.b63 + .+ 5.144 W/w=1

5.64
3-1 150.06:i j 25.015 (9'w')2 + 5,11(

4-14
A*h4lt:. 063 + 43-393 ('t / + 5.1411 ktI1/

I=
bvw -r' - r-
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8. l�nplane Stress (N.)

Inplane stress may result from differential ttmperature flightloads
or manufacturing and installation procedures. The stress may be tensile or
compressive; in comparison with an unstressed panel, the tensile stress raises
flutter speed and the compressive stress lowers flutter speed.

The tension case has not been extensively studied because of the basic
conservatism involved when a panel designed for zero stress is then subjected
to tension. Experimental work reported in Reference 6 indicates that tension
may be conveniently accounted for in design by using an effective value of
the Young's modulus

E E Ni +
eff - , xcr)

in which Nxcr denotes the longitudinal buckling stress with 1 = 0 (see Figure 19).
If the effective value of Young's modulus is useo in the panel flutter param-
eter, and if all factors other than t are held constant, then one obtains a
thickness correction factor for tension stress

t = (I + N F 1/3

tB INxcrl

Tu~e effects of compression stress are of greater concern to the designer,
and at the same time are more difficult to assess. Flutter of flat panels
under compressive stress is more difficult to analyze because

(a) edge support stiffness plays a more important role in determining
panel dynamics when the panel is compressed than when it is under
zero (or tension) stress, and

(b) the flutter instability of compressed panels is apparently influenced

by static buckling (indicated by test) although theory indicates
that the flutter boundary is determined by dynamic considerations
alone.

Although the detrimental effects of elastic edge restraint stiffness is
recognized (Reference 19) it is not feasible at prespnt to formulate a cri-
terion- additionally it is important to note that this problem is much more
likely to occur with heavy, built-up panels than with single thickness skin

The flutter speeds of compressed and luckled panels (studied extensively
both analytically and experimentally) vary with both i/w and bending edge
conditions. The work that is reported in References 17 and 28 indicate that
a compressed panel experiences its minimum flutter speed when the compres-
sive load is near the still air buckling load. This apparent proximity of
minimum flutter speed to the still air buckling load is contrary to !he flat
piate theory. which indicates that the dynamic instability is not related

Ist hcr hc nyi o eae
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to the buckling condition. Theory alsc indicates that the lateral stress
condition does not affect the flutter boundaries (see for example, Figures 13
and 15 of Reference 23). The theory, however, fails to account for the fact
that a buckled panel exhibits dynamic behavior that cannot be takeý. into account
using flat plate theory. The procedure that is proposed in this report consists
of defining (theoretically) a critical streamwise load N on the basis ofx

cr
(a) buckling or (b) coalescence of still air frequencies of flutter critical
modes. The value used depends on which of the conditions occurs at the lower
value of compressive stress. This means, of course, that cross-stream load
N o o t enters the panel design and the two conditions N = 0 and N a N

y y y y x
will be considered in this document.

The variation in the flutter boundaries at values of stress less than
critical is not well defined experimentally although a substantial amount of
data is available. The attempts to correlate experiment and theory for this
report indicate that it is difficult to determine N for a real panel. Thex

cr
data correlations shown in Figures 20, 21, 22, and 23 compare an empirical-
theoretical trend curve (solid) with data points that encompass a wide range
of length-to-width ratios and stress levels. The solid line was adapted from
theory given in Reference 23 and connects the zero stress level with the
experimental maximum that was obtained at "buckling" in Reference 17. The
present authors attribute the scatter to variation in Nx caused by the loss of

panel stiffness due to exposure of flutter. The approach that has been selected

for these criteria incorporates the thickness correction factor shown in Figure

24, as a function of Nx INx where N. has been defined in the previous paragraph.
cr cr

The streamwise load ratio of Figure 24 has been adjusted to account for deviations

of measured values of N.Xc as compared with theoretical values of Nx . Measured
cr or

data almost always indicate that the actual buckling loads are smaller than the

theoretical buckling loads. Curves have been prepared to show the critical loads

for clamped plates with I = 0(see Figure 25) .id N = N (see Figure 26).y y x
Data for these curves were obtained from Reference 35. The curves of Figures
27 and 28 show the same type of information for simply supported panels. Note
that N is determined by buckling for t/w 1.4 and by frequency coalescencex

cr
for X/w > 1.5 with N = 0 for simply supported panels (see Figure 27).y

9. Buckling

Extending the discussion of compressic¢n stirss that was begun in the preced-
ing paragraph, it is recommended that a th._ckness correction factor of 2.0 be
applied for buckling. The value 2.0 has teen determined empirically (Referencel7
and should be used when the designer anticipates that the panel will be subjected
to combined (N and N y) loading that is capable of buckling the panel. Inherent

in this assumption also is that no subsequent stress condition (post buckling)
will cause a lower flutter speed.
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10. Differential TeDerature (AT)

Assume that the panel is under no inplane stress when it is at the same
temperature as its supporting structure. If the panel temperature changes by
an amount AT relative to its support, then the induced thermal stress is

a = EaTAT or N = (EcTAT)t

It is also assumed that the panel edges are restrained in-plane. A convenient
reference quantity is ATcr , which is the temperature change at which buckling

would occur. The theoretical values of AT for clamped and simply supportedcr

panels are shown in Figures 29 and 30 respectively for the case of N = N.y x
The thickness correction factor will be obtained from Figure 31 by determin-
ing the resulting Nx for the panel, where Nxcr is taken as 80% of the criti-

N
cal buckling load oxc~he frequency coalescence load, whichever is lower.

Temperature effects on inplane stress and buckling using experimental data
from Reference 26 was investigated and the comparison between experiment and
theory is presented in Figure 31. Reasonable trend correlation is obtained
for the /w = 10 panel.

11. Differential Pressure (Ap)

When a panel is subjected to supersonic flow, it is highly probable that
different static pressures will exist on the upper and lower surfaces thereby
creating a differential pressure Ap across the panel. The primary effect of
Ap on the flutter characteristics of flat panels is to induce tensile 6tresses
in the plane of the panel which result in increased stability.

An approximate solution technique was developed to determine the effect
of differential pressure on the stability characteristics of hinged edge panels.
The panel was assumed to deform, under the differential pressure, into the
following shape.

X

ws do sin xsin 27TY
z w

which sets up static stresses in the midplane of the panel. By equating the
work done by the difffrential pressure to the bending energy of the panel plus
the membrane energy as;inciated with the inplaretension loads, a solution was
obtained for the tension loads in the x and y directions. An approximate solu-
tion of tho panel flutter problem was then obtained by using Lagranpe's equation
flOr)nonJlunti-ri with Lwo-dimensional static aerodynamics. The derivation of the



3xlO-

baoa-2~ Crica -Mfrn~~ mea~



I 1 I
1x20

Ijý7

.00

X10 3___ 1__ion

IZ

iI oo4-

-7

4 
.002

IXI

-- + -(Thermal ofiin

_ýT of expansion)

-6 ---1A I -
o 6 8 10

Panel Length to Width R~atio - w

Figure 30 - Critical Differential Temperature of Simply
Supported Rectangular Panel with Restrained Edges



f . 7 1 . .. ......... ... , . -.... 7

'I It 1 1>1
T-I

.b -44 4- :11: .. 111

ttmltt HI" Itt

;r.:. .. ... 41 .. r
4 144

0 ... . ... ....

Stre4nw s4 Strs ..t. ... -.

j~ j .... .. . ... ....

05
M - U-1

_ _ _ _ _ _ _ _ _+4 I ]t+ 14+4;ti 0:, !i :,. I
4 _ _ _ _ _ _ _ _ _ _ _ _ _



tensile stresses in the plane of the panel and the flutter stability equations

of a panel, acted upon by differential pressure, are presented in Appendix B.

Results of the analyses are shown in Figures 32 and 33. Figure 32 s ows

the relationship between the nondimensional pressure parameter Ap/E'(t/£)) and

the crown height parameter do/t, while Figure 33 shows the thickness correction

factor, tAp/tB . as a function of X/w with parametric variation of do/t.

The results shown in Figure 33 vere obtained using four stream modes and

one cross-stream mode for length-to-width ratios of one half, one and two whhile

eight stream modes and one cross-stream mode were used for the length-to-width

ratios of three and four.

12. Cavity Effect

A cavity is defined here as an enclosure behind a panel in which air is

contained. The effect of the cavity on panel vibrations, as discussed in

Reference 16, is a problem in aeroelasticity; the principal effect is that

of an aerodynamic spring acting on the fundamental mode and other modes whose

mode shape deformations tend to alter the cavity volume. Virtual mass effects,

due to movement of the constrained air during vibration, are negligible for

panel and cavity sizes of practical interest. Analy , however, show that the

aerodynamic spring effect is dependent on a nondimen nal expression

Xc[

where
2

X I ao = 1.4 Pcav9 .

c d D d (NO) d

A one-term approximation for the fundamental mode (Reference 16) is

2 2

vac d

which by substitution becomes
2 4 2 p4

Pp = p vac + .62 cav

D P D _D/ T.11a

Flutter boundaries were obtained for values of this parameter as large as

9000 in a four-mode study with Z/w varying from 0 to 3. The results of the

study, expressed as a function of the thickness ratio t /tB is shown in

Figure 34. The flutter results are expected to be somewXat conservative as

a result of using the one-term approximation.
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13. Orthotropicity

An orthotropic panel is defined here as one having unequal bending stiff-
ness in two orthogonal directions. The use of such configurations results in

considerable increases in bending stiffness in one direction over single thick-
ness panels. In the most general cases, the orthotropicity results from cor-
rugation backing applied to a flat face sheet; it may also result from stiffeners

or beading. Figure35 illustrates these common examples of orthotropicity.

The differential equation for an orthotropic panel is well known. It must
be recognized, however, that edge support conditions become very important,
especially in the case of built-up panels so that flutter prediction of ortho-
tropic panels has proven difficult. An extensive series of tests was conducted
by the Boeing Company as discussed in References3 6 and 37. It is believed
(References 18and 19) that the major difficulty lies in dynamic analysis of the
composite structure. Still air frequencies must be known very accurately before
a flutter solution should be attempted.

14. Damping

System damping, whether due to aerodynamic or structural origins, dis-

sipates energy that might otherwise tend to worsen an aeroelastic instability.
However, damping may also induce phase angles between flutter critical modes,
thus.causing coalescence to occur at significantly lower airspeeds than for an
undamped panel. Flutter tests of panels that were treated with damping com-
pound, as reported in Reference 28, indicated

(a) that the treatment was stabilizing, but

(b) the gain in flutter boundary could have been accomplished by
using a thicker panel with a total weight significantly less
than the weight of the original panel with the damping compound.

The test was restricted in overall scope (a single Mach number, two values of
Z/w) and results are not sufficiently comprehensive to provide a basis for
design criteria. An uncertainty that accompanies the uniform application of
mass to a panel is the lowering of still air natural frequencies. This con-
dition would likely result in diminished flutter speeds which might offset the
increased stability offered by the damping.

The following approach is recommended at the present time:

(a) Do not incorporate damping in initial panel design.

(b) Consider the application pf damping compouni if panel flutter is
encountered in flight only if considerable weight increase can be
tolerated, and other remedial measures are less feasible.
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15. Boundary layer

There has been disagreement in the past concerning
the effect of boundary layer on panel stability. Experimental
work is currently being done at the NASA Ames Aeronautical Laboratory to
empirically determine boundary layer effects; preliminary results indicate
that a boundary layer is stabilizing and the greatest effect on panel flutter
occurs at M = 1.2. However, sufficient data are not available at pres-nt to
deflne a criterion for panel design.



II

SECTION IV

DESIGN APPROACH

The poor correlation between theory and experiment has not. only caused
;L unwarranted loss of confidence in analysis, but has also increased the
burden of the designer who is responsible for designing panels against flut-
ter. Extensive literature surveys and personal contacts were 'nade during
the course of this study; it was concluded that "anomalous" i %!l behavior
during tests has been largely due to structural causes that were either
ignored or unsuspected. This is not to say that all the theories are
flawless; however, it should be possible to obtain much better correlations
by making sure (1) that the physical condition of the panel under test is
accurately known, and (2) that the structural analysis accounts for all
aspects of the physical conditions that influence dynamic behavior. This
document proposes a "mix" of available theory and experiment by combining
good experimental data with theoretical interpolation or extrapolation int'

areas where such data are lacking.

1. Philosophy

The philosophy that has prevailed during the preparation of these cri-
teria is summarized as follows:

(a) The onset of panel flutter is an aeroelastic instability that lends
itself to analysis by linear methods; it is not unlike the flutter
of lifting surfaces; therefore the established methods of analysis
can be applied to panels in many of the areas of investigation
(i.e., where modal methods are applicable). Furthermore, different
mechanisms cause panel flutter in the supersonic (frequency coales-
cence) and tranisonic (negative damping) flow regimes, but the
transition between them is smooth. Experimental trends can be
used to extrapnlatp from the supersonic regime (where the instability

is more amenable to analysis) tc the transonic regime (where
theoretical analyses have yielded erratic results).

(b) The unresolved problem areas are predominantly structural; hence
the most fruitful areas lie in improving the mathematical descrip-
tions of panels (and their supporting structures) to more accurately
predict dynamic behavior.

The flutter boundaries of panels can only be determined if tijzir
still air dynamics carn be predicted or measured. The importance

of the panel spectral characteristics cannot be overemphasized.
The panel flutter analyst must keep in mind that the best estimates
of stability boundaries depend in large measure on accurate know-
ledge of panel dynamics.

(c) "Exact" solutions to panel flutter analyses, as described in Ref-
erences (10) and (23), provide solutions of certain classes of
problems (such as very large Z/w with relative ease),and may be
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valuable in establishing trends; modal solutions (Galerkin,
$ayleigh-Pitz) are preferred for most analytical needs, how-
ever, because of the flexibility that is offered by the use of
measured, cr carefully c,'iculated, modal frequencies. This
latter type of analysis facilitates tie use of vibration test
data and correlation between theory and experiment. It must be
recognized that each analytical approach has its advantages and
disadvantages and should be used with discretion.

The experimental-theoretical approach to panel design that has been
chosen for this sct of criteria is relatively simple in concept. Since one
of the more disturbing discrepancies between theory and experiment has been
in establishing actual flutter speeds by theoretical means, this set of cri-
teria offers a flat panel design that is based on experimental data; the
thickness is modified by empirical-theoretical means to account for the
physical parameters that have caused most of the problems in design.

The panel designer's first task is to accumulate the data, both aero-
dynamic and physical, that may influence panel design. The following pro-
cedure is followeu after design inputs have been obtained.

(a) Establish a baseline panel design that is based on O/w. The base-
line panel is flat, unstressed, unswept, uniform and has all edges
clamped. The baseline design curve is shown in Figure 36 as a
plot of 11 versus £/w. In the range £/w = 1.0 to 4.5, the curve
is obtained from Reference i7. Tests described in this reference
were formulated with full knowledge of prior test difficulties;
they are believed to offer the best data available for use as
criteria. The remainder of the curve is faired in by using theo-
retical trends obtained from Reference 23. Given £/w, the designer
determines 4B. (In addition to the baseline curve and data points
from Reference 17, Figure 36 also presents an envelope curve from
Reference 26. The curves agree well in the range 2 < 2/w < ';
dizcrcpa-ncies between tne two curves outside this range are due
mainly to the fact that the TN D-145 curve envelopes data from
different panels under different flow conditions and hence would
be expected to cause excessive overdesign for some applications.
The baseline curve is extrapolated outside the range of LWP-i77
data by theoretical means; further experimental investigations are
needea in these areas.)

(b) Consider the baseline panel flutter parameter 4B (which is now
known) in the form

which scparztes the parameters into aerodynamic anJ structural parts.
This step is primarily concerned with determining the aerodynamic
part f(_n) of the baseline parameter. The quantity f(M) replaces

e(= M ) in the usual f rmulation of the panel flutter pnrameter.
in essence, f(M) accounts t-r 1h, effect of Mach ninbcr ci fi4ttr
speed. This variation his leer, ,reuict(e anallticay by thtc(.

I!
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of three-dimensional, potertial :low, linearized aerodynamic theory.
The ef:cL..i of Mach number on flutter speeds for panels of L/w I 1/2
and L/w - 2 are shown in Figures 4 and 5 . The data are normalized
to values at M = 2 and lines of 0 are shown for comparison. The
thevutt.caj.L z .......t- jI Z_1; -* offer sufficient informa-
tion to formulate a criterion; therefore, envelopes were drawn to
encompass the experimental data. (The differences in the envelope
levels between Figure 4 and Figure 5 indicate an aspect ratio
dependence at low Mach number.) The envelope of the data for
k/w = 1/2 is proposed as the function of f(M). (A degree of
conservatism is introduced at larger L/w, but existing data are
insufficient to formulate a criterion.) The designer is required
to obtain the minimum value of f(M) which is seen to relate to

themaximum value of E B. through =
t h etq ~ [ E 1 13 4 ] Lin[.M )

One procedure that can be uses is to obtain the M-q relationship for
the anticipated flight envelope. From M determine f(M) from Figure 6
then divide by the value of q. Compute a sufficient number of
values to determine the minimum (critical) value. This value is
used to enter the abscissa of Figure 37 . In order to expedite the
procedure, however, the plot of Figure 38 can be used directly
by the designer if he has a rlight envelope in terms of Mach number

and altitude. The necessary conversion has been made so that the
flight envelope point on the graph is the maximum (critical) value
of N . Figures 37 and 38 have been consolidated through their

common abscissa in Figure 39. A sample trajectory is shown on Part
B of the curve for a panel of 2/w = 3. The intersection of the

two lines obtained from 4U= 40 and t/w = 3 gives the

I3
required value E tB) a 0,31. With E and t specified, then

tB = E

(c) Beyond the baseline case, the set of criteria must account for
changes in panel thickness that are required to accommodate changes
in flutter speed that are caused by the physical parameters. The
following ground rules have been followed in this step.

(1) Experimental data are used where it is sufficiently
comprehensive to establish trends.

(2) Theory is used to supplement experiment when the data
are insufficient to fully establish trends.
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(3) Theoretical data are used exclusively where experimental
data are lacking. 4

2. Supplemental Anualyses

The design P-iteriL %hat -r ii•zcLted io this report nave been based,
whenever possible, on exp, imental data. Se±veral of the parameters however,
have not been investigated in sufficient depth to define the thickness correc-
tion factors from experimental data alone. This Section describes the analyt-
ical effort that was used to obtain the required thickness correction factors.
It is re-emphasized thaL the flutter boundary data obtained from these studies
is used to determine the effect of parameter variation only in relation to the
baseline flutter speed; the data are not used to obtain absolute flutter speeds.

Analysis of flutter behavior was obtained by using a modal approach that
requires still air frequencies as input data. Therefore, there were two phases
of analysis: the first determined the manner in which panel frequencies were
expected to vary with the parameters of interest and the second phase was the
flutter study that incorporated the still air frequencies.

a. Frequency Analysis

Modal frequency variation is considered to be the dominant
cause ol' :hangeas in flutter speed for the following parameters:

Length-to-width ratio
Curvature
Inplane sa-ress
Temperature differential

Pressure differe-tial
Enclosed cavity.

Of these, oaly curvature, pressure differential, and enclosed cavity were n1.t
well covered in the literature and hence resuired supplemental frequency
analyses.

It was first necessary to define the modes that would partici-
pate in flutter. Supersonic point function aerodynamic theories indicate
(and it is a fairly well accepted fact) that aerodynamic coupling can only
exist between families of modes defined as follows: if m denotes the number
of stream-wise half waves of a mode and n denotes tne number of cross-stream
half weves, then modes can only couple if they have o common n. Figure 40
shows ,-rtain groups of modes t.hat may couple (node l-ijs are dasned ) for two
airstream orientations.

The only modes that need be considered in most ca es are those
of the family m-i and the modes 1-1, 2-1, 3-1, 4-1 were most commonly used.
Th- determination of modal frequencies resulting from cylindrical curvature
and cavity effect are discussed in Section III, parts 9 and 12, respectively.
An analytical approach to account for differential pressure is given in
Appendix B.
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b. Flutter Analysis

Fu-ude'gt-nLodu cola-I lisrflg static Ackeret
aerodynamic thecry, proirid~ld date that teer~r ~io establish flutter
boundary trends. The wEi!uine~d mode miethods of-~~i~ are well known and
bcgiz~ with at lt~ttroi ditq-laý-nent of~ the oe

Wx A, t)n el F B1(x) -I

Yor s-imply.-suppor ted eaagcs, tte sine functions9:

F (x) ~In

'Were UA;Cc- fc-r COiL=_C t'dgxr, thc! ccziveriient mdodcs described by Warburton in
~eeec ~ w'-re used. Lagruw.ges' eq',Aations of motion, with appropriate
r~mrr r~up ,yit;1 terhc flutter (.E'terrf~a&i~t
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For a clamped, rectax.gLlax pdne.. of streamwise length k, width, w°, aud mass
density P, the elements of the cet.ermdinant are

cm rtDW ' 8D---iF

- (i,r~m V'x
6 rm D E D

The term kN is a stiffness, or elastic derivative that couplcs mode r-n with

Smode m-n. The expression I is the eigenvalue and A is a nonaimensional
dynamic pressure parameter. If r = m, the term C is -r'rPort-onal to the

natural frequency of mode r-n, i.e.

4

rr T nr

The term B is the aezouyn'aic derivative. Solutions were obtained by a
rm

methoo ýf trial- and error In which the first coalescence of a pair of eigen-
values .e. Y, = Y•) defined the flutter bLc.'udary, A • Thi detail i6 givenSx a cr

to illu-strate t.Le mazn.er in which the parameters were handled. If a parameter
Scauses a change in modal frequency b-A not in mode shape, the effect o; flutter

speed can be determined by m.dking the indicated changes in the diagona2. elements
C rr. This"; method was adeq-ate to study the effects of curvature and enclosed

cavity. If on the other har.d, a parameter causes a change J.n modal frequezncy
&id also mode shape, it is expedient to recalculate all elastic constRpits Crm



ooth on aid off the diag:rnal. This was done in studying Apbecause of the
non-un-iform, static membrane stress. CriticaI values of A were then found in
the same way as previously described.

The flutter studies provided values of A as a function of a

ebange in the parameter being investigated. The thickness correction factors
ti/tB which ariý referenced to the baseline design were found as follows:

The modal flutter study is made for the flat panel configuration
(4-e. nodal frequencies oot yet affected by parameters) and yields

21:

BB

"!.%t. i•iz:kness of the panel is arbitrarily assigned the baseline value tB*

T.t p~xi er of interest is applied in the amount A to modify the flutter
dttrmriniwt and & new flutter solution gives

21 3

"AA 6DA It t
A\

We reali•y want to know, however, the panel thickness tA that is
require- for vtut,•rl stability at the original dynamic pressure q.. Let

or: frcm tiie flat panel boundary

23 SD)
AA- (A a-D D B

For

EI
B 12(1-v )
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and
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and the paxameters E , j , aud v unchanged, the requw'red thicknesscc.rrection factor is

At 11 B AA
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APPENDIX A

SURVEY INFORMATION

The government-industry-university survey proved to be invaluable in
establishing the state of the art in panel flutter. Answers were primarily
sought to the two questions "What effort is currentLy being carried on to
extend knowledge in the field?" and "What criteria are in current use for the
design of flutter free panels?" The authors believe that these questions
wcrcýio -red ýu~tisfa~torily, "~fd Eare dceply, indeo"tea Lo the persons who have
kindly provided information and discussions of their efforts in the field.

The facilities and persons contacted are listed in Part (1) of this Appendix.
In Part (2), a brief discussion is presented of those facilities that are
involved in current efforts or are currently designing panels to preclude
flutter.

Part (1) - Facilities and Persons Contacted

Facilities Persons

NASA/Langley Research Center L. Guy
Dr. M. Anderson
S. C. Dixon
C. P. Shore
H. J. Cunningham

G. Rainey
R. W. hcss

Princetui, University Professor Earl Dowell

Martin Company, Baltimore Dr. Peter JordanR. GolIdman

J. Tomassoni

MIT Professor J. Dugundji

Boeiný- Co., S'eattle L. L. ShermanW. Weatherill

H. Voss

North American Aviation, Harold Sweet
(Los Angeles) C. h. Hodson

J. H. Stevenson

North American Aviation, L. Kazmerzak
(Columbus) J. Murphy

G. Cook

Lockheed-California Co. E. E. Postel
P. C. iDurup
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Facilities Persons

Aerospace Corporation Dr. M. H. Lock
(El Segundo)

North, op Corporation, T. Rooney
Hawthorne S. Schwartz

Douglas (Missiles & Space P. F. Spas (Santa Monica)
Livision) D. Roudebush

A. W. Trudell
C. M. Fuller
J. J. McLaren

University of Michigan Professor W. J. Anderson

Midwest Research Institute D. R. Kobett

NASA/Ames Research Center P. Gaspers
L. Muhlstein

NASA/Flight Research Center, Dr. E. E. Kordes
EAFB J. M. Groen

R. E. Klein

University of Texas Prcfessor R. 0. Stearman

U. S. Air Force, Flight M. Shirk
Dynamics Laboratory D. Cooley

Part (2) - Current Effort

NASA/Langley Research Center

Theoretical efforts by L. Guy and his colleagues are quite extensive and
include:

- Strength of panel instabilities

- Effects of edge support flexibility

- Erfects of damping

Experimental investigations include:

- Flutter of orthotropic panels with elastic side edge report

- Effects of damping and cdge rotational restraint for stressed isotr~pic

panels
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NASA/Langley Research Center

G. Raincy and R. W. Hess are completing a thorough experimental/theoretical
study of' sume thirteen flat panels. Flutter boundaries were obtained for un-
stressed and buckled panels of length-width ratio between I and 4.5. An interim
report was released as a Langley Working Paper (LWP-177) and the final report
should be published in 1968.

Martin Company (Baltimore)

John Tomassoni has developed panel design criteria for in-house use. The
criteria account for Mach No., inplane stress, curvature, buckliug, and are
based on such documents as AHTC-32, LWP-177, and NASA TN 3781. The criteria
apply to both flat and curved buckled panels and were formulated for the use
of designers.

Boeing Company (Seattle)

L. L. Sherman has based panel design effort on NASA TN D-833, TN D-1386,
TN D-1156, together with personal experience gained from early tests of
Dyna Soar panels. He has used the panel design concept that is employed in
tnis report, that is, he first formulates a flat, unstressed panel design and
then specifies thicknecs modifications to account for the parameters that
affect flutter boundaries. He believes that reliable hardware design requires
knowledge of the still-air panel dynamics.

NASA-Fiight Research Center

J. M. Groen has recently conducted flight flutter tests of fiat panels
attached to a fixture that is suspended under the F-lO14airplane. The purpose
was to obtain data for panels that simulate the fabrication techniques of most
aerospace applications. The result shows reasonable agreement with TN D-).5!
envelopes, although the panels at t/w = 1 were outside the envelope. A report
should be releas"d in 1068

NONAi./Ames Research Center

P. Gaspers wad L. Mu]iistein are conducting in-house effort in panel
flutter research. Results of recently completed investigation of boundary
layer (to be published) indicate a pronounced stabilizing effect with optimum
effectivity occurring at M = 1.2. Flow angularity data have been obtained
but will be published later than the boundary layer investigation.

Louckheed-Caiifurijia Couiptuy

E. E. Postel proposes use of a two-degree-of-freedom design approach
based on still-air natural mode frequencies (reported in Lockheed Report No.
LR 17961). P. C. Durup has recently formulated panel flutter criteria based
on TN D-1949, TN D-451, TN D-1386, and some unpublished data obtained from
NASA/Ames.
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APPENDIX 1

DIFFERENTIAL PREWSURE ANALYSIS

The approximate analysis that is presented here was made for two purposes:
the first was to determine the form of a nondimensional parameter involving Ap
that would describe its effect on a flat, uniform panel, and the second purpose
was to obtain an analytical method that allows a prediction of panel dynamics
so that the flutter speed can ther be obtained. The procedure involved two
steps and was performed as follows:

(a) Determine the distribution of static inplan. stress that is a function of
the applied differential pressure. Assume that the edges are Simply
supported in rotation and that the uniform pressure load 4p defor.s the
panel into a static shape

we = d0 sin M sinw (1)

in which the peak static deflection d 0 is a nonlinear function of hp.
The Opposite edges are assumed to remain a constant distance apart so
that the static mode shape can only be accommodated by inplane stretch.
The sketch in Figure 41 shows the coordinate system used for the analysis.

d~do/ </_

Figure 4• -Coordinate System Used to Analyze Static Effect of Ap
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The axial strains are e and e the x-direction ctrain c has the formX y x

ex-t A ) dx (2)

which asseUs that the strain is constant between x 0 and x I but varies

with the coordinate y. Likewise

I with similar assumptions. Since 0i= 0, th. generalized Hooke's law yields

.. = I (C,x + v¢y) C+

•+ •x) (4)

I

and

Y l' -v y

Substitute Equation (1) into Equations (2) and (3), evaluate the inte-
grals; then substitute for c. and cy into (4) and (5) to get

#2

X 2 t

NY r -t[1o
S[(1)2 jn 2 Tx + sin2  (7)

The information yet required Is the manner In which the differential

pressure and the crown height are related, i.e.,

p= f(d o )

ina the frequency relationship

f**-,
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The fi"tt of these is obtained by an external work-strain energ relation-
ahip

6Wex Unt

in which W . is the work done by the pressure hp in deforming the panel, and
aJ1 t is Mho um of the banding UB and stretching N energies of the deformed
panel. The variational equation leads to the static form of Lagrange's equa-
ti on

The component parts of th'.s relAtionship are obtained from

AP aws dx dy

in which

-6 s d sin sin

so' tinct

V ' ~(~4~ dx dy

leaje t (for v :=0.3)

23 --- ((.)o 1 2

, 3 
-V -

1 2 2im + C- +~ 2 V'C C )dx dy
X y

gtwdj r+ 1) + (1)4(0

-~d W
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1herefore, the required relation is

41 2.2 d 1 + +(i

28 (L)4J

This relationship has been plotted in Figure 32 as the nondimensionaJl param-

eter .ýiEFt/E versus i/w with \ i~tion in the crown height prarmeter d /t.[1-1 0

Note that d /t is a meas•u-c of the nrc'.znt of psuel deformation d in relation

t3 the panel thick:.ess t.

It is convenient to perform the dynamic (vibratio.i and flutter) portion
of the anal.sis in terms of d /t, as noted by the form of Equations (6) and

S(7). Given the form if N and N , four- and eig~ht-mode vibration and flutter
x

.aýaIyses were maae. Tne fcrz of the inpilne loads, in Figare 42 below,

N ___;_L_:D

x x 2 t x

i [?•sin, sin- + s•

N =o t =-F

2 2t
3 xY - oir 1 - +'x

- S '. nplar.ce Loacz n Tnt,ý. ;-esu-LS Frcom ýp
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The flutter characteristics of the simply supported panel shown in Figure 4C.
were obtained from Lagrange's equation

dt 8 -- %

where the kinetic spierg? T, pýtaIntiau energy U, and generalised forces
are functions of the gene lJs..d coozrinates qn'

The kinetic ene.-gy of tN panel is given by

tw
T2T ,Tt(~) dx: dy.

0|

The potential energy of the panel results from bending of the panel Ub and
the energy contribution of the inpiane loading tL4. The energy expressions
corresponding the potential energy terms are given by

I
UM + (N ()2 x:~2 d xd

Assuming the aerodynamic loading on the panel can be represented by the I

Ackeret value

p(x.y,t) -

where 0 -y- q is the free stream dynamic pressure and; a is the slope of
the panel in the stream direction. The virtual work 6WA associated with the
above aerodynamic loading for a virtual displacement 6w is given byS~!"

~~~Xv) dx dy
a WA 00 a I

The generalized force term associated with the aerodynamic loading can then be
found from I

6WA = QA6 q

where QA in the generalized force and 6 q is the virtual displacement of the

generalized coordinate q.80



The assumption is now made that panel deflections associated with the
kinetic energy, potential energy, and generalized force can be described;
with sufficient accuracy, by

w Ane iWt sin "(TX) sin (MlY)
mn I W

where the time varying function ei4A denotes simple harmonic motion and the
generalized coordinates are A. (m and n represent the number of half sine
waves in the stream and cross-stream directions, respectively).

Evaluating the integrals required for Lagrange's equations, and solving
the flutter determinant for q - 0 (still air) leads to the frequency behavior
showen in Piguresh3, 44, 45, 4o. and 47 for the first four stream wise modes.
These plots are for length-width ratios f/w = 1/2, 1, 2, 3, and 4 and the
frequencies are plotted against the crown height parameter do/t. The frequency
behavior is related back to the pressure parameter -&- with the aid of Figure

32 •The flutter solutions [obtained in the manner described in Section IV

Supplemental Analyses)J, yields the flutter frequencies that are plotted as
the dashed lines on Figures 43 thru 47 , with the theoretical thickness factor
being presented in Figure 33.
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APPMIDIX C

PANEL F7LUTER BIBLIOGRAP

The literature on the subject of panel flutter, and in related areas

(viz., plate and shell dynamics, rtructuree, aerodynanics, boundary layer

phenomna) is very extensive and the writers cannot be sure that 1-1 papers of

significance have been included. It is believed, however, that the litera-

ture reviewed, as indicated in the bibliography, fairly represents the exist-

ing state-of-the-art.

1. Anderson, W. J., "Experimnts on the Flutter of Flat aand Slightly Curved
Panels at Mach Number 2.81," CIT(GAL)SM 62-34, Jane 1962.

2. Anderson, W. J. and Fung, Y. C., "The Effect of an Idealized Boundary Layer
on Flutter of Cylindrical Shells in Supersonic Flow," CIT(GAL)SM 62-49,
Decembor 1962.

3. Anderson, W. J., "Oscillatory Pressures in an Idealized Boundary layer with
and Application to the Panel Flutter of Cylindrical Shells," Proceedings of
the AIAA Symposium on Structural Dynamics and Aeroelasticity, Boston, Mass.,
August 1965.

4. Asher, G. W. and Brown, A. W., "Experimental Studies of the Unsteady Aero-
dynamics of Panels At or Near Flutter with a Finite Boundary Layer Mach
Number 1 tolO," The Boeing CompWany, RTD-TDR-63-4268, December 1964.

5. Ashley, H. and Zartarian, G., "Piston Theory - A New Aerodynamic Tool for
the Aeroelastician," Journal of Aeronautical Sciences, 23, 12, pp. 1109-
1118, December 1956.

6. Becker, Herbert, "Thermoelastic Stress Concentrations," AIAA Paper 66-120,
January 24 - 26, 1966.

7. Bets, D. A., "A Wind Tunnel Investigation of Panel Response to Boundary
Layer Pressure Fluctuations at Mach 1.4 and 3.5," NASA CR-501, May 1966.

8. Bohon, H. L. and Anderson, M. S., "The Role of Boundary Conditions on
Flutter of Orthotropic Panels," Proceedings of the AIAA SyNPosium on
Structural Dynamics and Aeroelasticity, Boston, Mass., August 1965.

9. Bohon, H. L., "Experimental Flutter Results for Corrugation-Stiffened
Panels at a kach Number of 3.0," NASA TN D-2293, May 1964.
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10. Bohon, H. L. and Dixon, S. C., "Soam Recent Developments in Flutter of
Flat Panels," AIAA 5th Annual Structures and Materials Conference,
April 1964.

11. Bohan, H. L., "Flutter of Flat Rectangular Orthotropic Panels w.th Diaxial
Loading and Arbitrary Flow Direction," NASA TN D-1949, September 1963.

12. Bohon, H. L., "Pawel Flutter Tests on Full Scale X-15 Lower Vertical
Stabilizer at Mach Number of 3.0," KASA T1-1385, October 1962.

13. Bolotin, V. V., Gavrilow, Iu. V., Makarov, B. P. and Shreikl, Iu. Iu.,
"The Nonlinear Problem of the Stability of Flat Panels in High Supersonic
Velocity Flow,: Akad, Kauk USSR, Otd, Tekn, Nauk, Izvestia Mekh, i
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