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The program described in this report was performed to bring together
all available data from wind tunnel test, flight test, vibration test,
thermal test and theoretical investigeticns to form comprehensive panel
flutter design criterie. pProcedures were developed which are applicable
to the environment and various panel structural arrangements for transonic
and hypersonic aircraft,aserospace re-entry vehicles, and boosters.

This report (Volume Il) presents the results of investigations to
determine the state of the art in panel design snd to provide the back-
ground data for the criteria that are given in Volume I. The investiga-
tions included a thorough literature serrch 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.

TR | ‘1‘ 1




TABLE OF CONTENTS
SECTION FAGE
I INTRODUCTION. . . . . . . « . . e e e e e e e e e e
1. Data Compilation and Evaluatiom . . . . . . . v v e s 1
2. Parametric and Trend Studies. . . . C e s e e e 1
3. Formulation of Panel Design Tachniques. e e e e e e . 1
“. Historical Developments . . . . . . « . + « & e 2
II EVALUATION OF CURRENT DESICN TECKAIQUES . . . . . . . . . . . 5
1. Evaluation of Analticul Methods. . . . . e e e 5
H 2. Evaluation of Test Techniques . . . . . « « ¢« ¢« « + + « 7
‘ 3. Evaluation of Published Panel Design Criteria . . . . .. 10
' III PRESENTATION OF DATA AND TREND STUDIES. . . . . . . « « « + & 20
; 1. Dynamic Pressure {Q). . + v « + « ¢ ¢« ¢« o 4 ¢ o s o 4 o 20
! 2. Mach Number (M) . 20
3.AngleotAttack... 21
4. Length-to-Width Ratio (1/v) e e e e e e e e e e e 22
5. Flow Angularity . . . . . - . . . . 2L
6. Edge Conditions . . . . . . c h e e e 27
7. Curvoture . . . . . . . e e e e e e e e e e e e e e 2T
8.'[npla.ne$treas(ll)... 35
: 9. Buckling. . . . . . . e e e e e e e e s e e e 37
; 10. Differential Tunperature (AT) e e e e e e e e e e b7
: 11. Differential Pressure (Ap) e e e e e e e e e e e e L7
: 12, Cavity Effect . . . . . 51
13. Orthotropicity. . . . . C 4 s s e e s e s e s et e e 55
i 14, Damping « + ¢ + ¢ ¢ 4 vt i e e e e e e e e e e e e e 59
. 15. Boundary Layer. . . . . . « « « « « 4 e e e e e e 57
IV DESIGN APPROACH . . . . . . . e e e e e e e e e e e s .. S8
1. Philosophy. . . . 58
2. SupplementalAnalyses..‘............... 64
REFERERCES. . . . . . . . . e v e e e e e e e 70
APPENDIX A Survey Infermatiom . . . . . « . ¢« . « .« . . .. 73
APPENDIX B Differential Pressure Analysis . . . . . . . . . . 17
{
' APPERDIX C Panel Flutter Bibliography . . . . . . . . . . .. 88
i iv
j
{

e — e S A e PR S o




TP T T 1

o
i

LIST OF FIGURES
NO. TITLE PAGE

1. Flutter Boundary for Unstiffened Panels from NASA :
TN D-451 (Reference 26) ......... e beriaeeter et tsana 13 ;

2. Compariscon of Buckled and Unbuckled Panel Flutter Boundaries 14
3. Experimental Flutter Boundaries from LWP-177 (Reference 17) 16

L, Flutter Dynamic Pressure Ratio Versus Mach Number for Length-
to-Width Ratio of One-Half ...... Crereaa e Cere e 17

v

‘ Flutter Dynamic Pressure Ratio Versus Mach Number for Length-
to-Width Ratic of TWO ..eeiceivnnnnn. ettt eee e 18
6. Mach Number Correction Factor Versus Mach Number .......... 19
T. Sketch Showing Relationship Between Free Stream and Loeal
Flow Corditic-c Cr et et Eries ettty N 21
7 8. Designation of the Sides £ and W «.vveernenranernrnnnnenns . 22

9. Typical Flutter Mode shapes for Low and High f£/w Panels ..... 23

10. Orientation of Wind Direction Relative to Panel Demonstrating
Flow Angularity ............. C et e et ‘e 2k

11. Theoretical Thickness Correction Factor Due to Yaw from NASA
TN D-1156 (Reference 32) .......... e e e 25

[
Ny

Fiutter Boundary Relationship for a Panel at &= G and A= 90° 26

13. Comparison Between Theoretical Thickness Correction Facter
Due to Yew and Experimental Data (A = 30°) .......... e

ro
(D

1k, Comparison Between Theoretical Thickness Correction Factcer
Due tc Yaw and Experimental Data (A = 60°) ..... e 29

15. Comparison Between Theoreticel Thickness Correction Factor
Due to Yaw and Experimental Data (A = 90°) ............... . 30

16. Thickness Correction Factor for Flow Angularity ............ 31
17. Thickness Correction Factor for a Simply Supported Panel .... 32

18. Thickuess Correction Factor for Curvature e e 3k




TR

NO.
19.

20.

21.

22.

23.

Effects of

Comparison
Stress and

Tompariso:
Stress and

Comparison
Stress and

Comparison
Stress and

LiST OF FIGURES
{Centinued)

TITLE

Inplane Tension on the Flutter of Flat Panels ...,

Between Theoretical Correction Factor for Inplane
Experimental Data for A/w = 1.0 ,..,..i.00eneunnn

Aerween Tuecietleal Correction Factor for Inplane
!xperimental Data for X/w = 2.0 and 2.5 ,........

Between Theoreticsl Correction Factor for Inplane
Experimental Data for £/w = 3.0 ....c.cvivnsnres

Between Theoretical Correction Factor for Inplane
Experimental Data for &/w =L4.0 and 4.5 ....... .

Thickness Correction Factor for In-Plane Stress (Compression)

Critical Inplane Compress.ion Losd for Clamped Panel, N, =0

Critical Inplane Compression Load for Clamped Panel, N, = Ny

Inplane Load for Simply Supported Panel, with

D R R ] D R D e s e

Critical Inplane Load for Simply Supported Panel, with

Critical
Ny =0

Critical Differential Temperature of Clamped Panel with
Restrained Edges e tesetr et et Presiiaa st

Criticel Differential Temperature of Simply Supported Rectangu-~

lar Panel

with Restrained Edges e Ceie s veea

Comparison Between Theoretical Correction Factor for Inplane

Stress and Experimental Data for &/w = 10...... et
Relatiorship Between 32 , 0p, and Panel Geometric-Physical

Characteristics ..... Biievienn, R et et iet e
Thickness Correction Factor for Differential Presgure .......
Thickness Correction for an Enclosed Cavity — ......... vens
Examples of Orthotropic Panels ............. e e
"Baseline" Design Curve  ........ e e i

vi

PAGE

36

38

39

Lo

41
42
L3
bk

L5

46

L8

L9

!

LB




NO.

37.

38.

39.

Lo,

41,
42,

43,

Lh,

L6,

k7.

LIST OF FIGURES
{Continued)

TITLE

Aerodynamic Parameter q/f(M) Versus &/w with Variaticn n

tB 3
Structural Parameter E('7f e e et e et e
Flot of g/f(M) Versus Mach Number with Parametric Varia®ion
in Altity” N et et aiee et a e e e
Flat Panel Degign Curves = ........... et e s e s

Modal Families that May Couple Aerodynamicaily to Produce
Flutter N oo

Coordinate System Used tc Analyze Static Effect of ap
Static Inplane Loading that Results from 4 @ ...... RN

Normalized Panel Frequencies Versus Crown Hejight Parameter
length-to-Width Ratic of One-Half e

Normalized Panel Frequerncies Versus Crown Height Parameter
Lengtha~to-Width Ratioc of Une

Normalized Panel Frequencies Versus Crcwn Height Farameter
Length-to-Width Ratic of Two

Normalized Panel Freguencies Versus Crown Height Parameter
Length-to-Width Ratio of Three

Normalizel Panel Frequencies Versus Crown Height Parameter
Length-to.Width Ratio of Four

vil

e

(¢4

-3
-3

[ ]

o

(¢
I,

84

e kit ik & b i s o

mmadma s A%

| U USSR



"

LIST OF SYMBOL?S
Generalized Coordinates
Speed of sound
Aerodynamic integral functica = ‘/c;%apm/ax)prdx
Constant
Constant proportional to elastic coupling between modes r and m

Modal frequency constant = thLamzrr

D :: ]
Plate bending stiffness = 5:3
) 12(1-v2)

Cavity depth

Static defelction
Modulus of elasticity
Natural logarithm
Function of

Beam vibration mode shape function used to describe panel
displacement along the x-axis

Still air frequency of a panel mode with m streamwise half waves
Mach number correction factor
Constant for Curved Panel (Table I, Page 32)

Beam vibration mode shape function used to describe panel
displacement along the y-axis

v -1
Crown height of curved panel
Elastic derivative, generalized stiffness

Vibration {reqrency parameter (From Reference 16)

Parel length (streaawise)
Streamwise length of a panel yawed 90°

Mach number

viii

v



Uint

(=

Streamwise mode number

=2

Curvature parameter ( = 22 )
Inplane load (streamwise)
Inplane load (cross-stream direction)
Cross-stream mode number
Aerodynamic pressure

Static aerodynamic pressure due to angle of attack
Differential pressure
Generalized force

Dynamic pressure { = %pv2)
Radius of curvature
Differential temperature
Panel thickness

Time

Kinetic energy

Internal energy

Stretching energy

Potential energy

Bending energy

Veluocity

Work

External work

Panel width

Displacement of a point in the panel measured normal to the
panel plane

Cross-stream width of a penel yawed 90°

Static panel deflection due to differential pressure

ix




-

N — iAW, B b AT PRI

w

W
[o]

SUBCRIPTE

A

B

cav

cr

> me—————— s =

irection parallel tc air flow when A = Q
Direction perpendicular to a;r flov when A = 0
Angle of attack
Coefricient of thermal expansion
Compresaibility parameter (-rm )
Nondimensional dynamic pressure parameter ( = 3%%2)
Variational operator
Kronecker delta function ( = 1 if r = m; = O if r ¥ m)
Axial strain
Sector angle of cylindrically curved panel
Yaw or sweep angle

Eigenvalue of the characteriﬁtic Equation édefined dy the
flutter determinant { = [pti /D]w”)

Nondimensional cavity parameter (from Reference 16)
Maus density of air

Mass density of panel

Inplene stress

Shearing stress

Poisson's ratio

Nondimercional penel flutter paraumeter ==[§i!ﬂ§]l/3 %)

q
Frequency (radians)

Reference frequency, two-dimensional simply supported panel

Aercdynamic
Baseline
Cavity

Critical

e e et emer i s m g mAeen el




1]

eff Effective

L Local
m Streumvise mode pumber i
max Maximum
min Minimum
n Cross-stream mode number
N Inplane losd (streamwise)
N Buckling load (streamwise)
x'buckling .
4 Increment of change in a parsmeter
vac Yacuumn
@ Free stream

xi




St

1T Wl d Sy e e

SECTION I ;, 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) supplementary analyses that were needed to clarify trends. The
panel parameters and physical characteristics that are taken into account
are the foliowing:

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 discussions 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 during the first phase data collection; (b) the supplementary
analyses that were necessary to camplete 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 furtier 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 suprle-
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 current use.

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

L. Historical Developments

The first recognition of panel flutter is credited to Jordan (1)* 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 tc 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=1.0and M= V2 and predicted that all panels would flutter in that range
regardless of thickness. ...en (k) (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 sddition, Shen made improvements on
the generalized aerodynemic 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 Aeronsutical Laboratory when wind tunnel tests reported by Sylvester
end Baker (f) were conducted to verify the existence of panel flutter and to
study ihe effects of some structural parameters on the aercelastic charscter-
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 simulatisg a more realistic
structural configuration. Both types of panels fluttiered. On the basic cf
experimental evidence from the Langley tests it was concluded that flutter
could be eliminated by applying sufficient tensile stress, by decreasing
streamvise leng*l., by increasing bending stiffness, or by applying a differ-
entisl pressure (that is, static overpressure applied %o ane 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 showed 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 all panels
might bYbecome 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 dicsipated 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 theat was gained in the point-furction aero-
dynamic theories when Ashley and Zartarian {Q) putlishcl their wiicie un
plston theory. They nct only Justified its use for certain combinations of
Mach number. reduced freguency and local slope, but also shcowed how several
Problems in aercelestic 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 paneles do flutter at high Mach numbers even though
membranes do not. Furthermore he showed that boundaries obteined from two,
three and four mode Galerkin analyses converged to the exact solution. It is
to be noted that the eigenvalues that Hedgepeth cobtained 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 & modal spproach. 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 tests, 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 frcguency of
the fundamental mode was increased and allowed to coincide with the still air
frequency of the second panel mode.

Although & clearer picture of the panel flutter phenomenon was emerging
from the analyses, there was 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 1955 and the range of Mach numbers was extended to include 1.2
to 3.0. Sylvester (12) repcorted that the data for the buckled parnels 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 lower than
the value predicted by Isaacs' transtatility theory, (2). One reason
for the difficulties in correlating theory and experiment was the lack of
ccordination 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 Technoclogy began an extensive program of investigaticn
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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 (14), and supersonic tests of flet and curved panels (15). By the
use of carefully controlled tests, the overall program contributed greatly
t> the understanding of the mechanisms of panel fiutter and showed improve-
ment in the correlation between theory and experiment.

More recent vork has been devoted to improving test techniquec (16) and
(1T7), and to defining the areas of strength and weakness in analysis. Bohon
and Dixon (18) have shown that two-dimensional static aerocdynamic theory is
aprliceble t~ a1l wnstoesseld panels with length-to-width ratios greater than
one. In addition, they indicate that the inciusion of structural damping
in the analysis of stressed panels improves the comparison with experiazent.
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 8till requires the most work, and the
trend of the recent investigations is strongly slanted toward that end

{(19)-(21).
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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 exiating criteria.

1. 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
vehavicr. The second concerns the behavicor 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 locetion,
that is the major goal of the analytical efforts tc be discugsed here. The
boundary for panel flutter is predicted by linear analysis because all large
applitude flutter begine first as infinitesimal motion and grows with time.

The post-flutter behavior, on the other hand, involves restoring stresses
that are nct linear with the amplitude of motion and, therefore, require
analytical methodz that are beyond the scope of this report.

a. General

The current methods for panel flutter analysis can be broadiy
grouped into two categories designated siuply (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 mace to assumptions of mode shapes or freguencics. OJiscussiuvns of
the exact methods are presented in Reference 11 and 22, and extensive data
from these methods are presented in References 10 and 23. The approrximate
methods that are in general use are usually referred to as "assumed mode”
analyses ané are applied to both the Galerkin and Rayleigh-Ritz solutions.
In the latter cases the analyst uses panel modes with appropriate boundary
¢cnditions as allowed degrees-of-freedom and obtains approximate aerco-
elastic soclutions to either the differentisl equation (Galerkin) cr the
system energy equations (Rayleigh-~Ritz).

The reader may resscnably ask wiy approximate solutilons shoulid
be required when exact methods are availatle. Each of these me.hods of
analysis has its particular advantages. The exact methods, though more
tedious to apply, provide trend data for certein types of panels (notally
very high %/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 and it is extremely
difficult to account for anomalies in the panel behavior. In surmary, the
exact method is best adapted to treating ideal panels.
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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 &/w require an unwieldy number of modes before satisfactory flutter

solutions are ottained.) Anomalous panel behavior, as measured in vibration
tests for example, can easily be incorporated in flutter analysis. Further-
more, the approximate methods are smenable to parametric trend studies from
vhich the analyst is able to determine the effect of certain parameters on
8tability boundaries. 1In this report, data from both exact and approximate
methods are used as aids in establishing criteiis.

It would not be prudent to leave a discussion of analytical
methods in panel flutter without mentioning the 'membrane dilemma" (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;
hovever, any finite number of modes used in an approximate analysis yields
finite flutter boundaries. The addition of higher frequency modes always
raises the predicted boundary. Studies of the behavior of panels of large
L/vw 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 adju-
cent, coupled modes. A similar problem arises in any assumed mode panel
analysis in which the frequency spectrum becomes altered in such manner to
cause a uniform spacing o frequencies. Assumed mode analyses for L/w > 4
are of little value because convergence to an "exact" solutior requires an
inordinately large number of modes. The spacing of streamwise panel fre-
quencies is governed by

£, =C [m2 + (l/V)a]

in wkich fpie frequency, C is a constant, m is streamwise mode number and
L/w is length-to-width ratio. It can be seen that the frequencies become
closely spaced when &/v >> m,

b. Aerodynamiss

Panel flutter is a regult of the interaction between aero-
qynamic 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 analyzing the structure. This belief is supported by the fact
that better thecretical correlation is obtained in tests of very simple
panels than with structurally complicated (built-up, corrugated) panels. An
excellent discussion and comparison of the aerodynemic theories used in panel
flutter analysis is presented in Reference 18. It is pointed out, therein,
thet tor M > 1.3 and 1 < &/w < 10, two dimensional "strip" theory gives
results that are in good agreement with three-dimensional "surface" theory
aerodynanics. TFor M < 1.3, the three-dimensional theory (based on linearized
potential flov theory) 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 well known "piston" theory,
or Ackeret theory) offer reascnasble approximaticns to thé local amerodynemic
pressure and greatly simplify the analyses,
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¢, Structures

The principal shoricomings ¢ 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 parel characteristice. "Anomalcous"
behavior of the real panels can often be traced to conditions such as:

Deviution from flatiness
Inhomogeneities (mass, stiffness)
Edge conditions

Studies recently conducted at NASA Langley by Guy and his associates hav: shown
much promise in isolsting the effects of edge suppcrts on the vibrstion and
flutter of built-up panels. The designer should keep in mind that the "stiff-

ness" or "scftness" of edge supperts only has meaning in relation to the elas-
ticity of the panel itself.

Difficulties that are encountered in the analytical description
of ihe dynamics of plate-like astructures 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 possidility 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 Tast Technigues

It is beyond the ccope of this document to present detailed guidelines
for establishing the philosophy, cbjectives, and procedures for panel test
programs., However, experience gained from the many testc that have been con-
ducted during the past dozen years does provide insight into the choice of
acceptable test procedures and indicates prebiem sreas that may be avoided
by careful planning, The suggestions and procedures presented in this section
largely reflect the results of literature cearch, interviews, and data reduc-

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 tests amd (b) hardware develcpment tests, both class:s may irnveclve
vibraticn and/or wind tunnel phases of testing. The major distinction between
the two is that research requires a physical mcdel (test specimen) dictated
nore by mathematical formulation than by practical requirements, whereas a
develiopment test specimen usually simulates aa actual siractural design. The
research test provides a pnysical verificaticen of mathematicel prediction and
the development test provides assurance that a pane! design {s adequate for
its intended use.

Instrumentation requirements vary with the test otlectives; frequercy anid
deformation strain measurements are easily obtained from strain gages bonded
directly to & punel. V.de shape is more difficult requirirg the output fron
an attached pickup {accelercmeter, velocity pickup! whick causes i1zcal inertis
loading, or from a non-contacting senscr (inductive, capacitive),
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of the art of non-contacting pickups is improving but there are still problems
with calibration and output linearity. The most stringent requirements, how-

ever, usually oc:ur for elevated temperature tests.

measurements that ere 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 thaugh “ideal" physical conditicns are not attained,
the specimen shoulid have measurable cheracteristics thus lending
itselr 1o methegatisal description s« that deviations from the
"ideal" can be accounted fir

The characterisvic 9f skin panels that sets them apart from
most clher structures i» the eixtremely smell ratin of thickness to
length {or to wiath} vhich causes & panel %o have very little bend-
ing rigidizy; the "m-mtrace sfiecc"”, derined here as the influence
of inplane stresa oy .aleral restralnt sfiffrness (and hence on
l.teral vibpaclc: frequencise) is well krown but is difficult to
control, Thig effect mwy be caused by several ccrnditions that can
be controlled auring the fabricatlon or tesgi phases; asids from
e built in during initiel aseemtly the more commen ceuses
ixht initial curvature, differentia) pressure (unequal pres-
sarec on panel faces), and differcntial temperature (panel at ¢
temperature differsat from the support structure). 1If such cone-
ditions are prezent and their megnitudes known, then their effects
can be accountew for in aneiysis; otherwise, test results may appear
spurious. A researcp test will usually require extensive instru-
mentaticn o insure that penel cordlticor:s are known and accounted
fer.

VYitration Test -- The purpose «¢?¥ vibration testing is to verify the
structural assumptions in an analysis or to obtain modal cherac-
teristics for subseguent use in flutter analysis., It has been
emphasized in this report *hav the structursl portion of penel
flutter analysis is wususlly not ac accurate 3¢ the predicticns of
supersonic sercdynemic pressuras; hence the vneed for good vibration
Gata. Experience irdicztes that faliwure to properly control or
account for the folleving items zeriouclhy Jeopurcizes the vaslidivy
and interpretetion of the vect results:

is}

Membrane staffeping ¢ifects {as dis-ussed earlierj.

Enclesed cavity bzhind the panei.

Inertia loading due to use of contacting type of exciter
or pickups.

varge 2ynamic deflections (detected by freguency change
tha' sccompanies increares ir vibration emplitude).

The displecement and strain
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(2)

Wind Tunnel Test - The wind tunnel portion of research testing pre-
sents unijue design challenges. In addivion to the panel charac-
teristics discussed previcusly, 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 raflected shock waves).

Measure f:ow conditions near the panel surface.

If vibration data are used, bench and tunrel conditions
should be matched, if at all possible.

Messure {and account for, if possible) such flow induced
properties as boundary layer, static pressure distri-
bution along tunnel wall, aerodynamic heating.

The Mach numbei range that is least troublescme for wind tunnel panel
flutter tests lies approximately between M = 1.4 and M = 2.2. At lower Mach
numbers, wall static pressures, boundary layer buildup, reflected shocks and

"rough" flow cause problems with data interpretation.

At higher Mach nunbers,

serodynamic 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 thermocoupies and from high temperature
strain gages. Mach number does not scale in dynemic modeling, therefore data
must be obtained at each Mach number of interest.

{v)

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
rnot only of the anticipated serodynamic conditions but also of

the anticipated structural condition of the panel are reguired

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 simulstion of panel attachments and edges
supparts; however, there may be loadings generated ir. flight that
mus? e simulated by artificial means. The following items are
very impcrtant and should be high on the list of priorities for
simnlatior of flivht conditions:

Mach numgker.

Bowndary layer (thickness should be simulated if at all possible),

Inpliane Loade oa panel,
Differer® - pregsure on panel,
Tempera- - f pasel,

With the sanguiar cxceplicr of {n-flight panel flutter research tests
conducted by NASA ¥*iigiht Research Center, other in-flight panel flutter tests

have been perforied as the final phace of hardware development, i.e., the finel

rrocf in the true smercdynamic esviromment. Generally, data is not taken unless
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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 previcus 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 27
by opening the rear of the panel holder, while in Reference 17, vibration tests
wvere conducted in a reduced pressure.

3. Bvaluation of Published Panel Design Criteria

One may vonder why, with the large amount of work that has been done, the
stale Ot the art in the design of flutter-free psnels is not further aavanced
from 1its present satatus. It has been stated that we have adequate
understanding of the induced aercdynsmic forces and ve also have the cap-
ability for predicting the structural forces that came into play. However,
we have continued to find discrepancy between theory and experiment and nave
apparently lacked the design tools to ingsure optimum panel design. The
reason lies partly in the fact that the large number of variables that affect
panel flutter boundaries are extremely difficult to handle; in addition, the
failure of theory in predicting stability boundaries has discouraged many
designers from using thecoretical trend data in a design situation. This
Section presents a discussion of the design techniques that are in current
use.

a. Nondimeusional Parameters

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

Anggﬁ
£D

or
.o (EY
q £

These parameters are closely related, and by making the substitution

Et3

D= )

it can be demonstrated that

or, if v = 0.3,
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3 = 21.84
¢ N

The parameter ¢ offers the advantage of presenting flutter boundaries that
are directly proportional to panel thicknegs, 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 phencmenon.

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

(a) Determining a flutter fatigue life which a panel can endure
without Jjeopardizing “he vehicle mission, or

(b) Designing for complete avoidance of flutter instabilities.

Sufficient data are no* 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 besis for current specifications.

Currently used criteria naturally fall within the following
categories:

(a) Analytical - based on theoretical concepts.
{b) Bupirical - based on experimental data.

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

The purely analyticel approach offers the convenience and economy of para-
metric studies, but suffers i1rom & lack of comparison with measured data.

The use of & 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
vigited during the course of this effort; in formulating design criteria, most
of the individuals who sre charged with panel design combine theoretical and
experimental data.

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

uged for design:
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NASA TN D-451
NASA TN D-1386

Langley Working Paper LWP-17T.

In view of the amount of work that has been done in panel flutter and related
fielde (see Bibliography), it is surprising that so few documents have pro=
vided such & broad basis for current design efforts. At the same time the
trend toward dependence on experimental dats 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-k51

This document presented the results of an early organized
attempt to provide comprehensive panel flutter informavion. The results
from both wind tunnel tests and in-flight occurrences of panel flutter were
presented in the form of the panel flutter parsmeter ¢ versus £/w. The
upper limit of the date was enclosed by an envelope that has come inte
wide usage for panel design. Tke data for unstiffened panels is reproduced
in Figure 1. A theoretical analysis for the flutter of orthotropic panels
vas 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 & basis for design, the results fram TN D-U51 were
geized immediately and applied to the design and diagnesis of skin panels.
It is historically sigaificant that the report recame available at a time
vhen aircraft companies were able to use the da.a toc diagnose and remedy
panel flutter problems that were encountered or. early supersonic airplanes.

¢. 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 found that the minimum
dynamic pressures at flutter occurred when the panels were lcaded tco a point
near the calculated critical buckling stress. An irvortant conclusion was
that the envelope of TN D-451 might be unconservati if a panel were sub-
Jected to inplane stress. The buckled panel boundsry from TN D-1386 ie
shown in Figure 2 and is compared with the flat panel boundary from TN D-451.

d. NASA Langley wWorking Paper LWP-177

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

12
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features that had been found tc be desirable in earlier test work., At the
time of this writing, the final report had not been released, but it was
felt that the data in LWP-177 was the best available for a flat, stressed
panel. The zero stress and dbuckled panel flutter parameters from LWP-177
are shown in Figure 3. The M = 1,96 data has been chosen as the basis for
the design of flat panels in the range 1.0 < L/w < 4.5,

The following two documents have bteen prepared with the specific
goal of assisting in the design of skin panels and present criteria for the
prevention c¢ panel flutter:

e. ARTC Report No. ARTC-32

In 1960, Panel S8-A (Dyramics and Aerolasticity Research) of
the Aerospace Industries Association e<signed to McDonnell Aircraft Corpora-
tion the responsibility Ffor gathering data on in-flight incidences of panel
flutter for the purpose of improving the stete-of-the-art, The assignment
resulted in a set of design criteria that encompassed flight data, wind
tunnel data and literature survey. Based slmost exclusively on empirical
data, ARTC~32 presented Mach number, inplane stress, sweep, and buckling
corrections, It was recommended that & concentrated attack should be
directed back to the fundamental research problem concerning the flutter
of a flat, unbuckled, rectangular, uniform thickness panel. Purthermore,
the report, which was released in 1962, pointed out the limitation in the
uzde of 8 in the panel flutter parameter, Advences 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 196k the National Aeronautics and Space Administration
circulated a gset of criteria, designated NASA SP-800k4, 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 presgare, thermel 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-LS1 not be relied upon for < 1.5. Reference was made to twenty=-
one pubiished reports for background information and for detailed design data.
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SECTION III
PRESENTATION OF DATA AND TREN™ STUDIES
This Section presents the regults 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. Dynemic Pressure (g)

Dynamic pressure (q = % sz) determines the level, or intensity of the
aerodynamic fercing function, and stability boundaries are often specified in
terms of critical dynamic pressure. It is common in soame branches of aero-
elasticity to refer to stability boundaries in terme 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 inthisreport that damping effects
on panel flutter are poorly defined; therefore, dynamic pressure has the greater
significance, 1In fact, dynamic pressure, q, appears directly in the nondimen-
sional panel flutter parameter, ¢, that describes the flutter level of panels.

2. Mach Number (M)

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

= -2 (o

-4 )

in which 2/8 is the 1ift curve slope and dw/ dx is instantanecus inclin-
ation of the surface to the airstream. Since B = -1, this equation cannot
be expected to hold when M+l because 2/8+ =, This situation has contributed to
the contusion that has dominated transonic panel fiutter problems, and has lieft
the designer with an untenable situation if he uses B indiscriminately in the
panel flutter parameter. The Mach number range 1.1 thru 1.6 has produced most
of the in-flight occurrences of panel flutter, and alsc the greatest analytical

difficulty. It was decided that a Mach number correction factor, to replace B
in the transonic region, must be obtained largely from 2xperimental data.

The effect of Mach number on flutter speed has been studied both experi-
mentally and theoretically. The results of those studies have been analyzed
and are presented, for panels of #/w = 1/2 and 2, in Figures 4 and 5. The 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 oressures at Mach 2; this
value was used in order to minimize the effects of other parameters (aero-
dynamic heating for M>?; 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 Figure kL envelopes the
L/w = 1/2 data below M = 2, When compared with the £/w = 2 data of Figure 5,
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the envelope shows that there is an L/v effect in this ragion. The spread

in the data for M»2 in Figure 5 is attributed to aerodynumic hesting and

is not considered wgeful for modifying § . Theoretical results

using a three-dimensional, linearized, potential flow sercdynumic theory are
also given for comparison with experiment. The correlaticn obtained with an
idealized sixzply-~supported panel (Reference 29) is poor tut a clamped panel
arnalysis (Reference 2%} is in good sgreement wilh test sats at 2w = 2,

Trhe flutter speeds that sare predicted in transenic analyses are very senpitive
ta the level of structursi damping which m~y acccunt for some of the discrepancy
tetwean theory and experiments.

Suffliciert data are not yet available tc dzfine the transcaic boundery
trends as a function of %/w; therefore the rore conservative of the data
envelopes has been chosen as the required Mach numbter correcticn trend
for ali values of 2/w. The Mach number correction factor £{M) is shown in
Figure 6 ir comverison with 5. These curves were otiained by multiplying the
£(M)/f{M)M=z and B/Bu=p curves shown in Figure k by the normalizing
factor (Byez = V3) used in their preparation.

3. Angle of Attack

The flow conditions (isch number and dynamic pressure)! due to the COmpo=
nent of stream velocity that is parallel to the plane of the panel, are called
lozal :conditions ané have & strong influence on flutter speed, If the penel
is aligned to the free stream velocity so that the free streanm velocity vector
is parallel to the plane of the panel, the free stream and local conditions ere
the same. However, if the panel is inclined to the free stream, sigrificant
differences can occur between the local and free stream flow conditions.
Additionelly, a panel that is inclined to the airstream will experience a
stevic aerodynamic pressure acting un its surface.

a= a > 0
=) M )
ML M, . £M
U = % q, * q
T = P
“a 0 P, £ 0

Se===- <\

et

igure 7 - Sketch Showing el ztionsntlp betweer
rree Streanm and Lucal Flow Conditions
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]
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The sketch shown in Figure 7 illustrates the features of the flow
characteristicas. Relationships between the local and free stream parameters
can be obtained frowm sources such as Reference 30. The available relation-

ghips include (q/B)L/(q/B)m, ML/M=' and q/L/qm.

With the presence of the static overpressure p , it is not at all clear
that a panel design will be determined by panel flufter. If the designer is

in doubt,

(a)

(b)

he may run a check by the following procedure:

L
This is accomplished by using free stream conditions, M_ and
together with a to obtain the ratio (q/8) /(q/8)_ and the local

Mach number MI' Thern computing B =\ﬁ§2-l and determining f(ML)
L} ry L
from Figure 6, the expression

() - @) =

can be evaluated throughout the anticipated flight path. The
maximum value of g/f(M)(free stream or local) is used in deter-
mining the final panel thickness.

Determine [q/f(M)]

The differential pressure resulting from the inclination is
calculated, and thickness correction made as described in
Section III of Volume I.

The designer is cautioned to recall, in using gq/8, that B+0 as M+l.

. Length-to-Width Ratio {(2/%)

The length 2 and width w are the flow oriented dimensions of a rectangular

panel.

The convention used in this report is shown in the following figure.

“ rw
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The ratio of the lengths of the sides, 2/w, plays an important rcle 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 &/w panels.

v
[ ————
(a) - -
low i/w
v
[ e
/ N
High &/w

Figure 9 Typical Flutter Mode shapes for
Low and High &/w Panels

From the analytical standpoint, the low %/w panel is easier to analyze. It
is obvious that the waveform in Figure 9 (&) can be described with consider=-
ably fewer Fourier components than the wave form of Figure 9 (b). This fact
ig 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 2/w(0<%/w<3), as many as 60 modes may be required for &/w = 10. The
authors prefer modal solutions “or investigating parametric variation in
factors of interest; however, ithe supplementary analyses were found tc¢ give
doubtful answers for ¥/w>h, Therefore, the tnickness correction factors pre-
sented as a part of the design criteria do not extend beyond %, + = 4. The
theoretical bebhavior of flutter boundaries at large %/w can best be seen by
modifying the baseline curve so that increasing £ cen be studied independently.

o -g_ _ f(M)E 1/3 E
A plot of x o= 3 v
27
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vergus /v shows that the new parameter apparently approaches an asymptote of
about 0,Th. The significence is, of course, that panels of very large /v
{say £/w>5) can be designed according to

£
0x;=0.7’4

The inverse of this relationship was given in Reference 18,

i A second effect of £/w involves a Mach number-f/w interaction that has

H been previously noted in Reference 31, for example. The mechanism, occurring
: in the transonic flov regime is not nearly so well understocd. Sufficient

? data are not available to delienate the M-%/w interaction.

3 In this, as well as most other panel flutter criteria, 2/w has been used
: as & fundamental parameter in the design approach. If flexibility in design
! or redesign allows variation in £/w, then this parameter can be used very

: profitably to save weight, Some guidelines for L/w are

i (a) For £/w>l, yaw ~orrection not required

(b) For 2/w>5, it eppears that for a constant width the same thickness
may be used for & panel with a given dynamic pressure, q. (Theoret-
: ical, requires experimental verification)

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

S. Flow Angularity

Fiow angularity (alec called yaw, or sweep) is an external aerodynamic
condition whereby the airstream ve.ocity vector is oriented at some angle
A to the principle axis of the panel. In this report, A is measured in respect
to & line that is parallel to the side £; in order to prevent ambiguity the
sweep angle is restricted to the range 0<A<W5°, The convention is shown in

Figure 10.

R
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Figure 10 Orientation of Wind Direction Relative to Panel Demonstrating Flow
Angularity
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Several investigators have used supersonic aerodynamic theory, together e
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 ls stabilizing when £/w > 1 but may be strongly destabilizing when &/w
< 1, Additional verification of the trend for A = 90° was obtained from the
baseline curve presented in Figure 36 of Section IV. Assume for any given value of o
2/w, that the baseline parameter ¢_ represents the A = O flutter condition. =

B .
Then we wish to relate to the same panel configuration that is turned 90°. .
Relationships are developed from the sketches in Figure 12. -2 i
[
L' =w) =
v v | B
Pmpem— — ]
o |~ === > "2 )
!
A=z |
A = 90° I
|
£ LIRS ¢
¢B('} gB(w' = ¢B\2)’

Figure 1ll, Flutter Boundary Relationship
ror a Panel at A = 0 and A = 90°

From the owo relationshiys

o ({-)‘ - (ﬁ_'M)EO) M3y

A =0 \3(k L

¢ () . [tmE V3
’l'l 0

A=90°\ QU o v

(Note that the latter equation is obtained from £° = w and w' = 2)
and assuming that only the ¢ and ¢ change, the simultaneous equations give

25
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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 = 90° flutter
dynamic pressures. These data have been added toc Figure 11 and verify the
analytic trends, at least for A = 909,

Seemingly, this would wrap up the sweep effect and we should need only
to formulate the thickness correction factore t,/t . However, experimental = !
data from Reference 27 for &/w = 1/2 and &/w = 2 indicate thet there is a
Mach number effect on sweep that is nol accounted for by the supersonic theory.
The data are shown in Figures 13, 14, and 15for A = 30°, 60° 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 = 15°, 30°, and 45° and interpolation may be used for inter=
mediate values. These curves clearly indicate that thickness cor-
rections for sweep should be made only for &/w<l.

ik

6. Edge Conditions

The baseline panel is uniform, flat, unstressed, and is assumed to have
edges that are completely restrained against rotation at the suppcrts. There
vere two main reasons for using the clamped edge condition. 1In 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 simuiate a simply
supported configuration (n¢ 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 &/w is shown in Figure 17. Some Jjudgment is required to
estimaté 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 cffers
considerably less than rigid rotational restraint at the panel edges.

T. Curvature

The analysis described here applies to panels that are cylindrically
curved in one direction and are constrained cn 211 z2dgec zc thot inplene motion
is not allowed. The frequency equation {developed in

ety 4t g e e A T
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ReTerence 33) is derived from linear analys s based on strain equations that
vere used LUy Donaell {34). Mode shapes for . lat plates are assumed to be
unchenged, and frequency behavior is influenced by inpiane stress that is
induced by lateral displacement. The frequency change ol significance occurs
‘n the manner showr by the freguency equation

mjs = wfs (t +G SNQ)

curved flat

Teble I has been prepsred t¢ show the constants G for a curved panel whose
eages are clamped against edge rotation. The cro&ging, or curvature factor '
N = (h /t} is the number of thicknesses that the cenler of the panel is dis-
placed in ite initially curved covdition. 1la tkis instance, r denotes the
number of half waves iu the arxisl (flat) direction and s denctes the number of
half wuaves in the circumferential (curved} direction.

Note that the modsl designation m-n is flow oriertated and that the deslig-
nation r-s depends on the direction of curveture. io the seme manner, the
edge: dimensicns 1, w are stream flow oriented while 2', w' are oriented ac-ord-
ing to curvature. Figure 18 presents the thickness correction factor due to
curvature a3 a function of ilength-to-width ratio. These results were obtained
from four moude flutter studies using the analiysis techniques described in Secticen V.

TABLE I
Constants Grs for a Clamperd Curved Panel

Mode Mode shupc Gprg

r'~8

5.6h
5.1kl + 3,115 (27/w')2 + S.ikk @ /ut)Y

D
S.14k + 25,015 (2 '/w'32 + 15G.063 (L' Ju' )

L
27
£y

1,06

1-3

e o

5.6t

39,063 + 11.626 (8' /%' 32 + 5,144 (L' /u" ¥

\
-~ 5.0U
3-1 - e e e . - :
150.G63 + 25.015 (8 /w';2 + 5 14L (L))

"
!
o]

———

M1 003 + 63,393 (g /w ) + H.1bb (gt ut )
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8. Inplane Stress (N,)

Inplane stress may result from differential temperature flightloads
or manufacturing and installaticn procedures. The stress may be tensile or
compressive; in comparison with an unstressed panel, the tensile stress raises
flutter speed und 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 sccounted for in design by using an effective value of
the Young's meodulus

. N
E .. =5 {1+ =
eff leCrl )

in which Nx., denctes the longitudinal buckling stress witn N = O (see Figure 19).
If the effective value of Young's modulus is usea 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

ts N - 1/3
— = 1+ 7 )
tp |Nxcrl

Ti:e effects of compression stress are of greaster concern to tne designer,
and at the same time are more difficult to assess. Flutter of flat panels
under compressive stress ic more difficult to analyce because

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

the fiutter instability of compressed panels is apparently infiuenced
by static buckling (indicated by test) although theory indicates
that the fiutter boundary is determined by dynamic considerations

alone.

—~~
o
—~

Although the detrimental effects of elastic edge restraint stiffness is

recogrized {Reference 19) it is not feasible at present to formulsate a cri-
terion; additicnally it is important to note that this problem is much movre
likely to occur with heavy, built-up jpanels than with single thickness skin

PR 4120 -

The flutter speeds of ccompressed and tuckled panels (studied extensively
both analytically and experimentally) vary with both f£/w and bending edge
conditions. The wcrk that is repcrted in References 17 and 28 indicate that
a compressed panel experiences its minimum flutter speed when ithe compres-
sive lcad is near the still air buckling load. This apparent proximity of
minimum flutter speed to the still air buckling load is contrary to the flat
piate *hecry wihich indicates that the Jdynamic instability is not related
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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, feils to account for the fact :
that a buckled panel exhibits dynamic behavior that cannot be take:. inte account L
using flat plate theory. The procedure that is proposed in this report consists
of defining (theoreticelly) a critical streamwise load N on the basis of

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

Ny & oyt enters the panel design and the two conditions Ny = 0 and Ny = Nx

will be conpidered in this document.

The variation in the flutter boundaries at values of stress less than
critical is not well defined experimertally although a substential amount of
data is aveilahle. The attempts to correlate experiment and theory for this
report indicate that it is difficult to determine Nx for a real panel., The

er
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 suthors attribute the scatter to variation in Ny caused by the loss of
panel stiffness due to exposure of flutter. The upproach that hasz been selected

for these criteria incorporates the thickness correction factor shown in Figure
24, as a function of Nx/Nx 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 velues of N as compared with theoretical values of Nxcr. Measured
cr

data almost always indicate that the sctual buckling loads are smaller ?han the

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

for clamped plates with Ny = { {see Figure 25} ovud Ny = Nx {see Figure 26).

Date for these curves were obtained from Reference 35. The curves of Figures

27 and 28 show the same type of informatior for simply supported panels. Note

that Nx is determined by buckling for £/w < 1.l and by frequency coalescence
cr

for &/w > 1.5 with Ny = 0 for simply supported panels (see Figure 27).

g. Buckling

Extending the discussion of compressicn stiess that was begun in the preced-
ing paragraph, it is recommended that a thickness correction factor of 2.0 be
applied for buckling. The value 2.0 has been determined empirically {Referencel?7 )
and should be used when the designer anticipates that the panel will be subjected
to combined (Nx and Ny) lcading that is capable of buckling the panel, Inherent

in this essumption alsc is that no subsequent stress condition (post buckling)
will cause & lower flutter speed.

27
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10. T ia] ture (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

o= EaTAT or N = (EuTAT)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 ATcr for clamped and éimply supported
panels are shown in Figures 29 and 30 respectively for the case of Ny = Nx'

The thickness correction factor will be obtained from Figure 31 by determin-
ing the resulting Ny for the panel, where Nxcr is taken as 80% of the criti-

cal buckling load 0¥ Ehe 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 stresses
in the plane of the panel which result in increased stability.

An approximate solution'technique was developed to determine the effeczt
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.

L/ _ . 2mrx ., 2w
‘ j///’ w, = dg sin =~ sin -;X
pJ

y

which sets up static stresses in the midplane of the panel. By equating the
work done by the differential pressure to the bending energy of the panel plus
the membrane energy associated with the inplane tension loads, a solution was
obtained for the tension loads in the x and y directions. An approximate solu-
tion of the panel flutter problem was then obtained by using Lagrange's cquation
inconjunction with two—dimensionnl static aerodynamics. The derivation of the

Wt
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tensile stresses in the plane of the panel and the flutter stability equgtions
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 shovs
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 &/w with parametric variation of do/t.

The results shown in Figure 33 were obtained using four stream modes and
one cross-stream mode for length-to-width ratios of one half, one and two while
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 2 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 serodynamic 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

Ac 2
d
where
ae‘z L
Ac'g =p "0 = 1.4 Peay
d D4 ZD/235d
A cne-term approximation for the fundamental mode ( Reference 16) is
2 2
Kyp= Kqp  + B9 a2
vac d
which by substitution becomes
2 b 2 Y
tw % tw L P L
P = p___vac + .62 Ccav
P D P™p (D/L)d

Flutter boundaries were obtained for values of +this parameter as large as
9000 in a four-mode study with 2/w varying from O to 3. The results of the
study, expressed as a function of the thickness ratio t /t. is shown in
Figure 34. 7The flutter results mre expected to be somewhat conservative as
a result of using the one-term approximation.
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13. Orthotropicity

An orthotropic pesnel 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 resuit 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 extencive series of tests was conducted
by the Boeing Company as discussed in Reference536 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 &lso 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
2/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 of damping compouni if panel flutter is

encountered in flight only if considerable weight increase can be
tolerated, and other remedial measures are less feasible.

5’2
-



(a) Corrugation Stiffened

(b) Beaded

/

(¢) Stringer Stiffened

Figure 35.~ Examples of Orthotropic Panels
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3 15. Roundary 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 iayer 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 present to
define a criterion for panel design.

L




SECTION TV

DESIGN APPROACH

The poor correlation between theory and experiment has not only caused
r 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 made during
the course of this study; it was concluded that "anomalous” =21 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 correlsations
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 intn
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 transonic (negative damping) flow regimes, btut the
transition between them is smcoth. Experimental trends can be

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

{b) The unresolved problem areas are predominantly structural; hepce
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 tueir
still air dynamics can be predicted or measured. The importance
of the panel spectral characteristics cannot be overemphasized.

The panel flutter esnalyst 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 soluticns of certain classes of

protlems {(such as very large &/w with relative ease), and may te
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valuable in establishing trends; modal solutions (Galerkin,
Ravleigh-Ritz) are preferred for most analytical needs, how-
ever, beceuse of the flexibility that is offered by the use of
measured, c¢r carefully cnlculated, modal frequencies. This
latter type of analysis facilitates tl.e use of vibration test
data and correlation between theory and experiment. It must be
recognized that each analyti-al approach has its advantages and
disadvantages and should be used with discretion.

The experimental-thescretical approach to vanel design that has been
chosen for this set 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 baseé on experimental data; the
thickness is modified by empirical-thecretical means to account for the
rhysical 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 followea after design inputs have bteen obtained.

{a) Establish a baseline panel decign that is based on &/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 ¢p versus 2/w. 1In the range %/w = 1.0 to 4.5, the curve
is obtained from Keference 17. 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 remsainder of the curve is faired in by using theo-
retical trends obtained from Reference 23. Given £/w, the designer
determines %g. (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 < g/w < 5;
diccrepancies Lebween the twd curves outside this range are due
mainly to tne fact that the TN D-LS! curve envelopes data from
different panels under different flow conditions and hence would
be expected to cause excessive overdesign for some applications.
The beseline curve is extrapolated cutside the range of LWP-177
dats by theoretical means; further experimental investigations are
needed in these areas.)

{b) Consider the baseline panel fiutter parameter ®p (which is now
known) in the form , .
f{M 1/3 1/3 [ty
oo () 0 ()
qQ [3

whicu scparstes the parameters into aerodynamic and structural parts.
This step is primarily concerned with determining the aerodynamic
part Eqﬂ) cof the baseline parameter. The quantity (M) replaces

B(= 4/MZ-1) in the usual f rmuiation of the panel flutter parameter.

in esserce, f(M) accounts f>r Lhe effect of Mach number oun fidtler
speed. This variation hns been preaicted anaiytically Ly the uge
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of three-dimensional, potertinl liow, linearized serodynamic theory.
The eflci.ls of Mach number on flutter speeds for panels of &/w = 1/2
and £/w = 2 are shown in Figures % and 5 . The data are normalized
to values at M = 2 and lines of B are shown for comparison. The
theorcticAr 2oLa Jhown ¢ il plotc 4o ot offer sufficient informa-
tion to formulate a criterion; therefore, envelopes were drawn to
encompauss the experimental data. (The differences in the envelope
levels between Figure | and Figure 5 indicate en aspect ratio
dependence at low Mach oumber.) The envelope of the data for
2/w = 1/2 is proposed as the function of f(M). (A degree of
conservatism is introduced ai larger £/w, but existing data are
insufficient to formulate & criterion.) The designer is required
to obtain the minimum value of ffM) which is seen to relate to
q .

the maximum value of El/3 ig through El/3 Eg_ = ®p

1 [ nax [ffM)

L min,
One procedure that can be used is to obtain the M-q relationship for
the anticipated flight envelope. From M determire f(M) from Figure 6
then divide by the value of q. Compute & 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
procedui'e, 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 . Figures 37 and 38 have been consolidated through their
fiMj

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

two lines ottained from [ ] = L4000 and #/w = 3 gives the
fiMs

mAax

required value E (f;_

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
follovwing 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.

2. Supplemental Analyses

The design rriteri. “hat =arc picconted iv ¢his report nave been based,
whenever possible, on expe:imental data. Several of the parameters however,
have not been investigated in surficient depth to define the thickness ccrrec-
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 frequeucies as input data. Therefore, there were two phases

of analysis: the first determined the manpner in wnich panel frequencies were
expected to vary with the parameters of interest and the second pliase was the
flutter study that incorporated the still air frequencies.

a. Frequency Analysis

Modal frequency variation is considered to be the dominant
cause <f changes in flutter speed for the following parameters:

Length-to-width ratio
Curvature

Inplane s-.ress
Temperature differential
Pressure differe-~tial
Enclosed cavity.

Of these, only curvature, pressure differential, and enclosed cavity were not
well covered in the literature and hence reguired supplemental frequency
ana.yses.

It was first necessary to define the modes that would partici-
pate in flutter. Supersonic point tunction aerodynamic theories indicate
(and it is a fairly well accepted fact) that aerodynamic coupling can only
exiet hetween families of modes defined as follows: 1if m denotes the number
of stream-wise half waves of a mode and n denotes the number of cross-stream
half weves, then modes can only couple if they have ¢ common n. Figure 40
gshowe rcertain groups of modes thal may couple {(node li-ies are dashed ) for two
airstream orientations.

The only modes that need be considered in most ca es are those
of the family m-1 and the modes 1-1, 2-1, 3-1, l-1 were most commonly used.
The 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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., Flutter Analysis

Four- and eight-mode aercelastic. siudies, us.ng static Ackeret
aerodyuamic thecry, provided dute that were rapurt? to establish flutter
boundury trends. The sszumed mode uethods of ‘awnalynis are well xnown and
tegiao with a laleral displacement of the fora:

. . it . s
w (x, y, t) = & & A:nn et Fm(x) 5 P,

¥or simply--supported cdges, tke sine functions:

F (x) = win X

iy et )
end

. ux

1t Ay) = sin -_wl

were uc€d; for cieampea wdges, the convenient modes described by Warburton in
Reference 39 were used. Lagran.ges’ equations of motion, with appropriate
nordipenaioning , yieids the flutter ceterminant
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For a clamped, rectangular panei oI streamwise length £, width, w, aud mass
densityl%, the elements of the determinan' are

c v 29.3q
) = k = = -
rm rm Dw d A gy
U, r # m 7
6, = ro= gt 3Ry oqy,
rm 1= ? T ¢ 33X m

The tern hrm is a stiffness, cr elastic derivative thel ccuplis mode r-n with

mode m~n. The expression Y is the eigenvalue and A is & nonaimensional
dynamic pressure parameter. If r = m, the term Crr is proporticnel to the

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

q
tf ~
P <

[
rr L rr

The tern Brm is the gercuynamic derivative. OSolutions were obtained by a

method of trial and error in which the first coalescence of a pair of ei
veaiues {i.e. Y, =Y., delined the flutter boundary, A Thic det
BN .

~a Y <
- - AL A 4
cr
to illustrate the menier in which the parameters were handled. If & parameter
causes a change in mudal freguency but not in mode shape, the effect on flutter
speed can be determined by wmaking the indicated changes in the diagonai elements
Crr' This method was adequate t¢ study the effects of curvature and enclosed

cavity. If on the other hard, a purameter causes a change in modal fregquency
end alsc mode shape, it is expedient to recalculate all elastic constents C
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ooth on aid off the diagunal. This was done in studying A p because of the
non-uiiform, static membrane stress. Critical values of A were then found in

the same way a8 previously described.

The flutter studies previded values of A, asa function of a
change in the parameter being investigated. The thickness courrection factors
t‘i/t’B vhich are referenced tc the baszline design were found as follows:

The modal flutter study is made for the flat panel configuration
(i.¢. mnodal frequencies not yet affected by parameters) and yielda

2‘?.3

Y < B5C @
B BDB B

The thizkness of the vanel is arbitrarily sssigned the baseline value ipe

The paxrwseter of interest is applied in the amount A to modify the flutter
dztermingnt aaud s new flutter solution gives

We really want to know, however, the panel thickness ta that is
requires for peutiml stability at the original dynamic pressure - Let

213
Ay, T gp 9
8 BDA B
oxr fren the flat panel boundary
A, = gﬁ (x .Bi)
el
4 BDA B 292
For
E 3
p. = —— t
BT 1p(10v%) B
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and

and the parameters £,

ccrrection factor is

E 3

12(1-09)

B, E, and v unchanged, the requ.’ ved thickness
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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
Wil answered satisfactorily, wnd are deeply indeoted Lo the persons who have
kindly precvided 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

invelved in current effeorts or are currently designing panels to preclude
fiutter.

Part (1) - Facilities and Perscns Contacted

Facilities Persons
NASA/Langley Research Center L. Guy
Dr. M. Anderson
S. C. Dixon
C. P. Shore
H. J. Cunninghsam
G. Rainey
R. W. Hess
Princetoun, University Professor Earl Dowell
Martin Company, Baltimore Dr. Peter Jordan
R. Goldman
J. Tomassoni
MIT Professor J. Dugundji
Beceiny Co., Seattle L. L. Sherman
W. Weatherall
H. Voss
North American Aviation, Harclid Sweet
3 (Los Angeles) C. K. Hcdson
J. K. Stevenson

North American Avisation, L. Kazmerzak
(Columbur ) J. Murphy
G. Cook
Lockheed - California Co, E. E. Postel

P. C. Durup
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Facilities Parsons

Aerospace Corporation Dr. M. H. Lock
(El1 Segundo)

Py

Northtop Corporaticn, T. Rooney ;
Hawthorne S. Schwartz :
Douglas (Missiles & Space P. F. Spas (Santa Monica) :
Divisior) D. Roudebush :
A. W. Trudell !

C. M. Fuller H

J. J. Mclaren i

University of Michigan Professor W. J. Anderson %
Midwest Research Institute D. R. Kobett ;
!

NASA/Ames Kesearch Center P. Gaspers §
L. Muhlstein i

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 H
Dynamics Laboratory D. Cooley §

]

Part (2) - Current Effort

NASA/Langlev Research Center

rrnatA

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

- Strength of panel instabilities

- Effects of edge support flexibility

po

- Etfects of damping
Experimental investigations include:
- Flutter of orthotropic panels with elastic side edge report

- Lffects of damping and cdge rotational restraint for stressed isotropic !

panels
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NASA{&ggglex Research Center

G. Rainey and R. W. Hess are coampleting 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 1 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 ARTC-32, LWP-177, and NASA TN 378l. The criteria
apply to both flat and curved buckled panels and were formulated for the use
of designers.

Beceing Company {(Seattle)

L. L. Sherman has based panel design effort on NASA TN D-833, TN D-1386,
TN D-1i56, 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-Flight Research Center

J. M. Groen has recently conducted flight flutter tests of flat panels
attached tc a fixture that is suspended under the F-104 sirplane. 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-151
envelopes, although the panels at £/w = 1 were outside the envelope. A report
should be relegsed in 19482,

NACA/Ames Research Center

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

Lockiieed-California Copany

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-LS1, TN D-1386, and some unpublished data obtained from
NASA/Ames.
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APPENDIX B

A

DIFFERENTIAL PRESSURE ANALYSIS

The approximate analysis that is presanted 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 tc obtain an analytical method that allows a prediction of panel dynamics :
so that the flutter spesed can ther bes obtained. The procedure involved two :
steps and was performesd as follows:

(a) Determine the distribution of static inplane stress that is a function of
the applied differential pressure. Assume that the edges are aimply
supported in rotation and that the uniform pressure load Ap deforms the
panel into a static shape

[N TR

R X 3 ST

ws =d s:Ll'lz?einl:'wI (1)

in which the pesak svatic deflection d, is a nonlinear function of &p.

The opposite edges are assumed to remain a constant distance apart so
that the static mode shape can only be accommodatéed by inplane stretch.
The sketch in Figure 41 shows the coordinate system used for the analysis.
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A awroaey Meshoi o

o ORI ks 8 e GBI ¢ Lt s

Ox

B e i

S et b e

Figure U1 - Coordinate System Used to Analyze Static Effect of Ap
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The axial strains are L and cy; the x~direction ctrain cx has the form
1 3wy 2
- et}
% = 5% J‘: (bx )* dx (2)

which assumes that the strain is constant between x = 0 and x = t but varies
with the coordinate y. Likewise

G2 N ED e (3)
o

with similar assumptions. Since o, = 0O, the generalized Hooke's law yields

Oy = f'.? (ex + vey) (%)
and

o, = = (5, ¥ vey) (5)

y lavy

Substitute Equation (1) into Equations (Z) and (3), evaluate the inte-
grals; then substitute for ¢, and ¢y intc (4) and (5) to get

- - 1 4 2
M=oyt = By [362) 0 )]

1~
r ~ 2 - -1
. Lsin‘ (F)+  (4) sin® %Jl (6)
=, e =3 |1 oy y]2
Ny =t f-z-[?_ (§2) n (L)]
x [({-,)2 sin? =+ sin? E‘UZ] (7)

The information yet required is the manner in which the differential
pressure and the crown height are related, i.e.,

op = £(do)
ana the frequency relationship

g = £(89)
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The first cf these is obtained by an external work-strain energy relation-
ship

6wex = 6U.’l.nt.

in which W is the warx dons by tihe pressure Np in deforming the panel, and
Uppy 8 thgxﬁum of the bending Up and stretching energies or the deformed
panel. The variational equation leads to the static form of Lagrange's equa~
tion

Mos . N5, 2 .
adc ado a'do

The component parts of thia relationship are obtained from
4w
owuugwav, dx dy
in which

Sysrﬁ dosinﬂsinlm_

l W
82 thatv
aw
2% = 0,406 At (8)
2P

t‘y ,_2% k?.,

U = e oy ¢+ 2XY dx dy
® 2

T R

EIR Et3v\d a2
=23 1y (857 (92
i'd‘. 13 ¥
fw o
EL o n < .
U L= Pt e 4 el + 2ve e Mdx dy
™ 5 X
2{1-v") AJ‘ y 7
ehich bar:omes

Y. Eth'd_j
- oe = [ie 4 Z e @] (10)
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Therefore, the required relation is

1
0.183 ,732,[ =2 v d?®

5
a3 A
+ 2.28 (-5‘—‘) [1 + .z.-.(f;)" + (f)“] (11)

e

This relationship has been plotied in Figure 32 as the nondimensional param-
I Lo
eter Ap/E[t_] versus i/w with varistics in the crowa height parameter do/t.
s,

Note that d /t is a measwre of the ameunt of panel deformation do in relation
to the pa.nel thickness v,

It is conveniant to perform the dynemic (vibratica end flutier) portion
of the analysis in terms of dg/t, as uoted by the form of Fquetions (6) and
{7). Given the form of Nx and Ny’ four- ané eight-mode vibration and flutter

srnalyses were made. The forw of the inplane loads, in Figure 42 below,
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The flutter characteristics of the simply supported panel shown in Pigure 4¢ §
were obtained fram Lagrange's equation T
3

4 Ly (3 -

W 5 Mg i

E:

where the kinetic snergy T, potential energy U, and generaligzed forces Qn’ F'
are functions u{ the genersliund coordinates q. ¥
The kinetic snergy of the panei is giver by :

3

Lv H

=1 wy2 3

T=3 J{pmt(at) dx dy. H

;x;

The potential energy of the panel resnlts from bending of the panel Uy, and §
the energy contribution of the inpiane loading U,. The energy expressions [
corresponding the potential anargy torms are given by i
2 2 5

U =2 I ¥+ dx dy 3
() i

and !

- 2 Y
UM—%II (Nx(g-:) +N,\§:))dxdy.

Assuming the aerodynamic loading on the panel can be represented by the
Ackeret value

pix,y,t) = ~ 3§ g’;‘

where B =yM<-), q 1is the free stream dynamic pressure anclg—;' is the slope of
the panel in the stream direction. The virtual work &W, associated with the
above aerodynamic loading for a virtual displacement 68w 1is given by

B 780 it O b e AT L 1B DAL o kb e R s

w, = & IZ (@)(s) ax ay

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

nas

W, = Qu8q

where Q, is the generalized force and 6q is the virtual displacemsnt of the
generalized coordinate q.
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The assumption is now made that panel deflections associated with the
kinetic energy, potential energy, and generaliced force can be described;
with sufficient accuracy, by

- iwt |
w=z R Amne “* gin (E%l) sin (E%XJ

where the time varying function el genotes simple harmonic motion and the
generalized coordinates are Amn (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
shown in Piguresi3, 4k, 45, Lo, and 47 for the first four stream wise modes.
These plots are for length-width ratios ¢/w = 1/2, 1, 2, 3, and 4 and the
freguencies are plotted against the crown height parameter do/t.. The frequency
behavior is related back to the pressure parameter —2E— with the aid of Figure

Rk
2 . The flutter solutjons [obtained in the manner described in Section IV
Supplemental Analyaea)i, 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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APPENDIX ¢
PANEL FLUTTER mauocm’

The literature on the subjeot of panel flutter; and in related arsas
(viz., plate and shell dynamics, structures, asrodynamics, boundary layer
phenomsna) is very extensive and the writers cannot be sure that 8ll papers of

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

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

ing stats~of-the-art.

1, Anderson, W. J., "Experiments on ths Flutter of Flat and Slightly Curved
Panels at Mach Number 2.81," CIT(GAL)SK 62-34, June 1962.
P .

Anderaon, W. J. and Pung, Y. C., "The Effect of an Idealized Boundary lLayer
on Flutter of Cylindrical Shslls in Superaonic Flow,' CIT(GAL)SM 62-49,
Decembor 1962,

3. Anderson, W. J., "Oscillatory Pressures in an Idealized Boundary layer with
and Appiication to the Panel Flutter of Cylindrical Shells," Procesadings of

the AIAA Symposium on Structural Dynamics and Aercelasticity, Boston, Mass.,
P August 1965.

L. 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 tol0U," The Boeing Company, RTD-TDR~$3-4268, December 1964.

-—ye
W
.

Ashley, H. and Zartarian, G., "Piston Theory - A New Asrcdynamic Tool for
the Aesrocelastician," Journal of Aeronautical Sciences, 23, 12, pp. 1109-
1118, Decembder 1956.

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

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

8. Bohon, H. L. and Anderaon, M. S., "The Role of Boundary Conditions on
l Flutter of Orthotropic Panels," Proceedings of the AIAA Symposium on
[
]

Structural Dynamics and Aercelasticity, Boston, Mass., August 1965.

9. Bohon, H, L., "Experimental Flutter Results for Corrugation-Stiffened
Panels at a Mach Number of 3.0," NASA TN D-2293, May 1964.
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10,

13.

17.

19.

Bohon, H. L. and Dixom, S. C., "Soms Recent Developmente in Flutter of
Flat Panels," AIAA 5th Annual Structures and Materials Conference,
April 1964,

Bohon, H. L., "Flutter of Flat Rectangular Orthotropic Panels w!th Biaxial
Loading and Arbitrary Flow Direction,” NASA TN D=1949, September 1963.

Bohon, H, L., "Panel Flutter Tests on Full Scale X-15 Lower Vertical
Stabilizer at Mach Number of 3.0," NASA TN-138S5, October 1962.

Bolotin, V. V., Gavrilow, Iu. V., Makarov, B. P. and Shreikl, Iu. Iu.,
"The Nonlinear Problem of the Stability of Flat Panels in High Superaonic
Velocity Flow,: Akad, Nauk USSR, Otd, Tekn, Nauk, Izvestia Mekh, 4
Mashinostr (in Ruseian), pp. 59-64, May=June 1959. (Rsf. from Journal of
Aero/Space Enginsering, October 1959.) (Rectangular Plates, M > 1,
Solution verified on elsctronic cosputer.)

Brown, R. A., "Prequency Effecta in Panel Flutter of Cylindrical Shells,"
University of California {IER) Rpt. AS-64-6, March 19é4.

Calligeros, J. M. and Dugundji, J., "Effects of Orthotropicity Orientation
on Supersonic Panel Fiutter,” AIAA Journal Vol. 1, No. 9, September 1963.

Calligeros, J. M. and Dugundji, J., "Supersonic Flutter of Ractangular
Orthotropic Panels with Arbitrary Orientation of Orthotropicity,” AFOSR
5328, June 1963.

Courant, R., "Variational Methods for the Solution of Problems of Equil-
ibrium and Vibrations," American Mathematical Society Bulletin, 49, pp. 1-23
January 1943. See also, R. Courant and D. Hilbert, "Methods of Mathematical
Physics," p. 208, Interscisence Publishers, 1953.

Crisp, J. D. C., "The Equation of Energy Balance for Fluttering Systems with
Soma Applications in the Supersonic Regimes," Journal of Aerospace Sciences,
26, ll, PP. 703-716, Novembsr 19590

Cusmings, Benjamin E., "Supersonic Flutter of a Plats Containing Many Bays
in a Spenwise Direction,” California Institute of Technology, Aerc E.
Thesis, June 1957,

Cummings, B. E., "large Amplitude Vibration and Responss of Curved Fanels,"
ATAA Summer Meeting, June 17-20, 1963.

Cunningham, H. J., "Analysis of the Flutter of Flat Rectangular Panels on
the Bagia of Exact Three-Dimensional Linearized Supersonic Potential Flow,"
IAS Paper 63~22, January 1963.

, H. J., "Flutter Analysis of Plat Rectangular Panels Based on
Three-Dimensional Supersonic Unsteady Potential FPlow,” NASA TR R-256,
February 1967.
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23. Dixon, S. C., "Experimantal Investigation at Mach Number 3.0 of Effects
of Thermal Stress and Buckling on Flutter Characteristics of Flat Singls~
Bay Panels of Length-Width Ratio 0.96," NASA TN D=14,85, November 1962.

2. Dixon, 8. C,, "Application of Transtability Concept to Flutter of Finite
Panels and Experimental Resulte," NASA TN D=1948, Septembar 1963.

25. Dixon, S. C,, Griffith, G. E. and Bohon, H. L., "Experimental Investigation
at Macn Numbsr 3.0 of the Effects of Thermal Stress and Buckling on the
Flutter of Four-Bay Aluminum Alloy Panels with Length-Width Ratios of 10,"
NASA TN-921, October 1961,

26. Dixon, S. C, and Shore, C. P., "Effects of Differential Pressure, Thermal
Stress, and Buckling on Flutter of Flat Panels with Length-Width Ratlo of
20," NASA TN D-2047, December 1963,

27. Dixon, S. C., “Comparison of Panel Flutter Results from Approximate Aero-
dynamic Theory with Results from Exact Inviscid Theory and Experiment,"
NASA TN D=3649, October 1964.
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3G. Dowsll, E. H,, "The Fluiter of Infinitely Long Plates and Shells,” Proceedings
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August 1965.
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