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I. INTRODUCTION

Panel flutter is a self-excited, aeroelastic, dynamic
instability caused by the interaction among the aerodynamic, inertial
and elastic forces of a panel‘(Ref. 1). It is seldom destructive
because structural nonlinearities tend to limit the amplitude of the
panel response, Nevertheless, ﬁanel flutter is undesirable because of
ﬁhe possibility of structural fatigue and the excessive nolse levels
generated by panel vibration.

Panel flutter has been observed on the X-15 (Ref, 2), on
the X-20 (Ref. 3,4,5), on Titan II and III (Ref., 6), and on the S-IV B
(Ref. 7). The structural damage due to panel flutter was destructive
on the X-15 and the X-20, But, for the Titans and S~IV B, the flutter
was non-destructive as the severity and duration of the fiutter did
not affect the structure of the panel very much.

The contributors and their contributions t; the panel
flutter problem-aré many and varied. Surveys on panel flutter have
been written by Fung (Ref. 8,9), Johns (Ref. 10,11), Dowell (Ref, 12)
and others (Ref. 13), The two documents mentioned in References 1 and
14 are widely available.for design purposes, Vhile Reference 1 helps
in the identification of panels likely to encounter flutter, Reference
14 gives simplified eriteria in graphical form for most of the
parameters affecting panel flutter design, This igtroduction is based
on the material given in References 1,12,14,

The present problem i1s essentially an extension of the



basic problem that Hedgepeth solved {(Ref, 15), Hedgepeth analysed an
isolatéd, simply supported, rectangular, isotroﬁia plate of uniform
thickness subjected to supersonic flow over one surface, Perlmutter
(Ref, 16) studied panel flutter on orthotropic wings with the model
being aimply‘Sﬁgpor;&d along the two spanwise edges and free along

the leading and trailing edges. Bohon (Ref, 17} analysed the flutter

of flat, orthotropic panels with blaxial inplane loading and axbitrary‘
flow dixection; A theoretical analysis of the flutter of flat,
rectangular, orthotropic panels at various angles of orientation with
respect to the flow direction was carried out by Gaspers and Redd

(Ref, 18). The effect of rotating the material principal axes of the
panel with respect to the panel edges was studied by Calligeros and
Dugundgl (Ref., 19). The problem in the present study extends the latter
work, Unlike the ;atter study the present study assumes the panel
material to be generally anisotropic rather than orthotropic.

A continucus fiber composite material is a heterogeﬁeous
nmaterial consisting of fibers embedded in a matrix material, Conposites
possess manifold {mprovements in stiffness and strength over ordinary
naterials. Compesite structures are normally fabricated §y a lamination
process in which the individual plies are oriented in a predetermined
manner, The plies that build up the zaminate_are called\;aidirectional
layefs, and are genéraliy erthetropilce,

 In an isotropic material the ﬁaterial properties at a point
are the same for all planes passing through the peint. An orthotropic

materfal has three ﬁutually orthogenal planes of material property



symmetry, while an anisotropic material has different material
properties for different planes passing through a point,

Composite materials have had a steadily increasing impact
on the aerospace materials field, Many interesting details given in
Reference 20 support this fact, and a few of these are recalled here,
Lockheed engineers estimated that substitution of an organic composite
~in a 50% resin content by volume could provide a weight reduction of
25 to 30% (Ref, 20)., Six different primary and secondary parts for
Ndrthrop's F-5A fighter were designed and fabricated from various
graphite systems. Most of these parts, including a landing gear door,
leading and trailing edge flaps,'and horizontal stabilizer, performed
well, A landing gear door, flown in an actual alrcraft, was 36% lighter
than its aluminium counterpart and exceeded all static and flight test
structural requirements (Ref, 20), The F-15 fighter has a composite
horizontal stabilizer with boron epoxy skins. F-111 test parts have
been made from a number of composites including boron and graphite, A
graphite box beam assembly has been designed by Grumman Aircraft., The
demand for fiberglass has been predicted to increase this decade,
Composite materials may also be used in alrcraft engine parts very soon.
The use of borop/polymide blades instead of titanium blades could effect
a weight saving of 51% (Ref. 20), Space apﬁlications have led to the
development of composites using a resin system called Ryton, which is
practically insoluble and appears to be completely inert; All these
successes In the field of composite materials are bound to boost their

use in actual aircraft components in the near future.



As mentioned earlier, the present problem is similar teo
that analysed by Calligeros and Dupundgi in Reference 19, The main
difference between the two problems 1s that our panel is not restricteé,
to special orthotropy but is assumed to be a midplane symmetric,
angle-ply laminate, with alternating orthotropic plies having the sameA
angle of orilentation, ¢, but alternating signs. Figure 1 shows the
planform geomatfy of an individual orthotropic ply, defining its
coordinates and orientation angle, Figure 2 shows the angle-ply panel
layup with the necessary notations used in the derivation of the
laminate constitutive equation (Appendix A). Thus, our panel is
penerally anisotropic, and midplane symmetry eliminates, as will be
explained in the technical discussion, the bending-membrane coupling

vhich would otherwigse be present,



I1. TECHNICAL DISCUSSION

The panel model used in thié analysis is a midplane symmetric
angle-ply laminate, built up of individual orthotropic, rectangular
plies simply supported at the edges., Above and below the midplane of
the angle-ply panel, alternate plies are crossed at the same angle with
respect to the freestfeam direction, one having a positive orientation
and the other a negative orientation of the same magnitude (Fig.2). The
plies above the midplane are a mirror image of those below tﬁe midplane.
The ensuing analysis will determine the effect of the orilentation of
orthotropicity of various plies on the flutter boundary. The effect of
damping, compressive inplane stresses in the streamwise direction, and
the number of plies in the panel is also studied. The plies of different
stiffﬁess ratlos, used in our analysis, are boron-epoxy, graphite-epoxy
and boron-aluminium plies,

Reference 12 classifies most panel flutter analyses in one
of four categories based on the structural and aerodynamic theories
employed: (1) Linear structural theory and quasi-steady aerodynamic
theory; (2) Linear structural theory and full, linearised (invisid,
potential) aerodynamic theory; (3) Nonlinear structoral theory and
quasi-steady aerodynémic theory: (4) Nonlinear structur;i theory and
full, linearised (invisid, potential) aerodynamic theory.

The present analysis is a type (1) analysis which is the
simplest of the four, One of the two drawbacks of this approach is that

it gives no information about the magnitude of the panel flutter



oscillation itseif though it does determine the.flutter boundary. The
other drawback is that the use of quasi-steady aerodynamics neglects
the three-dimensionality and the unsteadiness the flow. A type (4)
anélysis-represents the most advanced state~of-the-art as it remedies
both these drawbacks. For further details on these analyses the reader
is referred to Reference 12 and the references mentioned therein.

The panel in this thesis is made elastically and geometri-
cally symmetriéal about its midplane toveliﬁinate bending-membrane
elastic coupling, though coupling will still be pfesent between bending
and twisting and, for membrane behaviour, between normal and shearing

strains. This is so because, in the laminate equation (Ref., 21,22):

N [AlB] e
Bl i R (1)
ul |B,D| |k |

the coupling matrix [B] becomes a null matrix when the laminate is
midplane symmetric (Ref., 22). In equation (1)

Ny

{rﬂ = Ny - (2)

ny

is'thé'Stress resultant vector, where N and Ny are the inplane normal

stress resultants in the x and y directions, and ny is the inplane

AN
\\

shear stress resultant in the x-y plane,
Moo= M | - (3)

is the moment resultant vector, where M, and My are the bending moment



resultants due to normal stresses in the X and y directions, and ny
is the twisting moment resultant due to shear stresses in the x-y

plane (Ref. 21,22),

e ]

©0x _
{Eo}"‘“o'y" : | 4)

E

| Oxy|

is the midplane strain vector, where €0y and €5 are the midplane

y
normal strains in the X and y directions, and €; is the midplane

shear strain in the x-y plane,

4 N
ky Wyxx
{k} = .‘ ky o s - w ’yy (5)
k 2w,
L XY xy

is the plate curvature vector, where Wy €tC. are the second partial
derivatives of W(x,y,t) with respect to the subscripts, taken in order,
from left to right (Ref, 21,22). W(x,y,t) is the plate midplane
deflection,

Elements of the A,B,D ﬁatrices of the panel are defined in
Appendix A,

Hence, for a midplane symmetric panel, thellaminate

constitutive equation yields:

¢ N - — —y . \
Hy D1 P2 Dis| (X
o Hy I D]_Z Dag Dsg ky : (6)
| LH"YJ Dp  Dye D66J kyy |
When Dig = D26v=0, bending and twisting are uncoupled, and the panel

is said to be specially orthotropic or simply orthotropic., When either

D;g or Dy, is non-zero, bendiﬁg and twisting are coupled and the panel



is generally anisotropic. The coupling terms D), and D26 become
negligibly small in compérison to D11 in an angle-ply panel composed
of a large number of built-up layers. In this case the panel behaviour
approaches that of an orthofropic panel (Ref, 22).

| Midplane symmetry also uncouples the inplane and out-of-
plane equations of motion of the panel, and makes. feasible an explicit
solution for the deflection W(x,y,t) of the panel (sec. 2.5,Ref. 22),
This uncoupled partial differential equation of motion for a midplane
symmetric anisotropic laminate is (Ref. 22):
+ 4D - e¥

+ 2Dy 2D )W + 4D

D3 1% yxesex 16" 2 xxxy *XXyy 26" xyyy T DypWayyyy =

plx,y) + N.W, + 2N W (7

" XX xy rxy T Ny¥eyy
.where Wyyxxx etc. are the fourth partial derivatives of W(x,y) with
respect to the subscripts. p(x,y) is the sum of the aerodynamic and
inertial loadings (per unit area).

The Dij terms for the panel are defined in Appendix A. D11
and D,y are a measure of the streamwise and spanwise rigidities of the
panel, while (D12+2D66) is a measure of its torsional rigidity, D, and
D26 are the elgstic coupling terms which give a measure of the bending-
tofsioﬁlelas;ic coupling in the midplane symmetric paﬁel. The presence
of D16 and D26 in the equilibrium equation seems to preclude the
possibility of an exact solution, as exflaiﬁed later, B;Eause of this
an approximate solution technique must be used, The approximate
solution technique used here is the well-known Rayleigh-Ritz procedure,

The aerodynamic loads on the panel are based on two-

dimensioﬁal‘" piston theory " (Ref., 23), which relates the local



pressure generated by the panel motion to the local normal cemﬁénent
of fluid velocity. Piston theory may be emplayed for large flight Mach
numbers (M»2) or high reduced frequencies of unsteady motion whenever
the surface is naafly plane and not inclined too sharply to the
direction of flow of the freegtraam. For M>2, the poeint function
aerodynamic theories such as the piston theory or Ackeret theory offer
reasonable approximations to the local aerodynamic pressure and greatly‘
simplify the analyses (Ref. 23), The use of piston theory aercdynamics
limits the present analysis to freestream Mach numbers greater than
two (ﬁ“>2).

In tha equilibrium equation,
plx,y) = p,(x,y) + pI(x;y) w « (8)
Two~dimensional piston theory predicts the aerodynamic loading to be

(Rﬁf. 23) M

p,(x,¥) = - 20 (oW, + ¥z W,

U, vh2-1 M2m1

9

where q 18 the freestream dynamic pressure,
U, is the freestream velocity, and
M_ s the freestream Mach number.
The inertial leading is given by:
pI(x,y) = - oW, ' K (10)
vhere m is the mass density (mass per unit areca) of the panel.
Inplane stresses {N} may result from in-flight heating,

flight loads or manufacturing and installation procedures. This analysis

inciudes compressive stresses in one of the cases analysed because
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compressive stresses degrade the flutter speed, Tensile stresses, on
the other hand, increase the stiffness of the panel and‘hence ralse
the flutter speed, |
To solve the panel flutter problem'non-dimensional
quantities £,n and w(§, n, t) are introduced by normalizing the
dimensional panel midplane deflection W(x, y, t) and the coordinate x
with respect to a, and the coordinate y with respect to b, Here a and b
are the streamwise and spanwise panel dimensions, respectively (Fig. 1).
§=x/a;n=y/b;wE,nt) = Hx,y,t)/a (11)
The resulting nondimensional equation of motion for the panel is given
~in Appendix E.
The deflection function is assumed to be mathematically separable
and harmonic with respect to time:
w(g, n, £) = u(g, nelet (12)
In the Rayleigh-Ritz procedure, an approximation to the
deflection function w(E, n) 1s chosen such that it satisfies the
geometric boundary conditions of the panel, For a simply supported
psnel these geometric boundary conditions specify that the deflection
w(E,-h) of the panel along all the four edges should Be zero, That is
w(E, n) = 0 at £=0,1; n=0,1 : (13)
The assumed solution satisfying these geometric boﬁndar;xconditions is
taken to be:
MN
w(€, n) = L I a_ sin maf sin nmn (14)
m=ln=l " '

where m and n are integers. These integers define the assumed modes of
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vibration, The twentj mode-analysis used in this thesls assumes modes
with (m, n) = (1, 1), (1, 2), 2, 1), (2, 2),..., (10, 1) and (10, 2).

Alternatively, a Galerkin solution may be attempted for our
problem., In this case, the assumed approximate series solution is
substituted into the governing equation of motion for the panel and the
resulting error is minimized using weighting functions, These weighting
funcﬁidns are generally the differeﬁt modes assumed in equation (14),
This ylelds a set of algebraic equations which may be solved for the
required eigenvalues.

If a Galerkin solution is attempted, a function satisfying
the full boundary conditions must be present in the series solution
for w(g, n) 1f the Rayleigh-Ritz and Galerkin techniques are to be
equivalent, That is, a function must satisfy the zero-moment condition
in addition to the zero-deflection condition on all four edges of the
panel, The complexity involved in this is seen by looking at'equation
(6) which expresses the moment resultants in terms of the plate
rigidities and plate curvatures. As the panel is generally anisotropic

167 D2¢"07

the derivative w’xy in the expressions for Mx and M makes it difficult
y

to choose a function W(x,y) satisfying the zero-moment condition on all

'(Dle and/or D26 is non-zero)} and not specially orthotropic (D

four edges of the panel. Hence the preference of the Rayleigh-Ritz
procedure over Gaierkin's method.

In the Rayleigh-Ritz procedure, the chosen approximate
solution (eqn.l4) is used with the Lagrange equations formed with

Hamilton‘s principle as basis. This yields a system of linear algebraic
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equations which may be written in matrix form as:
2 ' '
-Q [1-1]”,1_5 {a}m + ( [K]ij,rs - A[A]“’rs ) {a}mn = {0} (15)
(1], [K] and [A) are termed the mass, stiffness and aerodynamic loading
matrices. These matrix expreséions will be developed subsequently, ﬂz
is an eigenvalue of the problem related to w as shown in Appendix E.
2qa3 |

S ———tarw.

2

A = is the nondimensional flutter parameter.

(16).

_ Expressions for the general element in the mass, stiffness

and aerodynamic loading matrices are now derived, dropping the elmt term.

(a) Stiffness Matrix

The strain energy in the panel, per unit area,UO, is
given by:
v = 1/2 ()T (m)
T an
1/2 {k}" (D] {k}
The curvatures {k} are made non-dimensional throuph a transformation
matrix, and UO 1s integrated over the surface area of the panel to
give the total strain energy, U, in terms of the second derivatives in
w(E, n ) and panel properties, The assumed deflection. function is

introduced into this expression for U, and dummy variables p and g

are used to take care of products of second order derivatives. For

example, the w%EE term 1s written as: :
W%EE = IZIZ { nim2p? A 3pq sin m7¢ sin nmwn sin pwg sin qmn } (18)
mnpq

The stiffness element Kij rs 15 now determined from the total strain
' ]

energy, U, given in Appendik E, as follows::
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32y
K S ——
i14,rs
’ dayy dag

= U’aij ars (19)
This, in our analysis, reduces to:

Koq,m =(x%/4) [m® + m2n2(2C14C2) + n®E]

when m=p and n=q

Kpq,mn = ~_47%pgma [ B(nZ4p?) + D(n24q2) ] (20)

(m2-p2) (n%-q2)
when m#p and n#q, and (mtp) and (ntq) are odd

K = ) otherwise
pPq,mn )

The constants B, Cl, C2, D and E are defined as:

B = 2b16/D11 | |

Cl = D12/D11

C2 = 4Dg,/Dyy - (21)
D = 2Dy4/Dy,

E = Dy,/Dy

The above computation does not include the effect of
inplane stresses on the stiffness of the panel, This 1s found separately

and added to the stiffness expression for K just derived to glve

pq,mn

the general stiffness matrix element, with the inclusion of inplane

stresses, The stiffness due to inplane stresses alone reduces to:

oq,m = (ﬂ232/4)[prx/Dll + nq(a/b)zNy/Dlll

when m=p and n=q
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K = -8azpqmn (a/b)ﬁ /D : . (22)
Pq,mn (mz“pz) (nz_qz) Xy ll

vhen w#p and n#q, and (mtp) and (n+q) are odd

K = (0 otherwise
pq,m

(b) Mass Matrix

The expression for the kinetic energy, T, in the panel is:
' 11 -2 :
T = (1/2)madb [ f (w) dEdn (23)
00

where m is the mass density of the panel and w is the time derilvative

of the deflection function w(g,n,t). If bmn=amne1wt, equations 12§14 give:

ﬁ(E,n,t);ﬁ g an sin mnE sin nnn (24)

Using the dummy wvariables p and q for the (v'v)2 expression, and
replacing (mab) by m, the total mass of the panel, the kinetic energy

equation yields the general mass matrix element from:

=T, S (25)

In our case, this reduces to:

=—2 h = d n=
Mij,rs ma</4 when m=p and n=q

Mij,fa = 0 otherwise (26)
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(c) Aerodynamic Loading Matrix

When damping is neglected, the aerodynamic loading given

by the piston theory (eqn. 9) reduces to:

AD
11
P(Esnvt) = - "'""3“"' W’E _ ’ (27 .

a

The variance of the work done by this loading on the'panel is:

ab
8Work = f f p &w dx dy
00
11
= = AD,,(b/a) S S w,. &w df dn (28)
11 3
00
where 8w =L I &b sin pn& sin qmn {29)
Pq . :
Pq
and Wyg= LT mmb  cos mng sin nwn (30)
mn

Substituting these into the expression for-&Work,

SWork = LI L I b_ b M . (31)
mn p q mn pq pq,mn

where qu mn is a double integral that is easily evaluated. The
3

aerodynamic loading matrix element is given by:
2
< (SWork) = §Work _
da__d(day,) 'bmsbpq
juis] Pq : ™

= Aqu . ‘ (32)
H]

In our case, we get:

A = mp/{(pZ-ml) when n=q and {(mtp) is odd
Pq,mn
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A = () otherwise ) :
pPq,mn _ (33)

As the expressiocns for the general elements in the mass,
stiffness and aerodynamic loading matrices have been derived, a computer
program 1is set up (Appendix D) to evaluate all the elements in each of.
these matrices, This program also solves for the complex eigenvalues
of the flutter equations (15), for some assumed value of the flutter
parameter A,

Panel flutter is determined by the coalescence of the
frequencies of any two modes of vibration., Aerodynamic coupling drives
the ffee vibration frequenéies of the twenty assumed modes toward each
other, The lowest wvalue of ) correspondinpg to the coalescenée of any

two frequencles 1s the critical flutter parameter, Acr Above

it”
A%Acrit the eigenvalues are complex conjupate pailrs. llence, for a
chosen ply and its orientation ¢, the value of X is increased from
zero till the e;genvalues corresponding to any two modes become a
complex conjugate pair. The latter indicates that these two modes have
coalesced, A plot of X against the frequencies may be drawn to find

the exact value of ) at which the two frequencies coalesce, The

crit
orientation ¢ affects the flutter boundary through the rigidities Dij
defined in Appendix A. | N

The ratio of the absolute value of the imaginary parﬁ of
the complex eigenvalue pair to the square root of its réal part glves

the value of the total damping, g,present in the panel. The total

damping includes the aerodynamic and/or structural damping in the
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panel, Damping always ralses the value of the g:itica§ flutter
parameter, the amount of increase depending on the ply material,vits
aspect ratio and its orlentation, Apart from raising the flutter

. boundary, the damﬁing present in the panel may also transfer the
flutter condition to a new palr of coalescent modes, Generally the
first two modes coalesce to cause flutter, If we consider the complex'

elgenvalue pairfpairs at A>Xx for the undamped case, the value of

erit

A corresponding to the damping g is the hc value for a panel with

rit
a total damping of g.

The panel aspect ratio, the orientations of the iadividual
plies, and their relative stiffnesses affect the spacing of the
frequencies and their wmagnitudes, Thus two coupled modes may be driven
very close together resulting in a “weak coalescence", The addition
of a slight amount of dawping usually eliminates weak coalescence
and ralses the flutter boundary sipgnificantly.

Though the analysis provides for the inclusion of all
inplane stresses, only the effect of a compressive inplane stress
resultant in the streawmwise direction, N., 1s studied, The flutter
instabllity of compressed panels is apparently influenced by static
bunk}ing. The static buckling loads are determined using the computer
program in Appendix C, which 1s written using the infor;;tion in

Ref, 22. A non-dimensional stress parameter is defined as:

wzasz

WDy

Our panel model, however, fails to account for the fact that a buckled
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panel exhibits dynamic behaviour that cannot be taken into account
using flat plate theory. Our analysis is thus restricted to finding
the trend in the decrease of the critical flutter parameter, lcrit’
with an increase in the c0mpressiverinp1ane stresses, Flutter analysis
of the buckled panel may be carried out at a later time and fhe resultg
superimposed on the flat pénel results td give an idea of the variation
of the flutter boundary with inpléne compressive Strésses, when the
panel is‘free to buckle. Reference 24 provides the necessary details
for such a study. |

The orientation of the principal axis of the individual
orthotropic ply with respect to the freestream (Fig, 1) and the relative
stiffnesses of varjous fiber-matrix combinations for the plies play
an important part in determining the critical flutter parameter for
the ﬁanel. The material properties of the boron-epoxy, graphite-epoxy
and boron-aluminium plies are given in Table I and taken from Ref, 25.

The present analysis also incorporates a means of analysing
the effect of the panel aspect fatio on the flutter boundary, The aspect
ratio 6f the panel is defined as the ratio of the steamvise length of
the pénel'to its spanwise length, All the results preéented here are
for panels ﬁith an aspect ratio of unity, A different aspect ratio
would modify the preferred orientation of the plies in ghe panel, where
the flutter speed 1s maximum,

" The number of orthotroﬁic plies in the panel also influences

the flutter boundary. When the number of plies, n, in an angle-ply panel

is increased, the terms D16/D11 and D26/D11 become smaller, This weakens
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the bendfng-twisting coupling in the panel and hence degrades the
flutter charecteristics.

The foregoing discussion has named a few of the many
parameters that affect panel flutter, Panel surface curvature, edge
conditions other than simple supports, cavity effect, boundarv layer

effect, etc. may also be realised in a practical case, making the
analysis more sophisticated., The effects of these parameters are
discussed qualitatively in Reference 14,

The various objectives of the present analysis are given

bglow. Regults are presented in the section which follows.

(a) Single-ply panels without inplane stresses and damping

This part of the analysis is concerned with the effect of
the orlentation, ¢, of the single-ply panel on the flutter boundary,
neglecting dampinpg, ¢ varies from 0° to 90° in increments of 10°., Plots
of Acrit versus ¢ are obtained for boron-epoxy, graphite-epoxy and
boron-aluminium plies.

(b} Single-ply panels without inplane stresses but with damping

The effect of damping, g, on the flutter boundary is
studied by analysing the results obtained for the preceeding case (a),
vhere the eigenvalues are computed for undamped sinpgle-ply panels at

different ¢ values, with A varying from zero to ahove AErit' For

2> undamped A ¢» the variation of X with g 1s obtained as

cri crit

explained earlier, "Weak coalescence' is easily spotted here when the
damping g increases initially for A>undamped Acrit’ and soon drops

down to zero. Plots of Acrit versus g, for various ¢ values, are
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drawn for boron-epoxy, graphite-epoxy and boron-aluminium plies, From
these plots, graphs of A 4¢ versus ¢, for various g values, are

- obtained,

(¢) Single-ply panels with inplane stresses but vithout damping

The influence of the static buckling loads on flutter
instability is studied. The static buckling leoads for a boron-epoxy
ply are given in Table II, The variation of A, . with K {eqn. 34) is
‘then studied for a boron-epoxy ply at 0°, 30°, 60° and 90°. K, is
varied from zero to about Kgerit {static buckling load).

{(d) Effect of number of plies on the flutter boundary of a boron-epoxy

ancle-ply panel

This part of the analysis is similar to what was done in

case {a). Plots of lcé versus ¢ are obtained for an angle-ply panel,

it
built uwp of boron-epoxy plies, for different numbers of layers, n. The
various values of n used in our case are: 1, 3, 5, 9, 15 and 49,

Table III gives the A.,.qiy values for all these cases.



I1I. DISCUSSION OF RESULTS

Figures 3, 4 and 5 show the flutter boundaries of boron~
epoxy, graphite-epoxy and boron-aluminium plies, for ¢ varying from
0° to 90”,<3nd g=0, It is evidénc from these plots that a ply need not
necessarily have the best flutter characteristics (maximum ),,qp value)
when its principal axis is alignad.with the freestream direction (¢ =0).
The three plies chosen for the analysis have different stiffness ratios
( Table I ). Hence their flutter boundarles are also seen to be
different from one another, gualitatively and quantitatively.

Floures 6 to 35 show zae varfation in Acrit with g, for
the three different‘piies at varlous orientations. derit is seen to

increase monotonically with g in all cases, The wmagnitude of the

with an increase in ¢ depends on the ply material

increase in Aepie
and its orientation, .

Figures 36 to 38 show the variation in the flutter
boundaries for different damping values, for single~-ply boron-epoxy,
graphite-epoxy and boron-aluminium panels. The increase in Xerit with
an increase in g, at a particular ¢, 1s not neglipible, though it is
quite small at low damping values, |

"Weak coalescence" is observed in a single-ply boron-epoxy
panel at 10° and 20°, and in a single-ply graphite-epoxy panel at 20°,
It 1s also observed in a boron-epoxy angle-~ply panel witﬁ alternate

plies at +20° and -20° with respect to the freestream direction,

Table IV compares these "weak coalescence” flutter values with the

21
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actual flutter values. A small amount of damping is sufficient to get
rid of "weak coalescence", |

Figures 39 to 42 show the variation in ACrit with Kx for
a boron-epoxy ply at 0°, 30°, 60° and 90°, Aerir decreases with an
increase in the inplane compressive stress (-Ny) in the streamwise
direction, While this decrease is gradual for ¢ = 0°, 30° and 90°, it

is of a different nature for ¢ = 60°, When ¢ = 60°, A increases

. crit
with an increase in compression (-Ky) for a range of K, values, Thus,
in this range, compression improves the flutter characteristics of the
panel,

Figure 43 shows the effect of the number of plies, n, on
the flutter boundary, for a boron-epoxy angle-ply panel. Through Acrit

decreases with an increase in n, the magnitude of decrease is seen to

be negligibly small.

In figures 3 to 5 and 36 to 43, the points shown on the
curves are the points obtained through the present analysis. The curves

are drawn through these points using visual judgement.



IV. CONCLUSIONS

The flutter boundaries of the single-ply panels are
affected by the ply material and ply orientation. The relative
stiffnesses of the different plies change the qualitative and
quantitative nature of the flutter boundary. Figures 3 to 5 show
that the stiffness ratio E11/E22 of the individual orthotropic ply
affects the qualitative shape of the flutter boundary only after a ¢
value of about 50°. Till then the critical flutter parameter is seen
to increase with ¢. The effect on the flutter boundary of the
stiffness ratio for the boron-epoxy (Ell/E22 = 11), graphite-epoxy
(Ell/E22 = 26) and borom-aluminium (Ell/E22 = 2) plies is significant
beyond a ¢ value of about 50°.

An important conclusion is that the alignment of the
ply principal axis with the freestream direction ($=0°) does not

).

necessarily yield the best flutter characteristics (maximum Acrit
As the panel aspect ratio is known to be an-important parameter
affecting the flutter boundary, it is suggested that the present
analysis be carried out for aspect ratios other than unity.
Damping increases the flutter speed and also helps

eliminate "weak coalescence". In the case of a single-ply graphite-
epoxy panel, the addition of damping tends to flatten out the undamped
flutter boundary beyond a ¢ value of about 50°, reducing the number of

peaks from two to one. The addition of damping is seen to have a

relatively negligible effect on the flutter boundary for a boron-

23



24

. aluminium ply. Inplane cémpressive stresses generally decrease the
flutter speed. But for a boron—époiy ply at 606, an increase in the
compressive stress is seen to increase the flutter speed within a
range of K _values. It is further suggested that a "buckled panel
flutter analysis be carried out and the results be superimposed over

the X .
cr

it versus K* graphs to give an idea of the flutter instability

of a panel that is free to buckle.

Increasing the number of plies in a boron—epoky
angle-ply panel reduces the critical flutter parameter by a negligible
magnitude. Hence such an angle-ply panel may, for all practical
purposes, be treated as an orthotropic panel. The analysis may also be
done more accurately by assuming nonlinear structural theory and full,

linearised (inviscid, potential) aerodynamic theory.
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APPENDIX A
ELASTIC CONSTANTS FOR A LAMINATE

The laminate is buile up of individual orthotropic plies, |
each of which has four independent elastic constants Eyy, Ejp, vip
and Gy,. These constants depend on the fiber — matrlx properties of
the ply., The planform geometry of the ply is shown in Fig, 1. The
laminate layup is as shown in Fig. 2, except that alternate layers
need not be crossed at the same corientatlion anpgle, The stiffnesses of
each of these plies, referred to the principal axes of the material,

are defined by (Ref; 21)

Q. - By
m”.
(1 -vivy )
L2
QZZ =
( l - \}RVZl }
v __E
0, = -2 2 . el 1l
BT TR (1 -vypv9y )
Qg = C12
Qg = Qg = 0 (A1)

These stiffnesses are transformed to the global axes (Ref. 21) as

shown below *

27
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A = 4 2.2 4
Qll Qllm + 2{ le + 2Q§6 Incne + szn
5 = 4 2.2 4

Qy = Qo + 209,420, Jmn® + Q) m

8 = - 2.2 b 4

- - 22 by 4
R T

Qg = @0 20 dmdn + (Q,-Q, 420, I’

0 = AD -0 - 3 - 3 -
Qg = (Ugy7Q) 520 Imm” + (Q),-Qp,+2Q Jmn (4-2)

where m = ¢os ¢ ; n = sin ¢
Qij is the stiffness referred to the principal axes, and'éij is the

stiffness referred to the global axes. The streamwise and spanwise
~ directions of our panel form the global axes,

The laminate equation may be written as (Ref., 21,22) :

N A B €

D k { A-3)

H

|

i
- -
M B |

(@ ), m-n? )2

1j k 17744k "k k+1 “
3.3
D, R§1(Qi Yy (-2 )73 | ( A-4 )

{8} and {M} are the stress and moment resultant vectors, {eo} is the

mnidplane strain vector, and {k} is the plate curvature vector,
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The Dij terms are thus functions of the material properties
of the plies, the orientations of the plies, the stacking sequence in
the ‘laminate, the number of plies in it, and the thickness of each ply.

A computer program to compute the A,B and D matrices for any general

laminate layup 1s given in Appendix B.
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APPENDIX B -- COMPUTER PROGRAM FOR A,B,D MATRICES OF THE LAMINATE

o oo 30 etk s 3R 8 00 RS 0o O 3 A o e e o ol 3 s oo oo ok st e st SO S8 R 05 AR A S e o S A R
C PROGFAM TC SCLVE FOR THE A,B.D MATRICES
(€ A0 5t 8 A 8 0 e R R ol e eSO e e oo b b o st o oK o X o SR 0o e e S 3 g e ok o o
C
C .
QUIMENSIUHN D(é,f))’T(2}sG(3s3,;E11(2)7522f2)leZ(ZJrGNUlZ{Z,v i
IGNUZL{Z2) »THETA{Z2)4H(3),03(3,3) 3
C PROGRAM FOR ABD MATRIX CF CCMPGSITE PLATE 1
C N IS THE NUMBER OF LAMINAE 4
READ{5,100)N 5
100 FORMAT{I3) o
C INITIALIZE D(&s6) WHICH IS THE ABD MATRIX K
pOl2 I=1,4 8
P0l2Jd=1,5 9
12 DlI,J)=0.00 10
C THICKNESS OF LAMIMATE IS MAMED OEPTH 11
DEPTH=0.0C 12
DO 3 M=1+HM ) 13
C T(M) IS THE THICKMESS CF THE M'TH LAMINA 1%
READ{S5,101) Tt 15
101 FORMAT{10F8.0)
3 DEPTH=DEPTH+T(M) 17
C Q MATRIX OF EACH LAMINA 18
DO 10 I=1.H _ 19
READIS5,1032)E11(1),E22(1),GL2¢1),GNUL2(1)+THETA(I) 20
102 FORMAT{3E14.5+F6.0+F6.0)
GNU21 T )=GMNULZT ) =E22(1)/E11¢(1) 22
GNUZ2=GRNULZ{TI)=GNU21(T) 23
QU1,1)=E11{I)/(1.0C-GNU2) 24
R{2:2)=F22{1)/{1.00-GNU2) : 25
Gll+2¥=ELL1{TI}=GNU2LL{TI)/{1..0C-GNU2Z) 26
Ul3,3)=G1z1(1) : 27



C THE

50

60

€ THE

€ H(I
14
29
15

TA +VE FRCM GLOBAL TC LAMINA PRINCIPAL AXES
IF(THETA(T)«E.90.C)G0 TO 50
ANGL=(THETA(I}/180.00)%3.1415927
C=CUS(ANGL)

S=SIN{ANGL)
GO TO &C
€=0.90
$=1.J0

C3=C%C2

$3=5%S2

C4=C%C3

S4=35%53

LGB MATRIX OF EACH LAMINA

QB(1,1)=Q01, 11%04+2,0%(Q(1,2)42.00%Q(3,3))1%82%C2+3(2,2)%54
QBL2Z2y2)=0(1,1)0%5442,00%(Q(192)42.00%Q(3,3) )*S2=C2+(2,2)%C4
GB(1,2)={G(1,1)+Q{2,2)~4.00%G{3,3))*S2%C2+Q(1,2)%(54+C4)

C3(Lle3)=+{QULls1)=Q(1,2)=-2.0%00(2,3})1%5%C34+(Q(1,2)-Q(2,2)+42.0%

10{3,+3))%53%C |
GBLZy3)=+{Q(1+13~Q(1,2}-2.0%C{3,3))%53=C+(Q(142)-0(2,2)+2.0%
1Q{3,3))%5%C3
Q8(3,3)=(001,1)+0(2,2)~2.00%0{1,2)=-2.00%Q{3,3))%S2%C2
1+Q(3,3)%({S54+C4)

GB(2+1}=06{1,2)

GB{351)}=GB1{14+3)

QB{3+2)=0B(2,43)

IF(I-1115,14,415 _

) 1S DISTANCE FROM KIDPLANE TO TUP OF I'TH LAMINA
HUI)=DEPTH/2..30

H(I)=DEPTH/2.0D

HEI+1)=H(I1)-T(1)

28
29
30
31
32

33

34

35
26
37
38
39
40
41
42
43
44

49
50
51
52
53
54
55
56
57
58

45



23

30

10

110

211

111

201

212

112

C RATIOS GF -D VALUES FCR COMPUTATIGN GF STIFFNESS,MASS,AND

Dl=H{1)}-H{I+1}
D2=(H(I)=22-H{I+1)%%2)/2.20
P3=(HOI)#%3«H{I+1)%%3)/3.00
DO 25 K=1,3
DA 25 J=1,3
Gl J)=0(K,JI+DL1%CR (KyJ)
JJd=J+3
DKy JII=DIK,JJ) +D2%QBIK,J)
KK=K+3
DAKKs JJI=DIKKy JI)+0U3%QBIK,J)
DG 20 K=1,3
DO 30 J=4,05
DUJdsKI=0{K,J)
CAONTIMNUE
WRITE(6,11T) N
FORMAT(1A1////10X,COMPOSITE PLATE RESULTSY// /2% "N=1,13)
HRITE{ﬁ;le[
FORMAT(///72X,% INPUT VARIABLES GF £ACH LAMINAY/ /)
DO 201 I=1,N
WRITE(O6111)T(I),ELLLL),F22(1), G12{I),GNUL12(I),THETA(I)
FURMAT(1X,Fb6,. 413514 69FS 4 FBu2/)
CINTINUE
HRITE(S6,212)
FORMATU(///72X,"THE ABD MATRIX IS'//7)
ARII:(b.llZ)HDM,J),J 116} aK=1y6r)
FORMAT(10%,8FK13.7//)

C AR IS THE ASPECT RATIG UF THE LAMINATE AND [S=A/B

AR=1.0

CFT1=D(4,5)/0(4%,4)=AR%*AR
CFT2=2.0%0D(4,6)/D(4,4)%AR
CFT3= D(Jv))/D(ﬂ,4)*AQ*%4

59
60
6l
62
63
&4
&5
66
67
&8
65
70
71
T2
73
T4
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76
77
78
79
80
Bl
82
83
84

AERODYNMNAMIC MATRICES

cg



CFTa=2.0%0{ 5,63/ 0144 ) prpn%x
CRTB=a 0Dl E46 070144 Y AREAR
WRITE{ G RCOICFTZyCFTL1sLFTH,(FT4LFT3
U0 FORMATHE/Y B2 4yELEWT//Y Cl=1,E1l5.77/7"Y C2=%yE15.7/77 U=t ,E15.7/7
1Y E=",E153.T7/1HL}
STae ' &5
END. . 86
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APPENDIX C -- COMPUTER PROGRAM FOR STATIC BUCKLING LOADS

Lo dede s se i feon Ao devle s e e sk

2t
3#

¢
*
¥
e

s s W L S T T B O i T L T E e R S L P g
PROGRAM TD SOLVE FOR  STATIC BUCKL IRG LOADS
el ¥ e e s s e ok Sr ofe e ok A 2 s meade e el sl oo e o ot e sl e e ale e e e o sfe e P ol X o o ot Wi ok ofr 2ok e e aie vrsks e ok ok

C
€ Resestesie e sle st v g el e s el el
C
c

DIMENSICN AK(20,20)+8(20,20)MIZ03,4N(20)+XL {20} +X(20,20)
READ{S5,4110)AB,Cl,L2,D,E
110 FORMATISELS.T7)
WR1TE(54120)AB4Cl4+C240,E
120 FORMATI(SX, *CONSTANTS B8,C1+C24DsEY//BEL16.T///)
C NSETS IS THE NUMBER UF MODES CHCSEN
- READ(5,140)NSETS
140 FORMAT(215])
DO 15C I=1,NSETS
REAG(Sy140IM(I)eN(I}
150 WRITE(6140)IM(I)N{])
PI=ARCOS(=-1.)
Pl2=4 5P %2
Pla=PI*x4/4,
C CNX=P]=%u2%Axx2xNX/DLl1/4
DO 280 II=1,NSETS
NN=N({II)
MM=M{II)
DO 283 [=1,NSETS
1Q=N({1L)
I1P=0M(1)
CIF(HM GEQLIP JAMDLNHLEQ.IRIGO TO 240 :
TFUAM  HE s TP AND e NN A NE e T Lo AND S ( MM+ TP ) /252 JMEL (MM+IP) LAND.
TUNN+IQY/ 242 NEL(HN+IQ)IGU T 2590
EK(I,I1)=0.
B{I,II)}=0
GO TO 220



240 AK{I»II)=PL4x(MMFE4+ (2.5 CL+C 2% ( MM=NN]) #=2 +EXNNREg )
BT, II)=MM=]IP
G3 TO 289

255 DR=(MMxMM=TP=IP)*{ NN*KN=-IQ*[Q)
AK(Ty II ) ==1P%[QUuMMENNAP I 25 {ABF{MMEMMEIPHIP ) +D B (NNHNN+IQEIQ) ) /DR
B(I»11)=0.3 '

280 CONTINUE
CALL NRUCDT{NSETS,AK+B9XL+X)

- WRITE(6,300){XL{T1),1=1,NSETS])

300 FORMAT(1HL,®' THE FIGENVALUES {-CNX) ARE'//(F10.0/))
STO0P
END

s o o alrabe ab i sl ‘e e e yx e ale whe gie oA ale ale gl i 3h nw e ade e aliake sle whe o ofs sk .l " e dr e ods R . -
C*****’F-ﬂ:*---r-"-"r"a'-\-‘****’n*’i-’f—-’n-**ﬂ*—rwz.v*-r-—r-r*‘»-—r*-;-‘-.—"w-‘.--rv-r-v‘ﬂ--;-*#-r—--**fg-******3’.-#:‘**$**$*#*fr***ﬁ*m*$
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APPENDIX D -- COMPUTER PROGRAM TC SOLVE FOR FLUTTER FREQUENCIES AND MODE SHAPES

*'
3%
i
?‘r

Sk e M 8 2 e e o S oA e e ok Re ol 303 v o 5 3K % 2k s ook o o o 2 sl G R TR e R o N e o) 3 NG R
PRCGRAM TC .SOLVE  FCR O O FLUTTER  FEEQUENCIES  AND HMCDE EHAPES
vew ik

<ol A3 g e le ¥ v e o o e ol 2 et o e e e R R el oo e o e e e g ol sk e s e MO 303 e vk ot AR ol ke e e

2
+t
*
I+
&
28
*
"r!

MAIR PROGRAM

YOI OO O MO

CIMENSION TITVLELZ2()
CIMENSION L{Z2B,25)+2K125425]),ANETIZ5,25])
DIMENSION MI25)+N(25)
COMPLEX CMPLX,LSQRT
COAPLEX B{25,25)24CHPLELRT(25])
COMPLEX CV,ADETER{Z2E,2534CABS
COMMONZLAZ/HNSETS
COMMORN/CaZZ0L LV LYV I25)
WRITE{H6.100)

132 FURMAT{1H]1}

: READIB 4GB ITITLE

D6 FORMATIZ20A4)
WRITEL(G«SS)TITLE
GO FORMAT(SX+20A4/74/7)

READLIS,1101ABsC14,02¢D4E

113 FORMATI{SEL1S5.7)

C XPLATE IS Ik THCHESyNX ETC. IN PSI.011 IN LE.IN.

FEAD{S+ 115 CNKSCRY s CNRY

118 FORMATIZEFI0.0)
FEADIL LI IGHVLT

116 FURMATI(IL)
WRITECL 12004001 :0240,F

120 FORMATISX+*CONSTARTS BeClyC25D9EY//0E10.T4717)
WRITELO.12530NE, CIYCHIXY .



125 FORMAT{//* CNX,CNY,CNXY FOR THE LAMINATEY//3F1C.0/7)

READI5,130)ALAM,DLANM
130 FERMATI{ZFE.2)
C MSETS 1S THE NUMBER OF MGODES CHOSEN
KEAD(5,14C)NSETS s MGDE
140 FORMAT(215)
DO 150 I=1.NSETS
READISs140)IM(I)N(I)
150 WRITE[S,1404{T1),N(T)
READ(54+140)KKK
DO 220 II=1,NSETS
NN=N(II)
Mu=M(II)
00 210 I=1.+NSETS
1Q=HI(1)
1P=M(I)

TFINNJEQ.IQ.AND. (MM+IP) /22 NEL(MM+IP)IGO TO 180

All,11)=0,0
GJ TO 210
180 A(LII}Y=MMEZIP/FLOATIIP:IP=-MMEMM)
210 CONTINUE
223 CUNTINUE
PI=ARCUS(-1.)
PI2=4 o %P [%%2
Pl4=PIx=4/4,
C CNA=PI®=%Z2xA%u2%¥NX/D11/4
C CNYzPI**Z*A**Z*NY*(ARI**Z/{4*D11)
C CNAY==3%Axx2%AR®XY/D11
. DO 280 I1=1,NSETS
Nin=N({II}
Mr=M{IT)
DO 280 I=1,N5ETS

LE



TQ=n(1)
1P=4(1} , | .
TFLEMLER, TP ARDLNNLEQ.IQICO TO 240 -
TR NE . TP ARD NN NEL 100 AND o {iH+ 1P 1/ 2% 2. NE L (MM+IP) JAND.

CLOMRFIQI/2%2HELENN+IQ)IGO TO 250

244

233

269

2973

313

AK(T+113=0.

L0 TG 280

ARET 2 1 T)=P L4 {MME4+ (2, #CL+02) % (FMENN R 24 ESNNT24 ) +ONXEMER [P+

LONY*NN*1Q

Gu TO 280 : -
ARC LTI )=1PRIOFMMENN/A{{MBEEN—TP%IPI = {NNENN~T10%1Q) ) = { CNXY-PI2*{ AD*

QAT RHIP )+ (NN 1A TI0) ))

CGNTINUE

D0 340 K=1,KKK

WRITEL 642901 ALAMN

FORMAT{IHL 'LAHBDA=* ,FE.2)

DO 210 I1=1,HSETS

DO 310 1=1,NSETS
ANET(I,111=4.%(AKII s T T +ALANNALL,11))
zmtﬁﬁ’{)‘}

DG 32C I=1,NSETS

B0 320 J=1NSETS

AIJ=ANET(1,J)

BUI,J)=CAPLACATS,Cu)
AUETER(I,d)=8(1,J])

CONTINUE

CALL EIG4(BsNSETS,25,NSETSyRT,Z)
WRITELS,3301(FT{L)+L=1,NSETS) |
FURMAT(//Y THE EIGENVALUES ARE'//{2E18.7/1)
ALAM=ALAMEDLAN

IFCIGNVETLEQLOIGD TC 850

DO 740 [=1,ASETS

88



740 ADEZTER(I,I)=ACETER{I,1)-RT{(MCDE)
CALL DETER(Z,yADETER,O)
WRITE(&,7T0)LV,.DL

710 FORMAT(////7' LV AND DU VALUES'//112,E20.7)
WRITE(Gy760IMCDEZ ICVIT) g MOT) o NII)ISs14NSETS)

760 FORMAT(L1H1,*THE EIGENVECTOR CORRESPONDING TO THE EIGENVALUE RT(?,
11251} IS5 GIVEL BELUGW'///(2E164745X%y"FOR THE MODE (%9124 ,'412,1)0/
23) :

850 WRITE(6,350)

3503 FORMAT(1HL)

sSTQP
END

6¢
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ORI
SUSBRCUTINE EIG4UAZN,NDyMyRT42)

. EIG4 NYU MATH UTILITY 12/01/63 EIGENVALUES OF CONMPLEX MATRICES
ThIS PROGRAM CALCULATES THE EIGENVALUES OF GENERAL COMPLEX MATRICE
IT WAS DEVELOFED 5Y BERESFORD PARLETT AT NYU AND CUNMTALNS MINGR
MODIFICATIONS BY PuA. GASPERS JR. OF MASA, AMES RESEARCH CENTER.
A=INPUT MATRIX
N=SIZE CF MATRIX
NO=DIMENSIGN, NCT CURRENTLY USED.

M=NUMBER GF EIGEMVALUES COMPUTED.

KT=VECTOR "CORTAINING THE EZIGENVALUES IN THE ORDER COMPUTED.
I=POINT IN COMPLEX PLANE WHEPRE EIGENVALUE ITERATION IS STARTED.

IF 2Z=0, THE EIGENVALUES WILL EE FCUND APPRUXIMATELY IN URUDER OF AR
VALUE STARTING WITH THE SHALLEST.

COMPLEX CSGRT4S,R4E4XsTRACE
COMPLEX ZL+RT(25),A125,25)
DIMENSION KCOOFX(T0)
TRACE=A(L1l,1)

DO 1 I=2,N
TRACE=TRACE+A(I,1}

CALL CXTRI (Agl-E‘B,N!ND,KOOOFK’
TRACE=A(1,1]}

D3 2 I=2,N
TRACE=TRACE+A(I41)

f{u=0

NV=0

IF (NV-N} 4,12,4

-t e alr al e - - i, w'r Al wie e ke Lo o tr ke ol it abs wir e b e i e T R P LA SR LI TN R T wlr s e wl W
R TR TR AT AR A v N g ol oo 3 e 3R e s ol ode o e e e ol ol e e e e sl ks e ook il e e g e s e b s e 0n Sk sk ok ok sk ik nek

D b1 I

PP >

FPI>ID > > I
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0 =g

10

11

12

12

Ly wfe . e . i A L by =ity =) be e e e -da e wle wdu .t ol v e iy ade s e
C 3 300 gt oate e o0 st 3 s v e o e v i oo e o 2 e 2 v o 2 ok o e 3 2o e P o 0 0 ok v o

NV=KV+1

NU=NV

IF (KSOOFXINVY)Y €,746

NV=NV+1

GO TO 5 -

IF (NV=-RHU) 9,:8,9

RT(MU)=A(NU,NU)

X=RTI(KU)

G0 10 3

IF (KV-KU-1) 10,11,410

NP=MINO{M,NV) :

CALL CXLAG (Asl.E~44NP4NUSNVyND,RT,2)

GU TO 3

E={eD9sU)*TA{KU,NU+AINV SNV

E=R&x2«A{ NUNUIFAINV NV I+ A INU,NV)=A NV ,NU)
$=CSQURT(E)
ET(NU)=R+S
RT(NV)=R-$
X=RTI(KU)
E=RT{NV)
GO TO 3
X=(.O'.C)
DO 13 J=1.:M
X=X4RT{J)
FETURN

END

30
31
32
33
34
325
36
27

38

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

e o 6 5 K 2 s ok ok s ok o ot e i Mo ok oK sk

PP

39

184



(C me A e ot 3o e e e et o o e ol e esle el o of e sl st vt sl o vl e e s weale e ol ol s e sl ool e e o e e o o 3 3R N n AR e s o s o e e N s e o S Uk
SUBRCUTINE CXLAGUASEPSyNLyNUZNyRDsRTH2Z)

5 3 sfe o oo e e o R s e 3 e o e ek sesRR N a neeole ook ol e oz st ali o o v e ofe oo ok e e g e vk ek Sl e e ol o ol e o e e e e sz sk 3 213 o fodh 2o xe ok Aok

C 4

C

COMFLEX RT125)4+A{25,25)

COMPLEX CUMPLX,CSQRT

CCOMPLEX DUM

COMPLEX BlsZsyPs52451,4R

COMPLEX SUM2,5UMl 462

COMPLEX CSGQGRT+DyT+SPURZ,SPURL,Q1
CGMPLEX F1,DELZsE+83+B2

BIMENSICN P(3,71)y S1{1), S2(1}, RU1)}, Z{1), BLL1), B2(1), B3(1),
1E(l)y DELZI(1)s F1{1)}, C1l(1)
AFURNCLUM)=ABS(REALIDUM) ) +ARS(AIMAGIDUM))
BL1=1.0

NUQ=NU-1

LLY=0

22=040

LELOLD=1.0

ROLD=1.0

SUMI=(Ga090.0)

SU:{2=(00010.0)

CALL CVERFL (IOVER)

P‘].ONU):(].-O! -0’

P{2,8U)={.0,.0)

P{3+NUI=(404.0)

ANUL=NU+1

CUP=0.0

B0 1 J=NUL.N

R{1)=A(J=1,J)

PP D>

44



OO0

(aNeky!

%]

OO0

QO ~i

- CUP=CUP+ATUNLE(1))

CUP=CUP/FLUAT(N-KU)
CaP=0.C

FIND THE TRACE TF A AND A®%2

SPURI=A(NU.NU)

SPUR2=SPURLI=**2

DO 2 J=NU1+N

T=A{J,yJ)

SPURLI=SPURL1+T
SPURZ=SPURZ+TH%24(2.0,Ce0)#A(J=-1,J)2A0J,d-1)
S51(131=-SPUR1 '
S2(1)=SPUR2

INITIAL ITERATE (EITHER GIVEN GR FRCM THFINITY)

IF (FEAL(Z(1)}-1.E25) £43,3
F1(1)=CHPLX(FLIAT(N=NUD),3.0)

IF CAFUN{SLIL) ) +AFUN(S2(L) J=1.E=E=CAP) 44445
Z(1)=CMPLX(CUP,0.0}

GU T0 &
D=(FL{1}=(140Gs 00} (FLOLI*S2(L)}=SL(1)%:2)
ZO1)={CSQRT(LI-S1{1))/F1 (1)

EVALUATE POULYNNDHIAL ARL DERIVATIVES

PlLyNUI=(1.0,0.01

IF {LLY+NUQ=-MU) 7+7,.8
PULyNUI=(1.E-20,C.0)
00 15 K=NUGN
T==A(KsK+]1)

PRI > I I

28
29
30
31
32
23
24

35

26
37
28

.
-

490
41
42
43
44
45
46
47
45
45
€0
51
52
53
54
55
6
57
53
59

4



10

11

12
13

14
15

16

DO 15 L=1,3
S=FLOATI(MCO(L=142))
FAL)==(Z (1) %P (LyK}I+SHP{L-1,K]}
UG 2 J=NU,K
RO1)=R{L)+PILyJ)*A(K,J)

CALL OVERFL (IOVER)

O TG (104124123 1CVER
PLLyMNU)=P{1,MU)%1.E-15

IF (KEAL(P(Ll,NU})) 11,11,8
F=0.5%FLOATIK=-NU)/FLOATIN-NU+1)
WRITE (6446) Z(1)

ZL{L)=F=*72(1)

P(1,NU)={1.0,0.0)

GU TO 8

IF {N=-K) 13,13,14
P(LyK+1)=R(1)

GO TO 15 ‘

P{L,K+1)=R(1)/7

CONTINUE

SCALE DORuN THESE VALUES IF REQUIRED TU AVOID UOVERFLCW

EL{Lli=P{leN+1)

B2(1)=P(2,N*1)

B3{1)=P(3,N+1)
Gl=AFUNIBL{1))
G2=AFUN(82(1))
G3=AFUNIB3(1))
S=AMAXLI(GL,G2)
S=AMAXL{S,63)

IF (S~1.E19) 17,17+16
B1{1)=B1(1)/(1.E419,0.C)

PP a>I D l> I > I

60
€1
62
&3
&4
65

&4

&7
&8
)
70

71

72

73

14
15
16

ST
78

79
EC
81
82
83
B84
&5
b6
&7
68

. 89

S0
Gl

1’44



o {7 Y (TS

1l&

19
20
2l

22

23
24
25

26
27

28

2%

E2lL)=3201)/(1.E+1G,0.0)
B301)=03{ 11/ {1.E+19,0.0)

REMDOVE EFFECT OF KNCWN ROOTS FRCH S$1,52 THE LOG DERIVATIVES.

L(limf.ﬂ,.ﬂl
G2={als D)
if (RUQ=NU)Y 20.,18,18
09 19 J=NURUD
D={1+.0sCe0)/(RTLII-211)])
GL(1}=Q1(1}+D

Q2=02+D%%2

Ir (Gl) 22422421
SHU1)=Ql(1l)#E2{1)/BLL{1}
SEU1y=(82011/E1(1))»%2-83(1}/81(1)-0Q2

FIND NEXT ITERATE
LLY=LLY+1

IF (LoET-ZIFAFUNISLIIL))) 224+22,+23
MARK=]

- GO TG 42

G=R=-NUR

IF (BL1) 25,25426

HeGe D% (G~2.08

Ga 1L 27

H=(~1 .0

e {52520 L ~51 1 1)%%=2)

E{L)=CSQRTID} '
IF AREALISL(L)IFREALIECL}) #ATRAGISILL) F*AINAGIE(LY)) 286,29,29
E(l)==-E{1)

CELZIL)==CA(S1Lt1)+E(L))

T e T U Yo Be P e e I» L T Te Dr I D D X ol B 3> e I B v L P Dx Ie Ix I3 I

92

G4
95
=1t

ST

59

59
100
101
1oz
1¢3
104
105
1306
107
108
1C9
116

111

112
113
114
115
116
117
118
119
120
121
122
123

Sy



37

&
S

WL OO,

4Q
41

Z{1¥=ZCL¥+DELZ{]L)
CELNCw=AFUNIDELZ(1)}
FHEWSDELREK/DELGLD

ZZ=AFUR(ZI1)) | -

TEST FOR CYCLING AT 57 AND FCR LINEAR CONVERGENCE AT 571

IF [LLY-2) 38,38,30

IF (DCLNEW=AMAXLI13.0%0DFLOLD,«5%22)) 332,33,31
IF {BL1) 33432,32 '
DELCLE=CAP+].0

IF (LLY=15) 343,42
IF (RNTH-T*RLELDY 38,34.34
MARK=D

IF (DELNE®w=1#EPSHAMAXI{ZZ,.01%CAP}) 41435,35

IF {BLL1) 37,437,436
Zii)=2(1}-DELZA 1)
BL1=0D.0
GO TO 24
BLI=1.0
GG TO 39

TEST FOK AN EIGERVALUE

I (DELKREW-10.0%EPSHAMANIIZZ,0UL¥CAP)) 40,440,439
DELOLD=DELNEW ~

ROLO=RNEH

IF (LLY~18} &+6442

MARK=2

BL1l=1.0

L3

B 3 T Zn e P be T T D T G I 3 I e D Laopn I B DePops Iv Ie Te I» D I M I

124
125
126
127
128
129
130
131
132
133
134
135
136
137
128
139
149
141
142
143
144
145
148
147
148
149
150
151
152
153
154
185

oF



WE ACCEPT I AS A ROCT

NUQ=NUG+1
RT{NUQI=Z(1)

LLY=0
CAP=AMAX1(2Z,CAP)
LELCLD=1.0

£0LD=1.0
SUMLI=SUMI+RT(AUQ)
SUMZ=SUM2+RT (NUQ ) %*2
51(1)=SUML-SPUR1
52(1)=5UM2-5PUR2

IF (NUQ-N1) 432,45,45

A NEWTCN STEP TLWARDS NEXT RCOT

IF (AFUR(QLIYL) IXAMAXLI(ZZ,001%CAP)=1uE4) 44,44,3
ZGL)=Z(1)-B201)/({.5,.C)*B3(1)-E211)%Q1({1))

G0 TO 6

RETURN :

FORMAT (8H ITERATE,20X42520.8412X49H CVERFLGOKW)
END

N T I S I - S - N T N R S S TN

156
157
158
159
160
161
162
163
L64
165
165
167
168
16y
173G
171
172
173
174
175
176
177

Ly
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SUBEGUTINE CATRICAZEPS,.ND, KOGuFX)

3% e sk am 3 e 2 3k 3 sk e e o ot A o e e S o e o st o 5 3 2OR MO R kK 3 e i ak AR o o oo s e ol ol e ol e o ok v ool v o s s R Ao o b

CUMPLEX A{25,25)
CGHMPLEX U.C

CIMENSICN C(1)
DIMENSICGN KOOOFX(70)
Nl=N-1
N2=N-2
D0 19 J=1,N1
Jl1=J+1
Jz=J+2
L=J1
NJl=N-Jl
Cll)=A0d,J1])
S=ASS(REAL(ICILI))+ABSIAIMAGICL1)) )
IF (NJL) 74+7.1
1 CO 3 K=J24+N
ClL)=A1J+K)
T=ABS{REAL(C(I I I+ABRS{AIMAGICHLL)))
IF (T=S) 3.+,3,2

2 L=K

5=T
3 CONTINUE

IF (L=Jl) 44+7+4
% DO o K=lgi

C{l)=AlK,J+]1)
AlRsJ+1)=A1K,L)
AlKLL)=CLL)

v

e
gl

> LI PpPEDPRPEDPDEEDIDED0

MR AER
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10

11
12

13
14
15
16
17
18

19

DG 6 K=1.N
C{ll=A(J+]1,K)
AlJ+1,K)=A{L,K)
AlL.K)=CI(1)

R=0.0

CO B8 K=1,J
Cll)=a{J,yK)
T=AGS(REAL{C(1}1))+ABS{ATIMAGIC(L)))
R=AMAXLI(R,T)

Ir {S-EPS%R) S+9,10
L=0

NJ1=0

GO TD 12
Cll)=A(JdsJd+1)

IF (J2.GTLN) GO TQ 12
CT 11 K=Jd2.N .
AlJsK)=A(J4KI/CLL) .
DU 18 I=1sN
M=AMINO(J,I-2)
U=(0.0,0.0)

IF (NJ1) 15,15,13

Dd 14 K=J24¢+N
U=U+AIK, 1) *A(J,K)

IF (1) 18,.18,16

DO 17 KZI'M

UsU=AIK, I)=A(J+]1,K+]1)
AlJ+Lly1)=a{J+l,1)+U
KOOOFX(J)=L
KODOFX(NI=0

RETURN

END

PP EP LD I»> T >
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SUBRUUTIME DETER(IVsAshD)

lc*#"ﬁ#’.i***-‘r*****“\?*:’;*:2:=¥=1:#**%’**A’t*«-*###%““’;*lﬂ*’ 22 x5z %0 e o we R 2l g ok e ol e S e ol Sk e ol e o e PR e sk -'r*-‘;tz:"*i AN wa sk
c
c
c NPO9AH THIS PRGGRAM CUMPUTES THE LOG (TQ THE BASE 1C) OF THE A 2
(o ABSGLUTE VALUE UF THE DETERMINANT GF THE COMPLEX MATRIX A A 3
C BY BACKWARD GAUSSIAN ELIMINATION WITHGUT INTERCHANGES. A 4
c THE ASSGCIATED VECTOR IS ALSC COMPUTED. A 5
C IF IV=0, GNLY THE UETERMINANT OF A I3 EVALUATED. IF IV IS NOT £QU A 6
c 2ERDy BOTH THE CETERMINANT AND THE EIGERVECTOR ARE EVALUATED. A 7
C TO OBTAIN THZ EIGENVECTOR CF A WATRIX B CORRESPGNDING TO EIGERVALU A 8
C SET A=8-=-XI, WHERE I IS THE IDENTITY MATRIX. THE E1GENVECTOR IS DE A 9
C CVv AND 1S LUCATER IN THE LAEELED CUMMON BLOGCK C42. A 10
o THE EIGEMVECTCGR IS NCORMALIZED SC THAT THE CCMPONENT ®I1TH THE LARGE A 11
C LBSUGLUTE VALUE HAS ITS REAL PART EQUAL TO ONE AND IMAGINARY PART E A 12
C ZERU. . ' A 13
C THE ARGUMENT NMD IS NGT USED. A 14
FIRST=1.0 ' A 15
“COMPLEX AsCV,E4CaCVL A 16
COMPLEX CMPLX,CSQRT
CIMENSION A(254+25)
COMMON 7C427 DLyLV,CV(25) )
COMMBN ZC437 KT ' A 19
N3=NT-1 A 20
DO 3 K=1,N8 A 21
0O 2 L=K.N8 A 22
NG=NT-K+1 A 23
N5=NT-L A 24
Re=ALNS NI /AING ,ND) A 25
Na=NT-K : A 26
00 1 N=14N6 A 27

05



W N =

4\

ALNSyNISALNS NI+RZA{NGyN)
CONTINUE '
CONTINUE

DL=0.0G

DO 4 J=1,N7
AJJ=CABS{ALIdyd )

[F (AJJLESG.C) GO TO 4
DL=DL+ALDG1OtAJY)
CONTINUE

IF {IV.EQ.C) GO TO 9
CA=1.0
CVI1)=CMPLX{1.0+¢0.0)
L=1
CVI2)}==2(2,1)/A(2,2)
CM=CABS{CVI(2))

IF (CM.GT.1.0) L=2
IF (LOEQGZ, Ce=CM

IF (N7.EQ.2) GG TC 7
DO &6 [=3,N7
C=“A(171)

Il=1~1

DO 5 J4=2,I11
C=C-A{I,J)=CVIJ)
Cv(Il)=C/A(1,I}
CM=CABS(CVI(I}))

IF (CM.GT.CA) L=1

IF (L.EQ.I) Ca=CH
CONTINUE

CONTINUE

Lv=L

IF (L.FQ.1} GC TC ©
CvL=CVv!iL)

b e Rt I b i S -3 I = I~ -~ o o -~ S - S - S S, SR
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54
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0O & I=1.N7
CyilLl=CVv{I}/CVL
CviL)}=CMPLX(1.2,0.0}
FETURN

END -
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APPERNDIX E

The nondimensional form of the differential equation

of motion for a midplane symmetric anisotropic laminate (Eqn. 7} is:

+ 4 (ﬁiéjbn) (a/b} w +2 Dy, + 2066)/1)11 {a/b)z Warenn *

1 "EEER

+ Aw,g +

3 4

N (a0 M2-2)/ 02-1) w, wmat/D ) v, = @N/D ) e,

(2a2/D}}) (a/b) N wyp + (a/D))) (/o) N w, (E1)

The eigenvalue 92 of the flutter problem (Eqn. 15} is
related to @ in eguation 12 as:
9% = w? - igy | (E2)
where g is the aerodynamic and/or structural damping present in the
panel, From equation 12 we see that:
For instability, w, < 0 : (E3)
where Wy is the imaginary part of w.
Solving equation E2 for w, the condition of instabiii;y reducés to the
following (Ref. 19}):
o, < - - o

where 92 =y ¢ inI | (ES)

The expression for the total strain energy in the
panel, U, in terms of the second derivatives in w(f,n) and panel

properties is:

55
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= B
O =

S
U= ©0))/2) ©/a) 11 Lwge + 40a/b) 01/D))) wopusp +

2(a/0)% ©,/D) ) Wopy Mo+ 4Ga/b)? Dge/Dy ) W,E

4/ /D)) Woo Wap + (@/b) y,/D ) w,E 1 dEan  (Ee)
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TABLE 1

MATERIAL PROPERTIES

Material‘\

Eyq (psd)
Esy (psi)
V12

G12 (?si)

Thickness of

each ply (in.)

Boron/Epoxy

AVCO 5505/4
30 x 10°
2.7 x 10°
0.21

0.93 x 10°

0.0052

Graphite/Epoxy

AS/3002.
18.5 x 10°
0.7 x 10°
0.21

0.83 x 108

0.,00525

Boron/Aluminium

B4/A1 6061-F

32 x 10°

18 x 106

0.23
6

9,5 x 10

0.0052
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TABLE 2

STATIC BUCKLING LOADS FOR A BORON - EPOXY PLY

Orientation, ¢ Static Buckling Load, Kxcrit
~ (degrees)
0 - 30
10 ’ - 33
20 - 41
30 - 62
40 - ' - 101
50 - 167
60 : | : - 251
70 - 269 .
80 ' -231
90 - 209




TABLE 3

FLUTTER BOUNDARY OF BORON-EPOXY ANGLE-PLY PANEL FOR VARIOUS WUMBERS OF PLIES

=
Aepyr for
$
(degrees) -
n=1 n=3 n=395 n=9. n = 15 n = 49
.0 356.4 356.4 356.4 356.4 356.4 356.4
10 372.7 372.5 371.65 371.35 371.25 371.25
20 424,65 423,75 421,25 420,25 419.75 419.75
30 513.7 513.3 512.9 513.05 513.35 513.75
40 693.8 691.5  682.7 679.05 677.75 677.15
50 955.7 951.1 934,7 927.5 925,25 924,15
60 1191.0 1185.5 1164.9 1155.7 1152.85 1151.45
70 1060.9 1056.9 1042.9 1036.9 1035.25 1034.35
80 662.8 662.1 659.7 658.65 658.35 658,25
90 4943 494.,3 494,3 494.3 494,25 494,25

09
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TABLE 4

WEAK COALESCENT FLUTTER VALUES FOR AN ANGLE-PLY PANEL

AN

Number of Plies Orientation,é! Material |Critical Flutter Value,d .,

n (degrees) |Weak Coalescent Actual

Value Value

1 10 ‘Boron/Epoxy 351.0 372.7
1 20 Boron/Epoxy 400,5 424,65
3 20 Boron/Epoxy 400.,9 423,75
5 20 Boron/Epoxy 403,15 421,25
9 20 Boron/Epoxy 405.1 420,25
15 20 Boron/Epoxy 406,25 419.75
49 20 Boron/Epoxy 407,65 419,75
1 20 Graphite/ 385.5 421.95

»Epoxy
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Figure 1, Planform Geometry of a Ply
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Figure 3, Flutter Boundary for a Boron-Epoxy Ply; g=0
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FLUTTER ANALYSIS OF FLAT RECTANGULAR ANISOTROPIC PANELS
IN A HIGH MACH NUMBER SUPERSONIC FLOW
by

R. L. RAMKUMAR

( ABSTRACT )

A study of the flutter of a flat, simply supported,
rectangular, anisotropic panel, exposed to supersonic flow on one
side, 1s carried out using small deflection thin-plate theory and
two-dimensional piston theory aerodynamics, The effect on flutter
of the follbwing items aré examined : individual orthotropic ply
orientation with respect to the freestream;inplane compressive stresses
in the streamwise direction; aerodynamic and/or structural damping;
and the number of layers in an angle-ply pancl, with plies of the
same orientation angle but alternating signs. Solutions are obtained
using a twenty term Rayleigh-Ritz procedure, Three different fiber-
matrix combinations for the individual orthotropic plies are used.
These are : boron-epoXy, graphite-epoxy and boron-aluminium,

The results indicate that the parailel alipgnment of the
ply principal axis with the freestream direction does not necéssarily
raise the flutter boundary. The flutter value is dependent on the
relative stiffnesses of the 1ndividﬁal plies, their oriéntation with
respect to the freestream, and the panel aspect ratio. Increasing thé
number of plies in the panel and the addition of inplane compressive
stresses lowers tﬁe flutter boundary while the addition of damping

always raises it,
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