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Supersonic Flutter Analysis of Composite Plates and Shells

R. M. V. Pidaparti*
Purdue University at Indianapolis, Indianapolis, Indiana 46202

and

Henry T. Y. Yangy
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A high-precision doubly curved quadrilateral thin shell finite element is used for studying the supersonic
flutter behavior of laminated composite plates and. shells. The composite material property is included using
classical lamination theory, and the supersonic aerodynamic effect is included using linearized piston theory. To
reduce the number of degrees of freedom of the finite element aeroelastic system, the normal modes approach
is adopted. Results are presented to illustrate the behavior of flutter characteristics for composite plates and
curved panels, and composite cylindrical and conical shells. Parametric studies concerning the effects of
boundary conditions, fiber orientation, degree of orthotropy, and flow angle on the flutter characteristics are
presented for a series of selected examples. The accuracy, efficiency, and applicability of the present finite
element method are demonstrated by illustrative examples, and, whenever possible, the results are compared to

alternative solutions available in the literature.

Nomenclature

= panel length

= plate or shell thickness

= length of the shell

= Jongitudinal wave number

= circumferential wave number

= shell radius

= freestream dynamic pressure parameter

= nondimensional freestream dynamic pressure
parameter

= critical nondimensional freestream dynamic pressure
parameter

= fiber angle

= nondimensional eigenvalue

= critical nondimensional eigenvalue

= aerodynamic damping parameter

= mass density of plate or shell

= flow angle

= frequency

= nondimensional frequency
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I. Introduction

ARLY works on panel flutter were concerned mainly

with conventional isotropic panels. The research progress
and some of the references can be found, for example, in the
text books by Fung,! Bisplinghoff and Ashley,? and Dowell.3*
Early reviews on panel flutter can be found, for example, in
Refs. 5-6. Olson,” Sander, Bon, and Geradin,® Yang and
Sung,’ and Mei,!° among others, studied the flutter of
isotropic flat panels using the finite element method. Some
studies were also devoted to the flutter of composite panels
(see, among others, Refs. 11-16). Ketter!! considered the ef-
fects of boundary conditions and fiber angle of panels on the
flutter boundaries. Rosettes and Tong!? applied a hybrid stress
finite element method and used linearized piston theory to
analyze the flutter of anisotropic cantilever plates. Their re-
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sults indicate that flutter characteristics are strongly depen-
dent on the composite fiber angle and anisotropy. Srinivasan
and Babu!? studied the panel flutter of cross-ply laminated
composites by using the integral equations method. Lin, Lu,
and Tam!* used an 18 DOF high-precision triangular finite
element to perform a flutter analysis of symmetrically lami-
nated composite panels. Their studies included the effects of
composite fiber angle, orthotropic modulus ratio, flow direc-
tion, and aerodynamic damping on the flutter boundaries.
Sawyer!® used the Galerkin method to study both the flutter
and buckling problems of general laminated plates with simply
supported boundary conditions. Oyibo!® presented an analyti-
cal approach by combining classical plate theory and Ack-
eret’s aerodynamic strip theory to study the flutter behavior of
an orthotropic panel.

In the past, some studies were also devoted to the flutter
characteristics of cylindrical and conical shells (see, for exam-
ple, Refs. 17-26). Among these, some investigations focused
on the application of the finite element method to linear
flutter analysis, such as those given in Refs. 20-23. Ueda,
Kobayashi, and Kihira?® used a conical frustum finite element
to study the flutter behavior of conical shells, and their resuits
agreed well with experimental data. Bismarck-Nasr reported
the results of the application of an axisymmetric shell finite
element to study the flutter behavior, of isotropic circular
cylindrical shells?! and conical shells.?? Sunder, Ramakrish-
nan, and Sengupta?® applied an axisymmetric ring finite ele-
ment to perform a flutter analysis of three-ply laminated
conical shells. Of those who used shell finite elements to study
flutter characteristics of curved panels and shells, most re-
ported the use of axisymmetric elements in the literature. For
the purpose of more general application, it appears plausible
to extend the conventional formulation for quadrilateral shell
finite elements to include the effects of supersonic aerody-
namic forces and laminated composite materials. With the use
of such quadrilateral elements, the configuration of the shell is
no longer limited to being axisymmetric, i.e., curved quadri-
lateral elements can be used to study the flutter behavior of
arbitrary shells and curved panels with nonaxisymmetric
rectangular configurations. Furthermore, it seems of interest
to explore in depth the effects of different material properties,
layup schemes, and various flow angles on the flutter behavior
as there is a renewed interest in supersonic transport aircraft.

This paper presents an accurate and efficient high-precision
quadrilateral shell finite element for the supersonic flutter
analysis of laminated composite plates and shells. To establish
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the validity of the present formulation and computer pro-
gram, flutter examples of composite plates and isotropic cylin-
drical and conical shells were first studied, and the results were
compared with existing alternative solutions and experimental
data. To illustrate and demonstrate the applicability of the
present formulation and computer program, flutter examples
of laminated composite cylindrical and conical shells, as well
as curved quadrilateral panels, were studied. In these exam-
ples, parametric studies concerning the effects of boundary
conditions, flow angles, fiber angles, and anisotropic proper-
ties on the flutter boundaries and modes are presented with
physical explanations. For the composite cylindrical and coni-
cal shells selected, the relations between the fundamental natu-
ral frequencies (and their corresponding circumferential wave
numbers) and the flutter frequencies (and their corresponding
modes) are studied. The fiber orientation has an interesting
effect on shifting the coalescent modes. To illustrate this phe-
nomenon, the coalescences of modes are plotted for selected
composite curved panels.

II. Formulation

A high-precision quadrilateral shell finite element?’ is ex-
tended to include the property of composite materials based
on classical lamination theory and also to include the effect of
supersonic flow based on linearized piston theory for the
flutter analysis of laminated composite plates, shells, and
curved panels. Some of the details of the element development
are available in Ref. 27.

The shell finite element is quadrilateral in shape and has
four nodal points with a total of 48 deg. of freedom. The
element nodal displacement vector is given as

(@37 =1u, ug, Uy, Ugyy V, Vi, Voy Ve W, Wiy Wy, Wil (1)

where u, v, and w are the displacement components in three
curvilinear directions, £, 5, and z, respectively. Bicubic Hermi-
tian polynomials are used to interpolate each of the displace-
ment components. For example, the w displacement is ex-
pressed as
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where i is the node number, and
Gi(®) =025 (—£E8 +35E+2)
Hi(§) =025 (8 + 82 -E-§)

Similarly, the # and v displacement shape functions are defined.

The strain-displacement relations are represented in terms
of curvilinear coordinates. The laminated anisotropic behav-
ior is included using classical lamination theory. The shell is
made up of an arbitrary number of layers. Each layer is
assumed to be orthotropic with its principal material axes at
. an angle to the local coordinate axes. The stress-strain rela-
tions for each layer are transformed to be written in terms of
the reference coordinate system. The stress and moment resul-
tants are then related to the middle surface strains and the
changes of curvature as®®

MR IR ®

The vector {N} contains the resultant tangential. forces, the
vector {M} contains the resultant moments, the vector f{e}
contains the middle surface strains, the vector {«} contains the
changes of curvature, and the coefficients in matrices [4],
[B], and [D] are given as
h2

o Q315 2, 2% dz

where [Q;;] is the 3 X 3 plane-stress stiffness matrix for each
individual layer, and A is the total thickness of the plate or the
shell.

The derivation of the aeroelastic equations is obtained using
Hamilton’s principle. A system of equations of motion for a
nonconservative elastic system can be obtained using a varia-
tion of the form

[4y, By, Dyl = | (GJj=1,23 @

[P8(r — Uy dr + [row dr =0 ®)

where T is the kinetic energy, U is the potential energy of the
system, and W is the virtual work done by the aerodynamic
forces acting on the structure from time £, to .

The derivation of the mass and stiffness matrices can be
obtained using the stationary principle of kinetic and potential
energies, respectively. The details of the 48 x 48 stiffness and
consistent mass matrices can be found in Ref. 27. The aerody-
namic stiffness and damping matrices are derived by consider-
ing the virtual work done by the aerodynamic forces

ow =, pow da ©)

where A is the area of the element that the pressure is acting
on.

Assuming a first-order, high Mach number (M) approxi-
mation to the linear piston theory,?%30 the aerodynamic pres-
sure acting on a curved surface area dA is given by

B P Y B
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where p is the freestream aerodynamic pressure, V is the
freestream velocity defined as parallel to the £ axis, g is the
freestream dynamic pressure, and 7 is the radius of curvature
of the shell element.

The aerodynamic virtual work can be written in terms of the
element nodal vector as

oW = (691 Tk (g} ~ (50)TTea) () ©
with
] T
lkol = —Bj 1 2L s (10)
A

Y O r
[ca1—< u+2rm>L{f}{f} 4 (n

where {§} denotes the time derivative of the nodal vector. The
matrices [k,] and [c,] are known as the aerodynamic stiffness
and damping matrices, respectively. The aerodynamic stiff-
ness matrix [k,] is asymmetric, whereas the damping matrix
[c,] is symmetric.

The aeroelastic system of equations for the structure is
obtained by assembling the element matrices, which can be
symbolized by capital letters as

MO} + [c]{Q} + (K] + [K.){Q} =0 (12)

The system of equations is solved as an eigenvalue problem by
assuming {Q} to be

(Q}=1{0}) e* 13)

where s is a complex number and s = s, + is;.
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To reduce the aeroelastlc system of equations, the normal
modes approach is used. First, free vibration analysis is per-
formed to obtain the natural frequencies and mode shapes.
Then, using a sufficient number of lowest modes for the
aeroelastic system, Eq. (12) can be reduced by premultiplying
by [®]7 and postmultiplying by [$],

([%]-%ﬁ)l@l = [K1{Q) (14)
[‘m = [217[K,}[®] (as)

where [k] isa dlagonal maftrix contalnmg complex eigenvalues
&, + ik, the matrix [®] is the modal matrix constructed by
retaining the selected lowest natural modes of the structure,
and [w;] is a diagonal matrix containing the squares of the
structural natural frequencies as diagonal elements.

The system of equations in Eq. (14) results in an eigenvalue
problem corresponding to a given value of the dynamic pres-
sure parameter 3. If the aerodynamic damping factor u is
neglected, the flutter boundary is obtained when the two rela-
tive lowest eigenvalues coalesce to give a critical value of 8.
When g >0, the flutter solution is obtained when

2 2
LA (16)
;P
with
Eh?
D=—"2 17
12(1 - 3y an

For isotropic materials, E> = E, and »;; = ».

When presenting the subsequent results, the following
nondimensional parameters are used: B* = Ba3/Eyh3; w*=
wa*Nph/Eh3; and N2 = — w? — pwa*/E>h3.

III. Results and Discussion

A general computer program was developed for the present
composite shell finite element formulation as applied to super-
sonic panel flutter analysis. As part of the evaluation process,
the natural frequencies and flutter solutions were first ob-
tained for those composite plates and isotropic cylindrical and
conical shells for which alternative solutions were available.
For flat panels, the shell element was reduced from 48 to 16
DOFs by removing those degrees of freedom related to the
curvatures. For every example, a convergence study was per-
formed by computing the four lowest natural frequencies re-
lated to the flutter frequencies and observing their convergence
trends while the meshes were being successfully refined. It was

Table 1 Examples considered to illustrate the
supersonic flutter behavior of laminated
composite square plates

Example Lay-up scheme Boundary condition

1 Unidirectional ~ S.S. and clamped
2 [0/90]2s Clamped
3 [0/90] Clamped
4 [+ 62 Clamped
5 [ & 45]2 Clamped
6 [0/90]2s Clamped

Table 2 Comparisen of flutter boundaries (Acr and S¢;) for a
symmetrically (0/90]2; and unsymmetrically [0/90] laminated
boron-epoxy composite square plates with all edges clamped

[0/90)2s layup {0/90] layup
Reference Ner B Ner B&
Integral equation method!3 46.09 446  28.99 163
Series solution!3 47.19 474 29.79 173
Plate element?3 (8 X 8 mesh) 46.89 471 —_ —_
Present (6 X 6 mesh) 46.80 472 31.46 194
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Fig.1 Variation of critical flutter dynamic pressure parameter (8cr)
with fiber orientation for unidirectional composite (Ei1/E; =35,
Gyz2 = 0.35 E3, vy2 = 0.3) square plates.

found that for the square plates and curved panels, the values
for the four lowest frequencies converged at the 6 X 6 mesh
level. For the cylindrical and conical shell examples, the four
lowest frequencies converged at the 1 X 10 mesh level (one
element in the circumferential direction and 10 elements in the
longitudinal direction). Thus, a 6 X 6 mesh was used to model
the square plates and the curved panels, and a 1 x 10 mesh was
used to model a strip of the cylindrical and conical shells. All
computations were carried out using a CYBER 205 vectorized
supercomputer at Purdue University.

Composite Plates

The examples shown in Table 1 were first selected and
studied systematically to illustrate the supersonic flutter be:
havior of laminated composite plates. Figure 1 shows the
critical aerodynamic pressure parameter 8% vs fiber orienta-
tion for a unidirectional composite plate with simply sup-
ported and clamped boundary conditions. The present results
are compared to those of Ref. 14 using a 4 x 4, 18 DOF
triangular element mesh, and excellent agreement is found.
The aerodynamic pressure parameter is higher for the clamped
plate than the simply supported plate for all the fiber orienta-
tions considered. For both plates, the aerodynamic parameter
B% varies parabolically and symmetrically about the axial line
at 6 = 90 deg, and the maximum and minimum values for g%
are at # = 0 deg (or 180 deg) and 90 deg, respectively. In other
words, for these two plates, maximum flutter speeds occur
when the fiber composite angle is oriented along the direction
of the flow, and minimum flutter speeds occur when the fiber
angle is oriented perpendicular to the flow.

Table 2 shows the flutter bounds X, and 8% for a boron-
epoxy [(0/90),]; and [0/90] laminated composite plates with
clamped boundary conditions. The material properties used for
the boron-epoxy composite are E; =31 X 10° psi; E,=2.7 x 108
psi; G =0.75 x 105 psi; p =0.192 x 10~3 Ib-sec?/in*; and
v;; = 0.28. The present finite element results are compared
with other available solutions and experimental data in the
table. It can be seen that the present results for the flutter
bounds agree well with those given in Refs. 13 and 33. The
present method is more efficient than the 45 DOF finite ele-
ment in Ref. 33 because a smaller mesh (6 X 6) was used for
this example. The present results for the [0/90] case were
different from those in Ref. 13, probably due to coupling
stiffness caused by unsymmetrical layup and other factors
such as consistent mass, etc., in the present finite element
method. ) )

Figure 2 shows the effect of fiber angle on the flutter
bounds for a [( = 6),]; angle-ply laminated composite square
plate with all edges clamped. Figures 3 and 4 show the effect
of flow direction on the flutter aerodynamic parameter (3%)
and flutter eigenvalue (\,) for a [( £ 45),], and a [(0/90),],
laminated composite plate with all edges clamped, respec-
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Fig. 2 Effect of fiber orientation on flutter boundaries (\er and Ser)
for a [( & 6)2]s graphite-epoxy composite square plate with all edges
clamped.

tively. All the results in Figs. 2—4 are compared to those by Lee
and Cho?? with good agréement. It is seen from Fig. 2 that, for
the [( = 6),], angle-ply laminated plate, the values for % de-
crease as the fiber angle increases from 0 deg to 90 deg, and
the flutter frequency also decreases in the same fashion. Fig-
ure 3 shows that the maximum and minimum values for 8&
occur at flow angles of 45 deg and 0 deg (and 90 deg), respec-
tively, for the [( & 45),] laminated plate. Figure 4 shows that
the maximum and minimum values of 8% occur at flow angles
of 0 deg and 90 deg, respectively, for the [(0/90),]; laminated
plate. The flutter aerodynamic parameter for the [(0/90),];
laminated plate is 600 at a flow angle of 0 deg, which is
significantly higher than that for the [(« 45),]; laminated
plate. As the flow angle ¥ increases, this difference narrows
down and then reverses its trend after { becomes greater than
approximately 45 deg.

Figure 5 shows the flutter mode shapes for the [(0/90),],
laminated composite plate for four different flow angles: 0
deg, 40 deg, 70 deg, and 90 deg, respectively. For the 40 deg,
70 deg, and 90 deg flow angles, flutter occurs when modes 1
and 2 coalesce. However, for the 0 deg flow angle, flutter
occurs when modes 2 and 3 coalesce instead of modes 1 and 2.
This interesting phenomenon seems to be due to the effect of
composite material fiber orientation relative to the flow direc-
tion. Figures 2-5 have quantified the effects of fiber angles
and flow directions on flutter characteristics such as flutter
frequencies and modes for the present laminated composite
plates.

Isotropic and Composite Shells

The examples shown in Table 3 were selected and studied
systematically to illustrate the supersonic flutter behavior of
isotropic and composite shells. An isotropic simply supported
cylindrical shell of length L = 40 in., radius R = 20 in., and
thickness # = 0.04 in., was first studied. The material proper-
ties were assumed as those for steel with E = 30 x 10° psi;
p =7.33 x 1074 Ib-sec¥/in.%; and » = 0.3. Figure 6 shows the

results for flutter dynamic pressure parameter 8 and frequency
@ for the isotropic simply supported cylindrical shell as the
number of circumferential waves (n) is increased from 9 to 30.
The minimum value of the flutter speed (3%) occurs at n = 16.
The present result obtained for the aerodynamic pressure pa-
tameter at n = 16 is compared to that by Kobayashi'® with
good agreement. The minimum & occurs at n = 11.

An isotropic simply supported conical shell with a 5 deg
semivertex angle, and of length L = 61.37 in., radius R = 7.55
in:, and thickness A = 0.051 in., was then studied. The mate-
rial properties used are: E = 6.5 x 10° psi; p = 8.33 x 10~*
Ib-sec?/in.%; and » = 0.29. Table 4 shows the values of 85 for
four different values of »n for this conical shell. The present
flutter resiilts are compared to those by an approximate
method by Dixon and Hudson?®! and a conical frustum element
solution by Ueda, Kobayashi, and Kihira?’ in Table 4. Reason-
ably good agreement is seen. The minimum value of 8% occurs
at n = 5 for this example.

Figure 7 shows the results of flutter boundaries for a
graphite-epoxy [0/ = 45/90], laminated simply supported
cylindrical shell for various circumferential wave numbers.
The material properties used for the graphite-epoxy composite
material are: E; =20 X 106 psi; E,= 1.4 x 10° psi; G;,= 0.8 x 108
psi; p = 0.148 x 103 Ib-sec?/in.%; and »;, = 0.3. It is seen that
as n is increased from.9 to 30, the critical flutter dynamic
pressure parameter 3 decreases to a minimum at n = 17 and
then increases. The flutter frequency @ decreases to a mini-
mum at # = 11 and then increases. It can be seen from Figs.
6-7 that the values of n that correspond to the lowest flutter
aerodynamic pressures for the isotropic and composite shells
are not necessarily the same buf are very close due to the
quasi-isotropic nature of the composite.

Figures 8-9 and 10-11 show the effect of fiber orientation
on the two lowest frequencies, the flutter frequency and the
dynamic pressure for a [0/ = 0/90]; and a [( + 6),]; laminated
simply supported cylindrical and conical shells, respectively.
The material properties and geometry of the shell are similar
to those used in Fig. 7. The circumferential wave numbers that
correspond to the two lowest frequencies and the flutter fre-
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" Fig.3 Effect of flow direction on flutter boundaries (\cr and f¢;) for

a [( + 45)2]s graphite-epoxy composite square plate with all edges
clamped. ’
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Fig. 4 Effect of flow direction on flutter boundaries (\¢r and S¢;) for
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Fig. 5 Flutter mode shapes for the [(0/90);]; graphite-epoxy compos-
ite square plate at four different flow angles of 0 deg, 40 deg, 70 deg,
and 90 deg.
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Fig. 6 Flutter boundaries (& and ) for a simply supported isotropic
cylindrical shell with one half longitudinal wave (m = 1) and various
numbers of full circumferential waves ().
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Fig. 7 Flutter boundaries (& and 5) for a laminated [0/ + 45/90),
graphite-epoxy composite simply supported cylindrical shell with one
half longitudinal wave (2 = 1) and various numbers of full circumfer-
ential waves (7).
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Fig. 8 Effect of fiber orientation (#) on flutter boundaries (w¢r and
Ber) for a laminated [0/ =+ 6/90); graphite-epoxy composite simply
supported cylindrical shell for one half longitudinal wave (m = 1).
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Fig. 9 Effect of fiber orientation (6) on flutter boundaries (wer and
Ber) for a laminated [( = §)2]; graphite-epoxy composite simply sup-
ported cylindrical shell for one half longitudinal wave (m = 1).

quencies are given in the parentheses. Each number n was
obtained by varying its value until the minimum frequency of
interest was found. For example, at § = 20 deg in Fig. 8, the
values of 10, 13, and 14 in the parentheses were found from
the plots as shown in Fig. 12a where the minimum values for
the two lowest frequencies and the lowest flutter frequency
were found by varying the values of n. Such a search was done
for each of the 6 values. It is seen from Figs. 8-9 and 10-11
that the circumferential wave number in the parentheses de-
creases along each of the three curves as the fiber angle is
increased for the angle-ply laminated cylindrical and conical
shells considered, with the exception of the flutter curve at
@ = 20 deg in Fig. 8. It is seen that the flutter frequencies we
and the circumferential wave numbers » for the flutter curve
are all closer to those for the second lowest frequency curve
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than those for the lowest frequency curve. In other words,
coalescence of the two lowest mode frequencies results in a
flutter mode more by the second lowest mode than the lowest
mode. The flutter frequency in Fig. 8 is slightly higher than the
second lowest frequency at 6 = 0 deg, but lower at 6 = 20 deg
and at higher angles. Although the flutter frequency is higher
than the second lowest natural frequency at 6 = 0 deg, flutter
still occurs when the two lowest modes coalesce. The flutter
curve in Fig. 8 shows that the flutter frequency is the smallest
at § = 20 deg and the highest at # = 90 deg. The values of
flutter speed (8¥) increase slightly as the fiber angle is in-
creased from 0 = 10 deg. Similar trends for ., are seen in Fig.
9 for the [( = 6),); laminated shell. In Fig. 9, the flutter fre-
quency is the smallest at § = 0 deg and the highest at § =30
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Fig. 10 Effect of fiber orientation () on flutter boundaries (wer and
Ber) for a laminated [0/ + 0/90); graphite-epoxy composite simply
supported 5 deg conical shell for one half longitudinal wave (m = 1).
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Fig. 11 Effect of fiber orientation (6) on flutter boundaries (wcr and
Ber) for a laminated [( = 0)2]; graphite-epoxy composite simply sup-
ported 5 deg conical shell for one half longitudinal wave (m = 1).
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Fig. 12a An example of searching for the circumferential wave num-
bers in the parentheses in Fig. 8 for 6 = 20 deg.

deg. Then, the values of 8% decrease as the fiber angle is
increased up to 0 = 60 deg, and then go up and down slightly
with the increase of 6. v '

Figure 10 shows that the flutter frequency is the smallest at
# =0 deg and the highest at 6 = 90 deg for the [0/ = §/90],
conical shell considered. The dynamic pressure parameter 3¢
increases up to § = 45 deg and then decreases as the fiber angle
is increased. For the ten different 6 values considered in Fig.
11, the flutter frequencies are higher than the second lowest
frequency at 6 equal to or smaller than 20 deg, but it is the
other way around at # equal to or higher than 30 deg. It is
noted that although the flutter frequencies are higher than the
second lowest natural frequencies at § < 20 deg, flutter still
occurs when the two lowest modes coalesce. In Fig. 11, the
flutter frequency is the smallest at § = 60 deg and the highest
at 0 = 0 deg. The values for B increase up to 6 = 20 deg and
then decrease as the fiber angle is increased for the [( & )]s
laminated conical shell. For the present class of simply sup-
ported laminated shell problems, modes are mostly obtained
by the coalescence of the lowest and the second modes. The
flutter mode is usually composed of one longitudinal half-
wave and »n circumferential full waves, whereas # is equal or
close to that of the second free vibration mode. To demon-
strate this phenomenon, the flutter modes are shown in Fig.
12b for a cylindrical shell with m =1 and n = 14. It can be
seen from Figures 8-9 and 10-11 that the circumferential
modes and wave numbers n corresponding to flutter are
strongly influenced by the laminate fiber angle for the lami-
nated cylindrical and conical shells considered, and the degree
of such influence is quantified in the four figures.

Table 3 Examples considered to illustrate the
supersonic flutter behavior of isotropic and
composite shells with simply supported

: boundary conditions

Example Shell type Layup scheme
1 Cylindrical Isotropic

2 Conical Isotropic

3 Cylindrical [0/ + 45/90]¢
4 Cylindrical [0/ = 6/90]s
5 Cylindrical [0l

6 Conical [0/ + 6/90])s
7 Conical [ £ 012

8 Conical Orthotropic

Table 4 Comparison of flutter dynamic pressure parameter (8cr)
for an isotropic conical shell with a semivertex angle of 5 deg
with simply supported edges m =1) -

Circumferential Galerkin Reference Present
wave number (n) method3! 20 1 x 10 mesh
4 1074 1082 99

5 590 609 576

6 607 625 620

7 652 695 647

Circumfg@ential mode

Longitudinal mode

Fig. 12b Flutter mode for [0/ + 20/90]; laminated cylindrical shell
with longitudinal half wave number m = 1 and circumferential wave
number 7 = 14. )
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24 O  Present
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0 T T
S 10 15 20

Semi-vertex Angle «

Fig. 13 Effect of orthotropic modulus ratio (£2/Ej) on flutter aero-
dynamic parameter (3c;) for an orthotropic simply supported conical
shell for one half longitudinal wave (7 = 1) and five circumferential
waves (n = 5) for four different semivertex cone angles.
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Aerodynamic Pressure Parameter |3*

Fig. 14 Coalescence of modes for a [0/90] graphite-epoxy composite
cylindrically curved panel with all edges clamped.
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Fig. 15 Coalescence of modes for a [45/ — 45) graphite-epoxy com-
posite cylindrically curved panel with all edges clamped.

Figure 13 shows the effect of orthotropy (E,/E;) for a
simply supported orthotropic conical shell. The geometry of
the shell is similar to the one used in Table 4. The material
properties were assumed as: E;=6.5x10% psi;
p =0.833 x 10~3 lb-sec?/in,*; and »;; = 0.29. Four different
cone semivertex angles of 5 deg, 10 deg, 15 deg, and 20 deg
were considered. The results for 8% are compared with those
obtained by the approximate analytical approach of Li-
brescu.3* Good agreement is observed. It can be seen that the
degree of orthotropy strongly influences 8% for a given

semivertex angle. The trend of the variation of flutter speed
for a given material is influenced by the semivertex angle as
quantitatively shown in the three curves in Fig. 13.

Curved Panels

To illustrate the applicability of the present shell finite
element formulated for special quadrilateral configurations,
the examples of cylindrical and spherical panels with all edges
clamped were studied. The geometry of the cylindrical panel
was assumed as radius-to-length ratio = 20; length = 10 in,;
and thickness 2 = 0.01 in. The geometry of the doubly curved
spherical panel was assumed as radius = 200 in. and thickness
h = 0.01 in. The material properties of ASC/3501-6 graphite-
epoxy composite used for both panels were assumed as
E,=21x10% psi; E;=1.4x10° psi; Gy, =0.6x 10° psi;

6000

4th Mode

® (rad/sec)

Frequency

Lowest Mode

0 100 200 300
*
Aerodynamic Parameter p

Fig. 16 Coalescence of modes for a [0/90] graphite-epoxy composite
spherically curved panel with all edges clamped.
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Fig. 17 Coalescence of modes for a [45/ —45] graphite-epoxy com-
posite spherically curved panel with all edges clamped.
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Fig. 18 Effect of flow direction on aerodynamic parameter 8¢ and
flutter frequency wee for a [0/ + 45/90] graphite-epoxy composite
cylindrical panel with all edges clamped.
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Table 5 Comparison of lowest frequency parameters and flutter
bounds for the clamped AS4/3501-6 graphite-epoxy cylindrically and
spherically curved panels (R = 200 in., ¢ = 10 in., and # = 0.01 in.)

Lowest
*
Type of Layup frequency («*) Flutter bounds
shell scheme Present Reference 35 Wer B
Cylindrical [0/90] 7.62 7.63 3867 300
Cylindrical [45/ —45] 6.53 —_— 3425 260
Spherical [0/90] 9.96 9.84 4055 120
Spherical [45/ —45] 9.56 —_— 3927 114
300 4500
+ O
o
4400 ©
S
§
S 4300 ?
5 2004 %
L 4200 ©
3 [
o [
< 8
'g F4100 5
b .
<
100 ¥ T T g 4000
0 20 40 60 80 100

flow angle (degrees)

Fig. 19 Effect of flow direction on aerodynamic parameter Ber and
flutter frequency we for a [0/ + 45/90] graphite-epoxy composite
spherical panel with all edges clamped.

p = 0.1475 x 1073 Ib-sec?/in.*; and »;; = 0.3. The results for
the lowest natural frequency parameter w, flutter frequency
wer, and dynamic pressure parameter 3% for a [0/90] and a
[45/ — 45] laminated cylindrical panel as well as a [0/90] and
a [45/ — 45] laminated spherical panel are shown in Table 5.
The natural frequency parameters agree well with those given
by Chandrashekhara® for the [0/90] laminated cylindrical and
spherical panels.

The phenomena of coalescences of modes for the cylindrical
and spherical panels laminated with [0/90] and [45/ — 45]
schemes are shown in Figs. 14-15 and 16-17, respectively.
Figure 14 shows that, for the [0/90] laminated cylindrical
panel, the flutter mode is caused by the coalescence of modes
1 and 3. It is of interest to see that, when the fiber angles are
changed to [45/ — 45], the flutter mode is caused by the coa-
lescence of modes 1 and 2 as shown in Fig. 15. It is seen from
Figs. 16 and 17 that for the [0/90] and [45/ — 45] laminated
spherical panels, the critical flutter is caused by the coales-
cence of modes 1 and 2 for both cases. It is interesting to
observe from the plots of Figs. 14-17 the effect of fiber
orientation on the phenomenon of coalescence of modes. The
critical flutter does not necessarily occur by the coalescence of
the two lowest modes.

Figures 18 and 19 show the effect of flow angle on the
flutter aerodynamic pressure parameter 3. and flutter fre-
quency we for a [0/ +45/90] laminated cylindrical panel and
a [0/ + 45/90] spherical panel, respectively. For the five dif-
ferent flow angles considered for the cylindrical panel as
shown in Fig. 18, the flutter frequency and aerodynamic pa-
rameter increase up to a flow angle of 30 deg and then de-
crease as the flow angle is increased. In Fig. 19, for the
spherical panel considered, both the 8% and w,, increase as the
flow angle is increased from 0 deg to 90 deg. It can be seen
from Figs. 18 and 19 that flow direction has a strong influence
on flutter frequency for laminated cylindrical and spherical
panels, and the degree of such influence is quantified here.

IV. Concluding Remarks

A supersonic flutter analysis of laminated composite plates
and shells is carried out using a doubly curved quadrilateral

thin shell finite element, developed on the basis of the Kirch-
hoff-Love thin shell theory, classical lamination theory, and
linear piston aerodynamic theory. Numerical results are ob-
tained for laminated composite plates and curved panels, and
isotropic and composite cylindrical and conical shells. Good
agreement of some of the obtained solutions with existing
results serves to establish the validity of the present formula-
tions for supersonic fluttér analysis of laminated composite
plates and shells. The present results quantitatively illustrate
the effects of flow angle, boundary conditions, orthotropy,
and fiber orientation on the flutter bounds and mode shapes.
The present results show quantitatively the relations among
the fundamental natural frequencies and flutter frequencies
and their corresponding circumferential modes for the selected
examples of the composite cylindrical shells and conical shells.
The results presented illustrate the phenomenon of coalescent
mode shifting due to the change of fiber orientations for the
curved composite panels. The presented results indicate that
fiber angle and orthotropy strongly influence the flutter
boundaries for laminated cylindrical shells, conical shells, and
curved panels. Such influences are quantified in the present
examples, and physical interpretations are made. It is noted
that, in addition to demonstrating the applicability of the
present curved quadrilateral thin shell finite elements for panel
flutter, it would be useful to study the effects of real world
problems of angle of attack and aerodynamic heating. When
such effects are included in the analysis, more interesting and
accurate results can be obtained, and this is a topic worthy of
further study. Currently, research is being done to explore the
effect of aerodynamic heating. Extensions can also be made to
include aerodynamic and structural nonlinearities.
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