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In this article the classical analysis of the static pressure effect on fluttering
panels is extended to cases of pulse and step excitations. A high order finite-element
methodology is applied within the non-linear elastic, linear aerodynamic theories
and a dynamic analysis is performed on a reference structural model (simply
supported isotropic square panel). The results which substantiate this study show
that during applied excitation the pattern of the motion is changed into damped or
limit-cycle oscillations having non-zero mean value. There are also conditions that
could increase limit-cycle flutter amplitudes during excitation and these cases need
careful investigations for a reliable structural design.

© 1999 Academic Press

1. INTRODUCTION

Dynamics and stability of aircraft structures regularly involve non-linear
phenomena which can be investigated only through advanced methods of large
deflections theory. It is already known that if a panel substructure exposed to
aerodynamic forces is also subjected to thermal stresses (due to kinetic heating of
the supersonic flow), the non-linear aerothermoelastic behaviour becomes complex
even for a relatively simple case [1] (see Figure 1 for a one-dimensional non-linear
structural panel model). In the absence of fluid flow, but at sufficiently large
compressive load, the plate will buckle into a statically deformed shape whilst, in
contrast, for no compressive load, but with a fluid flow of sufficiently large velocity,
the plate will flutter with a periodic motion. With both compressive load and fluid
flow, chaotic motion may take place.

The general configuration (Figure 2) involves a rectangular panel substructure
with fixed edges (clamped or simply supported, with completely immovable
in-plane displacements at the edges: u(0, y) = u(a, y) = v(x, 0) = v(x, b) = 0), having
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Figure 2. General model for non-linear panel flutter.

the external surface exposed to supersonic flow and the other side facing a cavity.
Usually the deflection is the order of plate thickness, but in Figures 1 and 2 it is
shown at a greatly exaggerated scale for clarity. The non-linear structural effect,
resulting from the in-plane stretching stresses induced by the large amplitudes
of the out-of-plane motion, governs the aeroelastic behaviour. Since the
tension increases at increasing deflections and remains positive for any sign of the
amplitude, a limited aeroelastic response arises at supercritical dynamic pressures.
A linear analysis of this case could offer incomplete or erroneous information:
critical dynamic pressure, frequency of vibration, and mode shape at the instability
can be determined, but usually this yields no direct information about panel
deflection and stresses.

The phenomenon has received growing interest due to the development of
aircraft and missiles which operate at supersonic speeds. The earliest reported
failures that can be attributed to panel flutter were those of the German V-2 rockets
during the World War II [2]. Even recently cracks were found in about half of the
laminated composite skin of the F-117A stealth fighter [3].

A systematic analysis of the phenomenon began during the 1960s. At that time,
the solutions of the non-linear isotropic panel flutter were found usually through



FLUTTERING PANELS EXCITED BY EXTERNAL FORCES 919

the use of Galerkin’s method in the spatial domain and subsequently by
numerical integration. Dowell’s study [4] provides an overview of this classical
method. The next step in the methodological approach was the application of
the finite-element method (FEM), firstly to the study of the linear problem [5] and
then the extension to the non-linear oscillations of two-dimensional isotropic
panels [6, 7] and three-dimensional isotropic plates [8, 9]. Houbolt [10] was the
first author who took into account the thermal buckling effect due to the
temperature difference between panel and its supports. Usually a constant
temperature distribution was considered, but later, in addition to the flutter of
2D- and 3D-isotropic plates, Xue and Mei [11] also considered the effects of
arbitrary temperatures.

Recently, a number of studies focused on the non-linear flutter of composite
panels (e.g. references [12, 13]). Also, an important research in the field of control
and suppression of the non-linear panel flutter is beginning to be developed.
Successful application of piezoelectric actuation in this area has already been
reported by Mei et al. [14-16].

Until now, no significant work has dealt with the effect of the external forces on
the panel flutter behaviour. By considering constant static pressure differential over
the simple model from Figure 1, Dowell [ 1] concluded that there arises a stiffening
effect of the plate so that the flutter is completely suppressed. This paper extends the
analysis to more complex loads in the form of pulse and step excitation. The pulse
pressure could characterize the external loading during launching the missiles
originally attached under the wing (Figure 3). The most exposed area is adjacent
to the afflux during launch, but the phenomenon can also cause structural
damage during the acceleration of the missile. For any weapon it is necessary to
know the blast pressure characteristic in order to certify the reliability of the
exposed local structure. Experimental validation involves ground tests in which the
structure is subjected to pulse forces using mechanical exciters. That is why a more
realistic analysis, which includes both aerothermoelastic conditions and external
excitation, needs to be addressed. This study investigates the dynamic behaviour
which might have implications for the stability and reliability of the structural
system.

Wing structure

~

< Missile during launch

Figure 3. Skew of the local substructure subjected to external out-of-plane pressures.
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2. GOVERNING EQUATIONS

An exhaustive formulation of the analytical model within the non-linear elastic
and aerodynamic theories can be found in Dowell’s monograph [17]. The following
considerations show the main steps in modelling the aerothermoelastic problem
and its formulation within the finite-element method (FEM).

It is known that the stresses arising in an isotropic Hookean plate (having
bending rigidity D, Young’s modulus E, Poisson’s coefficient v and coefficient of
thermal expansion o) subjected to uniform temperature difference AT can be
written as the sum of the tension created by the stretching of the plate due to
bending and the thermal applied in-plane load:

E
Oyx = m [gxx + VSyy] — m OCA T,
E
(1 —v)

Opy = 5= [6yy + VExx] — adT,

(1=

Oy = E €
T2 4 v)

(1)

The von Karman non-linear strain-displacement relations for a general plate
element undergoing both extension and bending at any point z is a sum of
membrane and change of curvature strain components:
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Denoting N,, N, and N,, the normal and shear tensions, respectively as
rhj2
N, = 0. dz,
J—n2
rhj2
N, = o,y dz,
J-n2
rh/2
N,, = Oy dz (3)
J—n2

these can be used in an expression of the strain energy as a sum of stretching and
pure bending components:

1
U= E J\Jf [O-Xngx + Oyylyy + O-xygxy:l dx dy dz = US + UB' (4)
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The two terms of the strain energy have been identified as having the following
expressions:

1
Us = 3 ff [Nyéxxo + Nyéyyo + Nyyérpoldxdy, (5)
D 0*w\? 0*w\?
UB—EH [(T) +<W> Joxar
D 0*w 02w 0*w \?
+§ff[2vﬁﬁ—yz+2(l_v)<8xéy> }dxdy. (6)

The governing equation of the general acroelastic model is obtained through the
application of Hamilton’s principle stating an equilibrium between the variation of
kinetic energy, strain energy, and the virtual work done by the several acrodynamic
pressures:

f@T—5U+5wyn=Q ()

For a rectangular isotropic plate the derivation of equation of equilibrium is
detailed by Dowell in reference [17] and may be written in the form
o*w o*w a*w
DAZW—NxW—Nya—yz—i-mW—I—Apa:Aps, (8)
where Ap, and Ap, are the static and aerodynamic pressures respectively.

The simplest approximation of the acrodynamic forces valid for the domain of
hypersonic velocities is sufficient for predicting the aerodynamic terms at high
Mach numbers. Moreover, Bailie and McFeely [ 18] have shown that their results
in panel flutter analysis obtained using a full unsteady hypersonic theory agree
closely with the results of this approximate theory. The simplified formula of the
aerodynamic pressure within the first order “piston theory” [2, 4, 17] obtained
supposing the air jet flowing in the x direction has the expression

2q. [ 0w 1 ow

M“w@<w+nw)’ ®)
where g, = p,V2/2 is the dynamic pressure, M, is the Mach number, p, is the air
mass density, V,, is the free-stream airflow speed and w is the transverse displace-
ment of panel.

The finite-element formulation of the general acrothermoelastic equation can be
obtained by using the principle of virtual displacement, stating that if a compatible
variation of the displacements ow of a structural finite element with volume loads
p, = — mw, pressure loads py, and inner stresses o takes place, then the inner virtual
work must equal the virtual work done by the loads:

J coedV = J pyowdV + f psowdsS (10)
14 14 S
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By summing up the contributions from all the elements and applying the kinematic
boundary conditions, the global system equations of motion for a given rectangular
panel can be written in a classical matrix form (see also references [11, 13]) which
includes separately the plate and membrane terms (denoted by the subscripts “b”
and “m” respectively):

MY, 0 [ WO 75 (B 0 W? TA° 0
o v [lwe Ty le of we |t Ao o

n |:Kgb +t0xK§,’ (3 :| n |:K§bb K(l)bm:| n |:K(2)tbb 0:|>|:W§:| _ |:PP?:|’ (11)
0 K, Kinw O 0 0 W 0

where M, B, A and K are the mass, aecrodynamic damping, acrodynamic influence,
and linear stiffness matrices, respectively, K, is the geometric stiffness due to
thermal forces, K; and K, are the non-linear stiffness matrices that depend linearly
and quadratically on the system nodal displacement vector W, respectively, Py is
the externally applied out-of-plane load vector, assumed as transverse-distributed
pressure with non-dimensional amplitude p, defined by Dowell’s notation. In
equation (11) the non-dimensionality proposed by Dowell [4] (denoted by
superscript “0”) is obtained by using dimensionless time 7, deflection W, dynamic
pressure 4", buckling loads o,, 0, and transversal pressure p:

D w p,UZa® Pod
—r =, owel o fezxd 5 el
¢ ma* h M.,D m

=Nf'cTa2 . =N;‘Ta2 pzApsa4
D 7 D Dh

(12)

Ox

This has the advantages of expressing the various results in a compact form and
establishes scaling laws to extrapolate results for other physical situations. If the
edges are completely restrained against the in-plane motion, the in-plane stress
resultants N4 and Nj" are equal and the buckling parameters for a square panel of
length a are equal ¢, = g, and are denoted uniquely by o,.

The finite-element model proposed by the authors has already been used
in performing the classical analysis [19] of the non-linear panel flutter. Mainly,
it consists of the Argyris’ high order triangular finite element TUBA6 and
TRIM6 [20] (fully compatible elements for the out-of-plane w and,
respectively, in-plane u,v displacements, respectively, based on the natural
geometry concept).

Two nets of identical topology and material properties create the finite-element
model. The first is composed of fifth order (six nodes) triangular plate elements. The
vector w, of 21 nodal degrees of freedom (d.o.f.) of this element consists of
displacement w, all first and second derivatives w ,, W, W iy, Wy, W, at the
vertices (for satisfying the continuity condition in curvature) and the normal
derivative w_, at the middle-points of the edges. The plate element has flexural
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stiffness and can be loaded by two-dimensional forces (mostly by internal bending
and torsional moments and by transverse shears).

The other is composed of a second order triangular membrane elements. The
corresponding vector w,, contains 12 nodal degrees of freedom per element
(in-plane displacements u and v at each node). This element has no flexural stiffness
and carries loads by axial and central shear forces.

In total there are 33 nodal degrees of freedom per complex plate-membrane
element. Detailed presentations of the computational techniques including the
matrix formulation of each term of the general equation (11) can be found in
reference [21].

3. RESULTS

The numerical study is performed by using an original computational program
(written in FORTRAN, with an additional MATHEMATICA module) which has
proved its usefulness in solving panel flutter problems of increasing complexity.
These included preliminary accuracy tests for the linear elastic, dynamic, and
buckling problems of plates under various boundary conditions from which an
optimal FE mesh (Figure 4 shows an eight complex plate-membrane triangular
elements mesh) resulted with a reduced number of active degrees of freedom of the
global displacement vector W: 54 d.o.f.s for a simply supported isotropic square
panel.

Also the linear aeroelastic problem (critical dynamic pressure) and the effect of
the non-linear elasticity have been investigated with improved acuracy [22]. This

F

N N .

Figure 4. FE mesh. ®@—modes with eight d.o.fs: u, v, w, W, W, W 1x, W 1y, W3 O—modes with
three d.o.f:s: u, v, w,
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Figure 5. Limit-cycle oscillations of the panel (A" = 800, AT/AT,, = 0).

effect involves a limited aeroelastic response limit cycle flutter (Figure 5) arising at
supercritical dynamic pressures.

The complete behaviour of the simply supported isotropic square panel under
uniform temperature change AT (usually in the supercritical buckling domain
AT > AT,.,) arising between panel and its supports at high supersonic flow is
represented in the classical map of stability boundaries (Figure 6). This is governed
by the non-dimensional parameters of compressive load ¢, and dynamic pressure
A". Performing detailed numerical investigation with a fine variation of parameters,
as well as integration over an extended time-span, the results confirmed similar
maps [4, 11], having four stability regions.

This classical analysis deals with the panel flutter phenomenon describing
self-excited oscillations. The new approach now searches for the dynamic
behaviour whilst applying external excitation on this model. The investigations
are performed on the same structural model by adding external out-of-plane
distributed forces in the non-linear aerothermoeclastic equation system (11). The
models of mono and periodic pulses, and step pressures are taken into account.
The non-dimensional damping parameter is set to /M., = 0-01 and the in-plane
inertia term MJ,, has been neglected. The equation is integrated step-by-step for
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Figure 6. Map of the aerothermoelastic stability boundaries.
certain thermal and dynamic pressure conditions (o,/2n = — AT/AT,. and A",

respectively), and external loading. Non-dimensional solutions (dynamic responses
at the centre point of the panel, amplitude scaled to panel thickness, dimensionless
time and pressure, corresponding to the Dowell’s notations) of each stability region
are investigated in time domain and significant results are shown together with the
excitation (graphic below the dynamic response). Although the mid-point of the
plate is not the location of the maximum amplitude which tends to be at the trailing
edge (see Figure 5), the pattern of the motion remains the same. The computational
program offers capabilities for multiple analyses by combining various parameters
(0¢/2n = — AT/AT, and A") with excitations. The following results are obtained by
taking into account an example of maximum level of the pressure parameter
(p =52) as representative for all stability areas of a square panel with
thickness/length ratio h/a = 0-01.

The aeroelastic responses due to pulse excitation in limit-cycle oscillations (LCO)
domain (2nd region in Figure 6) are presented in Figures 7, and 8 for cases without
and with the thermal effect respectively. The pattern of the motions (LCO) remains
the same in both cases after the pulse input, but during pulse excitation the
behaviours differ; the pulse damps the vibration in the first case (Figure 7) and the
oscillation continues in the second case (Figure 8). This observation is valid also in
the case of periodic pulses (Figures 9, and 10) at the same flight conditions. In the
case of step excitation without thermal effect (Figure 11), the presence of the
out-of-plane pressures has a damping effect on the vibrations, determining a static
deformed shape of the panel. This stiffening effect, sufficiently so that flutter
is completely suppressed, has already been confirmed by Dowell [1] for the
one-dimensional structural model. But the presence of the thermal buckling loads
emphasises another interesting phenomenon (Figure 12); the flutter behaviour is
maintained, and the LCO amplitudes even increase compared with the initial
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Figure 7. Dynamic behaviour during pulse pressure, LCO-domain (4T/AT,. = 0, 2" = 600).
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Figure 8. Dynamic behaviour during pulse pressure, LCO-domain (4T /AT, = 1, 2" = 600).
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Figure 9. Dynamic behaviour during periodic pulses, LCO-domain (4T/4T,. = 0, 2" = 600).
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Figure 10. Dynamic behaviour during pulses, LCO-domain (4T/AT,, = 1, A" = 600).
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Figure 11. Dynamic behaviour during step pressure, LCO-domain (4T/A4T,. = 0, 2" = 600).
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Figure 12. Dynamic behaviour during step pressure, LCO-domain (4T/AT,. = 1, 2" = 600).
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motion. Also the oscillations are shifted during applying out-of-plane loads. These
behaviours can be better understood by investigating the corresponding phase
plots of the motions under step excitation. Thus, the case of zero-in-plane load is
shown in Figure 13 where the ellipse centred about the origin is the trajectory of the
initial limit-cycle oscillation. As the pressure is increased, the ellipse decreases in
size, moving to the left and finally collapses completely to a point. The inclusion of
temperature difference (Figure 14) shows that the initial ellipse centred about the
origin (the trajectory of LCO motion before excitation) is increasing in size during
excitation, moving to the left and destroying the symmetry until a closed curve is
stabilized.

The chaotic domain is investigated in Figures 15-17. The pulse excitation does
not change the pattern of the motion (Figure 15), but the step pressures could have
an attenuation effect on the oscillations (Figure 16) which are also shifted to
a deformed shape of the panel (the mid-position of vibration is not zero). At small
dynamic pressures the vibrations become smaller in amplitude (Figure 16) com-
pared to the case of large dynamic pressures (Figure 17). It should be noted that the
chaotic motion is sensitive to the initial conditions and small changes of the initial
disturbance amplitude determine new patterns of motion. These results give
qualitative information about the dynamic behaviour.

The domains of the flat and buckled panel (1st and 3rd, respectively, in Figure 6)
also remain stable in the case of pulse excitations (see Figures 18 and 19) because
the applied external loads have the effect of a perturbation on a damped system.

15
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Figure 13. Phase plane plot: effect of step pressure (4T/AT,. = 0, 2" = 600).
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Figure 14. Phase plane plot: effect of step pressure (4T/AT,. = 1, 2" = 600).
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Figure 15. Dynamic behaviour during pulse pressure, chaotic-domain (4T/4T,, = 3, 2" = 300).
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Figure 16. Dynamic behaviour during step pressure, chaotic-domain (4T/A4T,. = 3, A" = 300).
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Figure 17. Dynamic behaviour during step pressure, chaotic-domain (4T/AT,, = 2.5, 2" = 500).
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Figure 19. Dynamic behaviour during pulse pressure, stable-buckled panel domain (4T/AT,. = 2, A" = 150).
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TABLE 1
hja Aluminium alloy Steel
0-004 t(s) =016l t(s)=01597
Apg (Pa) = 1-724p Aps (Pa) = 4-926p
0-005 t(s) =01297 t(s)=0127¢
Ap, (Pa) = 4:347p Apg (Pa) = 12:019p
0-01 t (s) = 0-06457 t (s) = 00637t
Apg (Pa) = 67-567p Apg (Pa) = 192:30p

The above dimensionless analysis gives information about the qualitative effects
of external excitations on the pattern of the motion resulted; oscillations having
amplitude scaled to panel thickness, ‘frequency” related to non-dimensional time T,
non-dimensional pressure p. In order to have quantitative information it is
necessary to perform the dimensional analysis by correlating the dimensionless
parameters (time 7 and pressure p) with data of panel geometry and material. Thus,
the dimensional values of time ¢ (s) and pressure 4Ap, (Pa) can be extracted from the
Dowell’s equations (12):

t(s):a_z MT (13)

h 4
Aps (Pa) = 12(1#_\)2) <—> p (14)

and

respectively.

Two materials, aluminium alloy (E = 0-735 x 10'! Pa, pa; = 2767 kg/m?) and
stainless steel (E =2:1x10'! Pa, pg = 7800 kg/m?), respectively, are used as
examples with three values of thickness (h/a = 0-004; 0-005; 0-01) of isotropic
square panels (¢ = 1 m). Table 1 shows the scale factors for dimensional time and
pressure axes.

Examination of these results shows that a relatively small amplitude of external
pressure can change the pattern of the motion. Of course, the nearest local
substructure exposed to the blast pressure (which is usually significant greater) is
strongly stiffened, but the loading effects during ignition, launch and acceleration
can influence a wide structural area.

4. CONCLUSIONS

The model of the non-linear panel flutter has been extended to the case of
external excitations due to the pulse and step out-of-plane pressures that could
appear on local structures during launch of missiles at high speeds. A high order
finite-element methodology has been applied within the non-linear elastic, linear
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aerodynamic theories and a dynamic analysis has been performed on a reference
structural model (simply supported isotropic square panel).

The results which substantiate this study show that in most cases the pattern
of the motion is changed during applied excitation into damped or limit-cycle
oscillations deflected from its flat state. There are also conditions that could
increase limit-cycle flutter amplitudes during excitation and these cases need careful
investigation for a reliable structural design of high-speed vehicles.
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