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I. Introduction

A EROELASTICITY of plates and shells constitutes an impor-
tant aspect in the design of high-speed vehicles. Several re-

views and survey papers1 ¡ 5 relate the extensive analytical and ex-
perimentalresearch that has been achievedon the subject during the
past few decades. Since the earlier works on panel � utter, the non-
linear structural problem has been adressed by several investigators
using the Galerkin formulation. For the solution of the nonlinear
problem, several methods were adopted. Dowell6 used the direct
numerical integration technique, Morino7 employed the perturbu-
tion methods, and the harmonic balance technique was used by
Fung.8 Limit-cycle amplitude panel � utter using the � nite element
method was studied by Han and Yang9 and Mei and Wang.10 In the
present work an attempt is made to assess and discuss the effect of
damping in nonlinear panel � utter analysis. Structural, viscoelas-
tic, and aerodynamicdampings are included in the formulation,and
their effect on the stability boundary of the shell is presented. A
� nite element formulation is used for the problem formulation, and
the nonlinear aeroelastic solution is made using the perturbation
method.

II. Problem Formulation
In this section the aeroelastic problem of large deformations of

curved panels is considered.For a doubly curved isotropic thin shell
panel, using Novozhilov’s11 nonlinear shell theory, neglecting the
transverse shear effect and using Kirchhoff’s assumption, the mid-
plane strains read11

e x x =
@u

@x
¡

w

Rx

+
1

2

³
@w

@x

2́

¡ z
@2w

@x2

e yy =
@v

@y
¡

w

Ry

+
1
2

³
@w

@y

2́

¡ z
@2w

@y2

e x y =
1

2

³
@u

@y
+

@v

@x
¡ 2z

@2w

@x @y

´
+

1

2

@w

@x

@w

@y
(1)

where e i j are the strain tensor components; u, v , and w are the
midplane displacement components in the x , y, and z directions;
and Rx , Ry are the radius of curvature in the x , y directions.
The midplane stress-strain relationships for thin isotropic shell
read
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where r i j are the stress tensor components, E is the Young’s mod-
ulus, G is the shear modulus, and m is Poisson’s ratio. The strain
energy of deformation can be written as
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The kinetic energy functional, neglecting the rotary inertias terms
for thin shells, reads
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where q is the material density and h is the shell thickness. The
work done by the external aerodynamic forces reads5
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where Q = q a V 2 /2 is the dynamic freestream pressure, q a is the
freestream density, V is the freestream velocity, and M is the
freestream Mach number. The sources of damping in aeroelasticity
of plates and shells are of aerodynamic and structural nature. The
aerodynamic damping enters in the formulation through the term
proportional to the velocity in the aerodynamic surface loading ex-
pression as given in Eq. (5). This damping is a mass proportional
type and always has a stabilizingeffect. The structuraldamping can
be formulated through a viscous-type damping proportional to the
velocity; again, this type of damping always has a stabilizing ef-
fect and will furnish in the � nite element formulation a symmetric
matrix that is proportional to the mass matrix, and its � nal effect
on the stability of the shell is similar to the aerodynamic damping
and is cumulative to it. Another type of structural damping that has
been considered in aeroelastic analysis is a hysteric-typedamping.
This can be incorporatedin the analysis by writing a damping force
proportional to the elastic forces and in phase with the velocity.
The work done by the structural damping dissipative forces can be
written as
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where c is the structural viscous material material constant, g is a
structural damping parameter, FE are the elastic forces, and x is
the modulus of the complex frequency response. The Hamilton’s
principle for the problem at hand can be written as
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d W dt +
Z t1

t0
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A � nite element solution for the problem at hand can be performed,
using rectangular elements preserving C1 continuity, as previously
given in Refs. 12–14 for the linear analysis. The solution of the
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nonlinear stability problem using the perturbationmethod has been
detailed in Ref. 5 and will not be repeated here.

III. Numerical Results and Conclusions
In this section some of the calculations performed using the

present formulation are reported, and the results obtained are dis-
cussed. The � rst example presented is a nonlinear aeroelastic so-
lution of a simply supported plate plate, with aspect ratios a / b =1
and 2. The results of the calculations are given in Fig. 1 and are
compared with Dowell’s6 solution. Dowell’s solution is a direct nu-
merical integrationsolutionusing a six-modeGalerkin method.The
presentsolutionis a � nite element solutionwith a mesh of 4 £ 4 ele-
ments, coupledwith the perturbationmethod.From these results the
observation can be made that good agreement has been obtained.
The next series of calculationswere performed to study the effect of
the incorporationof a conservativedamping (aerodynamicor struc-
tural viscous damping) in the analysis. The results given in Fig. 2
are for simply supported plates, and those shown in Fig. 3 are for
a clamped cylindrically curved shell. From these results the obser-
vation can be made that the critical dynamic pressure parameter
with aerodynamic damping considered is greater than the critical
dynamic pressure parameter when damping is not considered, i.e.,
this type of damping is always conservative in the stability sense.
In the results presented, only aerodynamic damping has been con-
sidered, the structural viscous damping effect is equivalent, and the
only difference is the value of the proportionality constant. The � -
nal results presented are � utter solutions with the incorporation of
a structural damping proportional to the elastic forces and in phase
with the velocity in the analysis. A typical result is shown in Fig. 4.

Fig. 1 Nonlinear � utter solution of simply supported � at plates. An
aerodynamic damping parameter, µ /M = 0:1, (µ = ½aa/½mh), has been
used in the calculations.

Fig. 2 Effect of the aerodynamic damping in the nonlinear � utter so-
lutions of simply supported square � at plates.

Fig. 3 Effect of the aerodynamic damping in the nonlinear � utter so-
lutions of clamped cylindrically curved shells with rectangular base and
� ow in the shell axial direction: in the analysis a shell rise parameter
H/h = 2 has been used. H is the maximum shell rise.

Fig. 4 Effect of the hysteric-type structural damping damping in the
nonlinear � utter solutions of clamped square � at plates.

This � gure represents the results for a clamped square � at plate in
the presence of an aerodynamic damping l / M =0.1 and for sev-
eral hysteric-typestructuraldamping parametersg. From the results
obtained, the observation can be made that depending on the value
of g used in the analysis this type of damping can stabilizeor desta-
bilize the structure. The calculations were repeated (not shown in
the � gure) for the same con� guration and the aerodynamic damp-
ing neglected. The destabilizing and stabilizing effect of g on the
results shows the same trend and was accentuated.Further calcula-
tions were performed with an aerodynamic damping l / M =0.12,
and the results showed a stabilizing effect with the increase of g.
These same conclusionswere observed for cylindricallyand spher-
ically curved shells and other boundary conditions.The conclusion
is when such damping (hysteric-typestructuraldamping) is consid-
ered alone (and therefore its presencemust be supportedwith exper-
imental evidences) it can be stabilizing or destabilizing depending
on the way of interaction with the structure, i.e., if it dissipates or
supplies energy to the system.
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Introduction

C OMPUTATIONAL aeroacoustics(CAA) is concernedwith the
accurate prediction of small-amplitude acoustic � uctuations

and their correct propagation to the far � eld. In that respect, CAA
posessigni� cantchallengesfor researchersin that thecomputational
schemeshouldhavehighaccuracy,goodspectralresolution,and low
dispersion and diffusion errors. Several schemes have been used to
satisfy these criteria. An overview of them can be found in Ref. 1.
However, two schemes have appeared to capture signi� cant atten-
tion lately.Tam and Webb’s2 dispersionrelationpreservingscheme,
which is based on the minimization of the integratedphase errors in
the wave number domain, is one such effort. The scheme, explicit
in nature, has proven to be a good solution tool. On the other hand,
Lele3 developed a family of high-order spatially implicit schemes,
the compact schemes, a subset of which is the well-known Padé
approximations.These schemes, which have been used in CAA in
the past, have shown that they require few points per wavelength,
which results in lower computational requirements. Furthermore,
compact schemes resolve well a large portion of the wave number
spectrum.
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Besides the stringent requirements on the numerical scheme that
were mentioned in the preceding paragraph, the accurate and ro-
bust calculation of sound depends heavily on the elimination of
any sound waves that could result from re� ections of the com-
puted sound waves from the computational boundaries. Many re-
searchershave developednonre� ecting or absorbingboundarycon-
ditions for CAA. These boundary conditions should allow both the
acoustic � uctuations and the hydrodynamic � uctuations to exit the
computationaldomain, without unwanted re� ections. Notably Tam
and Webb,2 Thompson,4 and Giles5 have developed nonre� ecting
boundary conditions. A review of the various possible approaches
to the problem can be found in Ref. 6.

Because high-order � nite difference schemes do not always re-
solve effectivelythe high-wave-numberrange, � lters couldbe intro-
duced to � lter out unwanted high-frequency oscillations that may
develop. Lele3 developed a family of seven-point, pentadiagonal
compact spatial � lters. These � lters have been used in large eddy
simulations.7 Visbal and Gaitonde8 have used a tridiagonal set of
these � lters as an alternative to arti� cial dissipation in computa-
tional � uid dynamics calculations of unsteady vortical � ows. It is
indicated in Ref. 8 that � ltering is superior to arti� cial dissipation.

The use of � ltering in CAA has been sparse. For example, ex-
plicit spatial � ltering is used by Hu9 in conjunction with a seven-
point, fourth-order central scheme, with one-sided differences at
the boundary, for numerical stabilization and high-frequencywave
damping in CAA with the perfectly matched layer boundary condi-
tions. However, the effect of � ltering for CAA calculations has not
been adequately studied; this is the main objective of the current
Note. The � lters and the � ltering strategies developed in Ref. 8 are
used here. We discuss the savings in CPU time that can be achieved
with the use of spatial � ltering, as opposed to using higher grid
resolutions. A more detailed version of our work can be found in
Ref. 10.

Numerical Techniques
A sixth-order compact � nite difference scheme3 with fourth-

order-explicit,one-sided� nite differencesat the boundariesis used.
A standard fourth-order Runge–Kutta scheme is used for time ad-
vancement. This scheme is coupled with an eighth-order compact
� lter.8 Furthermore,Tam and Webb’s2 nonre� ecting boundary con-
ditions are used.

One- and two-dimensional linearizedEuler equations (LEE) and
Euler equation solvers based on the techniques mentioned earlier
were developed. Benchmark CAA cases1 were chosen.

Results and Discussion
LEE Results

Because of space limitations, only two-dimensional results are
shown here. For the LEE equations,an initial valueproblem(Ref. 1,
Category III) was chosen. This test case consists of a combination
of acoustic, entropy, and vorticity pulses on a freestream of Mach
number Mx = 0.5 in the positive x direction. The results compared
well with the analyticalsolution for a 200 £ 200 uniformmesh and a
time step D t = 0.125, with no spatial � ltering.10 A calculationon a
coarser grid, 120 £ 120, is shown here to demonstrate the effects of
� ltering.Higher resolutionis requiredfor the usefulpredictionof the
propagationof the acousticwaves. At t = 75 the right-goingacous-
tic wave has exited the right boundary because it propagates with
a speed c(Mx + 1). The left-going wave, propagating with speed
c(Mx ¡ 1), has not exited the left boundary.Oscillations emanating
from theboundaryas a combinedresultof a low-orderboundaryclo-
sure and the coarseness of the grid travel upstream (Fig. 1). These
oscillations, called q waves,11 then re� ect from the left boundary
and grow in amplitude, corrupting the solutionwith high-frequency
components. The use of spatial � ltering produces signi� cantly im-
proved results. There is a slight reduction (about 1.5%) of the peak
amplitude, and some oscillations remain. This � ltering operation
added only an additional 18% in terms of computational cost. We
have found that a grid of 150 £ 150points still does not eliminate the
problemif � ltering is not applied.10 Numerical experimentsshowed
that for this problem a 240 £ 240 size grid is required. However,
if a 150 £ 150 grid is used with � ltering, then all of the numerical


