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Nomenclaturet

= length, width of tile \

= generalized coordinates

= Et3/12(1 —v?), plate stiffness

= distance between tiles

= modulus of elasticity

= frequency, cps

= (mr w?a*/Dy)""?, nondimensional frequency

= (E; t;/d)/6(1 +v))

iinini, = stiffness coefficients

= E/ti(1—v/%)

= Mach number

= pt; mass/area

= number of tiles in x and y directions, respectively

in-plane stress resultant loadings

pressure

= p; U%/2; dynamic pressure

= kinetic energy

thickness

potential elastic energy ; also airflow velocity

= work

= vertical deflection

= streamwise coordinate ; measured from leading edge of
tile

spanwise coordinate ; measured from side edge of tile

(M2 _ 1)1 12 N

virtual operator

= Kronecker delta

= 2ga’/MDy; nondimensional dynamic pressure M may

be replaced by g = (M2 —1)'/2

= pyafprtr; mass ratio

= Poisson’s ratio

= frequency, rad/sec

= density

= damping ratio
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ubscripts

~— T D g TR

= strain isolator

= metallic main substructure plate
= ceramic tile

ix, iy, jx.jy = = modal indices

ke ky, 1s, 1

ny, Ay = tile indices

SR

Superscripts
IMT = occasionally used as superscripts as needed
Na = ais replaced by N times a
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+In Pt. 12 somewhat different notation was used to correspond
to that previously employed in the literature. In the present paper
more mnemonic notation is introduced.

1. Introduction

CURRENT design concept for the Thermal Protection
System (TPS) heat shield panels of the space shuttle (and

_other high performance vehicles) consists of a relatively thick

ceramic tile mounted on a soft (viscoelastic) foundation, a so-
called “strain-isolator,” which in turn is bonded to the primary
load carrying metal structure.! These are generically referred to
as Reusable Surface Insulation (RSI) panels. The strain isolator
is intended to protect the tile from loads transmitted from the
primary structure. While this TPS panel concept has several
potential advantages, it represents a substantially unknown
quantity from the standpoint of its dynamic stability and response
characteristics in the presence of an airflow over its upper
surface. Hence, we have undertaken and are reporting here a
study of the aeroelastic behavior of such panels. While we shall
focus principally on the stability or “flutter” behavior, much of
the work is directly relevant to the (“acoustic”) response
problem.

A simplified sketch of a TPS panel design is given in Fig. 1.
Typical characteristics of the geometry and materials are as
follows: Ceramic Tile Plate: E; = 50,000 psi; pr = 15 Ib/ft3;
surface dimensions 1 ft x 1 ft; thickness, t; =1 in-2 in.
Strain Isolator: E; = 20 psi; p; = 20 Ib/ft?; and surface dimen-
sions—covers several individual tiles thickness, t; = & in.—% in.

It is tempting to model this structure as an elastic panel, the
tile, on a uniform elastic foundation, the strain isolator, which
in turn is mounted on an essentially rigid base, the primary
load carrying metal structure. If one does this the first natural
vibration motion is simply that of a uniform (rigid body)
translation of the panel on its elastic foundation. Indeed the
second (pitching) mode also has a rigid body character and
one is further tempted to treat the tile as a rigid body.

If one now proceeds to assess the flutter dynamic pressure,
i.e., that dynamic pressure at which the system becomes aero-
elastically dynamically unstable, some difficulty arises. Normally
one would begin by combining the above structural model with
an appropriate aerodynamic flow model. Quasi-steady or

T

TILE

—*—ISOLATOR
N

METALLIC PLATE

M

SINGLE TULE

)

il
§>U_J

TWO TILES

Fig. 1 TPS RSI panel geometry.
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“piston” theory is a particular favorite with analysts as it is simple
and reasonably accurate for high supersonic Mach numbers.
Frequently a further simplification is made to what has been
called the quasi-static model wherein the aerodynamic loading
is assumed proportional to the local structural slope and all
unsteady or even quasi-steady effects such as aerodynamic
damping are ignored. If one employs this simplest aerodynamic
model with a rigid plate model of the tile, however, one finds
the predicted flutter dynamic pressure is infinite. On the other
hand if one uses an elastic plate tile model with the same aero-
dynamic model, one determines the flutter dynamic pressure is
zero. Hence, this paper is devoted to finding a rational aero-
elastic model which will provide a finite and reasonably accurate
value for the flutter dynamic pressure suitable for use by the
designer.

In the process various refinements to the simplified model
described previously are considered. These include: 1) effect of
aerodynamic damping; 2) multitile effects, ie., interaction
between adjacent tiles; and 3) effect of flexibility of primary
load carrying, metallic plate substructure on which the strain
isolator rests.

We also discuss some typical numerical examples and provide
an assessment of the potential for panel flutter of RSI type panels.

II. Structural and Aerodynamic Modeling
Structural Model

The ceramic tile and metallic plate are each modeled by
classical thin plate theory. For reference, numerical results will
also be given for the case where the metallic plate is considered
rigid. As discussed below the modeling of the isolator is con-
ceptually more subtle.

For a thorough discussion of the structural modeling of the
strain isolator see Pt. 1.2 Qualitatively the important distinction
is between the Winkler foundation model and what we call
the shear foundation model.?2 In the former a point load on
the foundation gives rise to a deflection at the same point
but nowhere else. Hence the force of the foundation on the
ceramic tile at a point is proportional to the tile deflection
(which is equal to the surface foundation deflection assuming a
perfect tile-foundation bond) at the same point. In the shear
foundation model, a point load gives rise not only to a deflection
at that point but to surrounding points as well with an
exponential decay of deflection away from the point of applica-
tion of the force. The characteristic length associated with this
decay is on the order of the foundation (isolator) thickness.
Hence the force of the foundation on the ceramic tile at a point
is no longer simply proportional to the deflection at the same
point. If two tiles are placed less than a distance of one
foundation thickness apart, the shear foundation model is
required to describe their interaction. This will frequently be the
case. Of course, if a tile length is of the order of a foundation
thickness or less (rather unlikely for present applications) the
shear foundation model would be required to treat even a single
panel. Finally, if a panel (tile) is placed on a foundation
(isolator) of infinite extent (i.e., one of sufficient extent that
reflected waves from the far boundaries are unimportant) the
shear foundation model provides a mechanism for radiation
damping which is not possible with the simpler Winkler model.
For present RSI configurations only the multitile interaction
may require the more complicated foundation model.

Aerodynamic Forces

In determining the aerodynamic forces we normally include
both the prescribed external forces such as those due to acoustic
sources as well as the aerodynamic forces due to the panel
motion itself. Only the latter are important from the standpoint
of flutter per se and in the usual acoustic response analysis only
the former are included. It has been pointed out, however, that
from the standpoint -of determining total response both must
sometimes be included.* Here we shall neglect the external
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acoustic excitation forces (though they are readily incorporated
into the analysis). We shall concentrate instead on the motion
dependent aerodynamic forces and their effect on panel flutter.
Any of the available levels of aerodynamic theory may be
incorporated into the present analysis.* For the present we
shall use the simplest theory, the so-called “piston” or two-
dimensional, quasi-steady theory.

III. Analysis

The basic approach uses a Rayleigh-Ritz technique. For
simplicity of exposition we first consider a single, isotropic
(spanwise rigid) tile and an ‘isotropic main substructure. The
relevant energies and virtual work are as follows:

Elastic Energy
Main Metallic Substructure
M 92w

DM a *b aZWM 2 62WM 2
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At times by an examination of the mass, stiffness, and natural
modes of the system for typical parameter values one can,
without loss of essential accuracy, neglect the inertia of the
metallic plate, i.e., set my, = 0. This substantially simplifies the
calculation in that one may then solve for by, in terms of
a;;, from Eq. (10). Substitution into Eq. (11) gives '

Dy k
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O,
2 Kiii, i, = b (12)
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One may now study the stability of the system by determining
whether solutions for the a;; and by, decay or grow with
time, either using Eqgs. (10) and (11) or the simpler Eq. (12) as
appropriate.

It should be emphasized that the neglect of the metallic

plate inertia appears reasonable for preliminary design analyses .

of RSI panels ; however, more refined studies may need to include
this inertia. Moreover this approximation will be more reliable
for flutter analysis than for acoustic response or even natural
mode and frequency analysis. This is because the flutter behavior
of panels is usually rather insensitive to structural mass and
primarily determined by structural stiffness.
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The generalization of the abovementioned analysis to any
number of orthotropic tiles with spanwise flexibility and
orthotropic metallic substructures, is discussed in Appendix A.

IV. Representative Flutter Results

Before considering the full structural model, we first study for
reference purposes the special case of a rigid metallic sub-
structure, DM — c0. As we shall see, however, this is not a
reasonable model for typical space shuttle designs.

A. Rigid Metallic Substructure—Single Tile

Using the simplest isolator model wherein the isolator forces
are proportional to plate displacement (Winkler model), we find
that for a rigid plate tile no flutter can occur. The situation
is similar to that of a rigid airfoil where the center of mass
and elastic axes coincide. Conversely if the tile is elastic but no
(aerodynamic or structural) damping is included in the analysis
the tile will always flutter for any dynamic pressure. This is
because, without damping, the Winkler elastic foundation has no
effect on flutter dynamic pressure® and hence the flutter behavior
is the same as that of an unsupported plate tile. With damping
included, flutter occurs above some finite dynamic pressure but
not below it. Such results are shown in Fig. 2 with aerodynamic
damping, but no structural damping, included. Flutter dynamic
pressure is plotted vs foundation stiffness for various air/panel
mass ratios, /M. The strength of the aerodynamic damping is
proportional to (Au/M)Y2. An equivalent structural damping
ratio is .
(ref = (iﬂ/M)l/z/ZKref
where (. is a critical damping ratio based upon a (non-
dimensional) reference frequency K ;. Hence the results may be
interpreted in terms of viscous, structural as well as aerodynamic
damping.

Using the more refined shear foundation model (Pt. I) which
allows for extended foundation reaction, we have computed
flutter dynamic pressure for a few representative single tile cases.
These results are not essentially different from those obtained
using the Winkler model.

To consider a concrete numerical example, we take pr =
15 /ft3; Er = 50x 10% psi; p; = 20# /ft>; E; =20 psi; t7 =
05in.;t;=1in;v,=v;=03;a=20in.;and a/b =0.

We also choose M =2, u/M = 0.1, corresponding to sea
level conditions. We determine the (nondimensional) flutter
dynamic pressure and frequency as Ay = 680, Ky =63, and
the dimensional flutter dynamic pressure is gr = 42 psi. Hence
one concludes flutter is unlikely, given such large gr, even
allowing for moderate parameter variations.

Multiple tiles

A more realistic panel model is one which accounts for the
interaction between adjacent plate tiles. Here the Winkler
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Fig.2 Flutter dynamic pressure vs isolator stiffness.
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Fig.3 Flutter dynamic pressure vs connecting spring stiffness.

foundation model is wholly inadequate (for a rigid metallic sub-
structure) since it does not allow any interaction between adjacent
plates. Instead the shear foundation model must be used. Since,
however, closely spaced panels are of primary interest we may
use a simplified equivalent spring model to account for inter-tile
interaction. In this model two adjacent tiles are assumed to be
connected by a vertical spring at their edges. See Sec. 5, Pt. 1,
where the equivalent spring is determined to be (also see
Appendix A)

Ky = (Ert;/d)/6(1+vy)
As an example, a two-tile configuration using the dimensions
previously chosen for a single panel has been studied. The
distance between panels is initially taken as d = 0.1 in.

It is found that iz = 150, Ky =60, and gr = 9.4 psi where
K;a*/Dy = 360. Other d(K; ~ 1/d) were also considered and the
results are shown in Fig. 3. For K;a%/D — o0, x>0 while
for K;a’D -0, A approaches the single panel result. An
analytical solution for the rigid tile model with two tiles connected
by an elastic spring has been obtained to help interpret the
former limit.

The principal conclusion drawn from the above is that multitile
interaction may be important and harmful, i.e., it leads to lower
flutter dynamic pressures than for a single panel. Fortunately, a
simple cut in the isolator between tiles will remove this effect.
Such a cut is part of the present space shuttle design.

B. Flexible Metallic Substructure

The previous results are for an elastic (relatively stiff) plate,
the “tile,” resting on a continuous elastic (soft) foundation, the
“isolator,” which in turn is on a rigid base. In the proposed
space shuttle design, this “rigid base” is in reality an elastic
plate resting between supports (see Fig. 1). Hence we need to
include in our model the flexibility of this foundation plate. For
typical parameter values, the flexibility of the foundation
decreases the over-all system stiffness and corresponding flutter
dynamic pressure by a factor of ten or more. Hence it dominates
the TPS dynamics.

A representative set of calculations has been completed which
illustrates the importance of the various parts of the structural
model and the sensitivity of the flutter dynamic pressure para-
meter g;/M to various model parameters. We note that from
our analysis we may also determine natural modes as well as
flutter boundaries (see Appendix B). Initially the following para-
meters were used (see Table 1).

Table 1 Nominal case, sea level air density

Tile Er = 50 x 10° psi pr = 15 /ft3
tr =1lin.

Isolator E; =20 psi
tr=%in.

Foundation Ey = 107 psi v = 0.1#/in®
ty = 0.020 in.
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Table 2 One tile results

t =025"

a=10in. 20 in.

tr=1in. qp/M = 20 psi 12,5 psi

Jr =126 cps 87 cps

0.5 in. 1325 Cppssi 173.2 ;C):)is
‘a=20in.

ty=025 0.5 in.

tr=1lin. 12.5 psi 10 psi

87 cps 66 cps

S o

The length of the foundation and isolator is 20 in. and that
of the tile a varies (depending on the number of tiles per
foundation plate). The length/width ratio is zero. The foundation
plate is assumed simply supported and the tile rests freely on
the isolator. It will be of interest to first record, for reference,
results from certain idealized, structural models.

For the metallic plate alone (of length 20 in.)

qr/M = 0.15 psi fr =14 ¢cps

For the tile alone (assuming it is simply supported, which it
is not, and of length 10 in.)
gr/M = 700 psi fr =690 cps

In both of the abovementioned aerodynamic damping has been
ignored. The point of the above is to demonstrate that the softness
of the foundation may be expected to have an important effect
on over-all system behavior. One further idealized reference case
(see Sec. a) is that of the elastic tile freely resting on the
isolator with a rigid metallic plate. Without (aerodynamic)
damping ¢, = 0! With aerodynamic damping ‘for sea level
conditions) g./M = 800 psi! With aerodynamic damping (for
30,000 ft altitude) q,/M = 20 psi. Hence this idealized model is
very sensitive to the amount of damping in the system.

Now let us turn to the full model, a tile resting freely on the
isolator which is attached to a flexible, simply supported
metallic plate. First consider only a single tile; these results are
summarized in Table 2 for several parameter variations about
the nominal case. Sea level density is assumed; a high altitude
(lower density) would reduce ¢z/M by a modest amount but not
nearly as much for the case where the foundation is assumed
rigid. The significant conclusion is that the effect of the flexible
Soundation is very important in reducing flutter dynamic pressure.

The effects of length to width ratio have been examined for
the nominal single tile and the results are shown in Fig. 4.

100

NOMINAL CASE
SINGLE TILE

I

Fig. 4 Effect of length width ratio on flutter.
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Fig. 5 Flutter dynamic pressure vs tile number, nominal case.

Unlike more conventional plates® there is very little increase in
flutter dynamic pressure due to length/width ratio. Presumably
this is associated with the relative rigidity of the tile.

The effect of multiple tiles has also been studied. In Fig. 5
results are shown for up to four tiles. Here the total aluminum
panel length Na is held constant, while the tile number N and
length a are varied. Na is used as a normalizing length for this
comparison. As expected the flutter dynamic pressure decreases
with increasing N. The isolator is assumed cut between tiles.
Note that for all parameter variations studied, the flutter
dynamics pressure is well above that for the metallic foundation
plate alone.

As a final example we have considered a configuration
representative of an early cargo bay door design of the Space
Shuttle. Here we focus on the effects of compressive preload,
tile number and tile thickness.

Space Shuttle Example

For our calculations we have taken a simply-supported,
aluminum substructure plate with Na =24 in, length; b=
6 in., width; Ey; = 10 psi, elastic modulus; and t,, = 0.1 /in®,
density. On top of this plate there is a strain isolator with
Na=24in,b=6in, E, =50 psi, t, = 0.25 in., p, =20 #/ft.

On top of this isolator there are ceramic tiles with a =24 in.,

1240, 8in, 6 in. (N =1, 2, 3,4), b =6 in,, E. = 30x 10* psi,
ty=1in, p, =9 #/ft>, and N = number of tiles. Piston theory
aerodynamics are employed and sea level conditions are assumed.

In Fig. 6 (nondimensional) fiutter dynamic pressure is plotted
vs number of tiles. There is a measurable but not overwhelming
effect of tile number on flutter dynamic pressure. It should be

600
500 L\ XP=100 r:>q—‘—=10psi
T No 5324“
400} . b=g"
\ E#30xI0%psi
~ E=50psi
300} . E:0"psi
Ae \\. 71':|II
200} 257
tw=030
N0
100F
O | I J.
| 2 N 3 4 5

Fig. 6 Flutter dynamic pressure vs tile number, cargo bay door.
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Fig. 7 Flutter dynamic pressure vs in-plane load.

mentioned, however, that as before the isolator between tiles has
been assumed cut so that there is no effective spring connection
between tiles due to their lying on a common isolator. The
effect of such a spring connection would be to further decrease
the flutter dynamic pressure.

In Fig. 7, the effect of an in-plane, compressure, normal load
on flutter dynamic pressure is shown for one and four tiles. Note
that the normalizing factor for N, is the buckling load for the
metallic foundation plate alone. The buckling load for the total
structure including isolator and tile is higher and indeed, for the
range of in-plane loads shown, no buckling occurs. Nevertheless
there is a substantial reduction in flutter dynamic pressure for one
tile but not four. Single tile results were also obtained (not
shown) for compressive shear loads up to twice the buckling load
for the aluminum plate alone. Virtually no change in flutter
dynamic pressure was observed. Current design practice is to
avoid buckling on the space shuttle.

As an alternative to the above model, an orthotropic main
plate was considered with infinite width, a/b =0, and an
appropriate average stiffness based upon the combined plate and
stringer support stiffnesses. The flutter dynamic pressure was
much higher. As another reference value, the (dimensional)
flutter dynamic pressure for the metallic foundation plate alone
(isotropic with a/b=4) is approximately (neglecting aero-
dynamic damping)

qr/f = 4 psi
Hence the addition of the isolator and tiles is again stabilizing
with respect to flutter (and also as noted above with respect to
buckling).
As a final parameter variation we have considered the effect of
tile thickness on flutter dynamic pressure. Perhaps surprisingly,

-
20 ONE SPANWISE MODE
L THREE SPANWISE MODES

qr
™ T
psi . « NO AERODYNAMIC DAMPING
[ <——— NO TILES, NO AERODYNAMIC DAMPING
o "
0 i 2

fr

Fig. 8 Flutter dynamic pressure vs tile thickness.
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there is very little sensitivity to tile thickness for the range of
anticipated design values (see Fig. 8). As a matter of interest we
have shown results for one spanwise tile mode (rigid body
translation) and three spanwise tile modes (rigid body translation,
rigid body rotation,. first symmetric elastic bending). As can be
seen, these begin to differ for t; < 0.5 in. For large ¢, the tile
is essentially rigid spanwise and flutters in a symmetric mode.
For smaller 7 the flutter mode remains symmetric but the tile
now elastically deforms and follows the half-sine wave of the
metallic plate foundation. For reference, we also show in Fig. 8
the flutter dynamic pressure for r, = 0.25 in. and no aerodynamic
damping and that for the metallic foundation plate alone with
no aerodynamic damping. Note that as t; - 0 the results do
appear to approach those of the metallic foundation plate alone.
In summary for the range of parameters studied (assigning
B =1 as a rough value), flutter dynamic pressure, 10-20 psi, is
above the anticipated maximum flight trajectory dynamic pres-
sure value of 5 psi. However, more refined aerodynamic models
for Tow supersonic Mach numbers could modify these results.

Further Studies

Further work needs to be done. The forced vibration problem
where, for example, the plate responds to boundary-layer noise
should be examined in the context of the present models.

Moreover improvements in the present models may be needed
for certain applications. The isolator is viscoelastic in nature
rather than elastic; hence the material damping in the isolator
is apt to be important and, indeed, may dominate over the
aerodynamic and foundation radiation damping mechanisms
considered here. Measurements need to be made on representa-
tive materials to characterize the viscoelasticity of the isolator.
Also the material nonlinearity may be important as well.

At the lower Mach numbers, aerodynamic induction may be
important and one might anticipate some spanwise interaction
between adjacent panels. In any event, a more accurate (and
unfortunately more complicated) aerodynamic theory is required
to study the problem at low supersonic Mach numbers. Also,
if the strain isolator is cut between tiles, there will be deflection
discontinuities from tile to tile whose effect on the aerodynamic
forces remains to be evaluated {see Appendix B).

Conclusions

An analytical aeroelastic model of a Reusable Surface
Insulation panel system has been developed from which natural
modes and flutter stability boundaries may be determined. For
parameters representative of Space Shuttle, the metallic founda-
tion plate dominates the flexibility of the system and, hence, its
flutter behavior. The addition of tiles and isolator stiffens the
system and their effect, in the examples studied, was to raise the
flutter dynamic pressure over that of the metallic foundation

1.0
N=4
15t MODE
o — K,=2.83
~—
)| b 1
0 TILES To
1.0
T
O H 1.
METALLIC FOUNDATION .o

Fig. 9 Center line deflection, 1st mode.
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Fig. 10 Center line deflection, 2nd mode.

plate alone. Also, inter alia it was determined that there is a
substantial increase in the (inter-stringer) buckling load due to
the addition of isolator and tiles.

Appendix A: Multitile Formulation
Elastic Energy
Main Metallic Substructure
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Fig. 11  Center line deflection, 3rd mode.
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Kinetic energy

My NXa {*NYb
T="" J (M2 dx dy +

0
m NX NY na n‘,b
S j j (WEa)2dxdy  (A2)
2 (ny—Da Jn,— )b ’
where again

E
k= ,_;2_
t(1—=v%)
E t,/d
=———— (seePt.TorRef. 2
"6+ vy ( )
Virtual Work due to Aerodynamic Pressure
NX NY na "yb
W=-3% 3 j J‘ P, 0wl dxdy (A3)
ne=1n=1 -~ aJn-— 1) o
where
2g [ onl, 1 owl,
P,,=—|——4+—— A4
e @0

Proceeding as before, we expand

wl = Z Un,nii, Pi (X} (¥)
WM =55 by Wi (Y ()

Ton Ky
to obtain modal equations for Unyni i, a0d by, via Lagrange’s
equations. Further details are omitted in the interests of brevity.

Appendix B: Natural Modes

For the space shuttle cargo bay door example with N =4
and t; = | in., the natural modes and frequencies have been
determined. The first four of these are shown in Figs. 9-12. For
the lowest modes the four tiles behave very much as rigid
bodies. For reference the flutter frequency is K,* = 3.8. In the
flutter and natural mode calculations, 12 chordwise and three
spanwise metallic foundation modes were used. Four chordwise
and one spanwise modes per tile were employed. Convergence
studies were conducted using various modal combinations to
assure accuracy of the results.

In general there is a discontinuity in tile deflection from one
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Fig. 12 Center line deflection, 4th mode.

tile to the next when the strain isolator is cut between tiles. For
the modes shown it is most pronounced in the fourth mode
(Fig. 12). It is interesting to speculate on what effect this will
have on the aerodynamic forces due to tile motion. No available
theory would appear adequate and experimental data are needed
to assess this effect quantitatively.
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