JOURNAL OF AIRCRAFT
Vol. 37, No. 5, September-October 2000

Euler-Based Dynamic Aeroelastic Analysis of Shell Structures
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A computational aeroelastic method has been extended to evaluate the static and dynamic characteristics
of flexible shell structures. The numerical method applied was the ENS3DAE solver, which permits evaluation
of high-order aerodynamic and structure interactions. Modifications to the code to permit smooth transition of
internal flowfield characteristics and deflections for shell structures have been developed and verified. The modified
methodology has been tested on a problem of merit in the engine community, an axisymmetric engine liner that
has exhibited dynamic instabilities. An investigation into the dynamic characteristics of the liner, including flutter,
was carried out. The results were compared with experimental data and demonstrate the ability of the method to

analyze shell flutter problems of this kind.

Introduction

LEXIBLE structures must be modeled in computational meth-

ods if the dynamic response to loads is important. Because
a structure undergoing aerodynamic loads does not remain rigid,
computational solutions that assume rigid structures are providing
inherently incorrect answers. When questions arise regarding fa-
tigue, flutter, and other unsteady aeroelastic phenomena, the only
recourse has been to employ aeroelastic methods with empirical or
lower-orderaerodynamicmodules. Many times these computational
alternativesare notaccuratebecause the aerodynamicflowfield driv-
ing the phenomena is viscous- or vortex-dominated. Experimental
studies provide the full flowfield physics, but they are very expen-
sive, and there are difficulties in obtaining an understanding of the
causeof the problem from the results. Thus, a computationalmethod
thatcombineshigher-orderaerodynamicpredictivecapabilitieswith
flexible structures is desired.

These methods have been undergoing developmentand research
applications for a number of years. Several proven methods ex-
ist and are used by government and industry to examine external
aeroelastic problems, primarily lifting surface-based (wing-based)
aeroelasticity. =3

There exists another set of aeroelastic problems that appear to be
driven by higher-order aerodynamics. These are propulsion-based
problems where, instead of the classic plate representationfor wing
bending problems, a shell representationmust be used. Experimen-
tal evidence indicates that shell instabilities in engine liners can
be a problem.* This paper describes the extension of an external
aeroelastic method ENS3DAE to handle the internal aerodynam-
ics and shell structure for engine or propulsion problems. Results
of the aeroelastic simulation correlated with experimental data are
presented and discussed.

ENS3DAE Code Description

The ENS3DAE methodology was developed to examine a multi-
tude of aeroelasticproblems, primarilyin the transonicflight regime.
The solver was originally developed by the Lockheed-Georgia
Company (now the Lockheed Martin Aeronautical Systems Group)

Received 1 January 1999; revision received 3 December 1999; accepted
for publication 26 January 2000. Copyright © 2000 by Andrew P. Lewis
and Marilyn J. Smith. Published by the American Institute of Aeronautics
and Astronautics, Inc., with permission.

*Principal Lecturer, Department of Aerospace, Civil, and Mechanical En-
gineering.

T Assistant Professor, School of Aerospace Engineering. Associate Fellow
ATAA.

840

for a variety of applications’~’ The solver was extended for aeroe-
lastic applications by Lockheed in 1990 under contract to the U.S.
Air Force"® and has been undergoing extensions to examine differ-
ent types of aeroelastic problems since that time.* !

The aerodynamic module in ENS3DAE solves the full three-
dimensional Reynolds-averaged Navier-Stokes equations for com-
pressible flow, or simplifications of these equations, including the
thin-shear-layer Navier-Stokes and the Euler equations. Both im-
plicittime-accurate(fixed time step), or steady-state(spatially vary-
ing time step) options are employed via a time-marching fully im-
plicit approximate factorization scheme. Boundary conditions are
applied explicitly along the faces of each zone. O-, C-, and H-grid
combinations can all be solved in this manner.

Aeroelastic analyses are obtained by coupling a set of structural
dynamics equations of motion to the aerodynamic module. Pres-
sures computed by the aerodynamic module act as forcing func-
tions to the structural equations. The structural equations are solved
using an explicit predictor-corrector scheme to compute the struc-
tural deflections. A shearing algorithm updates the aerodynamic
grid using these calculated deflections. This procedure occurs at
every aerodynamic time step, thus producing a tightly coupled,
time-accurate aeroelastic solution. In addition the code conserves
the geometric conservation law (GCL) when moving the grid. Al-
thoughENS3DAE can solveboth structuralinfluence coefficientand
modal models, this paper is concerned only with the modal model.
Further details of ENS3DAE can be obtained from Refs. 1 and
5-10.

The capability of the ENS3DAE program has been extended to
include aeroelastic analysis of shell structures. Thus, the code can
now beusedto investigateengineliner flutter and divergencethathas
been known to occur and has been demonstrated experimentally*!!
The configuration considered here is shown in Fig. 1, which shows
the nozzle of a jet engine. The engine liner is subject to airflow on
both sides, where the flow in the annular region between the liner
and the engine housing is cooler and of lower speed when compared
with the inner core flow.

ENS3DAE Code Modifications

To analyze cylindrical shell problems, several modifications to
the program were required. The flow outside and inside the engine
liner structure was modeled by two blocks using cylindrical grids.
The code was modified to update accurately a polar interface with
a periodic boundary condition. Other aerodynamic module modifi-
cations included the improvement of inflow, outflow, and inviscid
solid-surface boundary conditions, as well as a more exact flow
initialization.
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Fig. 1 Engine liner and exhaust nozzle.
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Fig. 2 Original and modified mesh points for a full cross section of the
nozzle.

Polar Interface Boundary Conditions

Boundary conditions in ENS3DAE are implemented explicitly.
However, attempts to impose explicit polar boundary conditions for
abutting grids were unsuccessful,and so a method for handling them
using overlapping grids was devised. Two versions of these bound-
ary conditions were implemented. The first assumed a full 360-deg
mesh (necessary for asymmetric structural modes). The second en-
abled flow symmetries to be exploited by solving an arbitrary sector
of the full flow domain, thus reducing the mesh size required for
the problem. For these methods to work correctly, the user must
specify a computational mesh having a one-cell overlap at the polar
interface.

Consider a flow in an axisymmetric duct and let cylindrical coor-
dinates (x, r, 6) be defined with the x axis lying along the center-
line of the duct. When the physical domain is transformed into the
computational domain, the axial, radial, and transverse coordinate
directions (x, r, 6) will be taken to correspondto the /, K, and J di-
rections, respectively,in computational space. A comparison of the
two interfaces for explicit and implicit impositions of the boundary
conditions is shown in Fig. 2. The original explicit, abutting grids
are shown ata cross section of the ductin Fig. 2a. The polarinterface
boundary conditions were imposed across the end planes J =1 and
m that share a common interface. The boundary conditions were
originally imposed by requiring that the flow variables have equal
valueson the planes J =1 and m while the flow equationsare solved
across the interface.

To smoothly impose the polar interface boundary conditions im-
plicitly, an overlappingsector was added, as shown in Fig. 2b. Now,
the points / =1 and 2 will be the same as points / =m andm + 1,
respectively. The flow variables at these pairs of points are now set
equal so thatq, =g¢q,, and q,, +1 =¢», where ¢ is a column vector of
the variables p, pu, pv, pw, e. In addition, the flow equations are
solved across the interface. For this, no modifications are required
for sweeps of the algorithmin the / and K directions. However, in
the J direction, the m + 1 by m + 1 block tridiagonal matrix that
arises with explicit boundary conditions is modified so that if A, ;
is the 7, jth element of the matrix, then the elements A, ,, and A,, »
are now setequalto A, ; and A,, ,, + | respectively. Thus, a periodic
block tridiagonal system is obtained.
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a) Original implementation b) Modified implementation

Fig. 3 Original and modified mesh points for an axisymmetric section
of the nozzle.

a) Original boundary condition b) Modified boundary condition

Fig. 4 Pressure distributionat a given cross section to check boundary
condition smoothness.

Now consider a flow in an axisymmetric duct as before, but sup-
pose that the flow is periodic in the sense that the flow conditions
at (x, r, ) are the same as those at (x, r, 0 + 6,), where n6y =2x
for some integer n. Then only the sector of the duct cross section
subtended by 6 needs to be considered. Initially, the mesh at a cross
section of the duct resembled Fig. 3a. The polar interface bound-
ary condition was initially imposed explicitly across the end planes
J =1 and m, which were regarded as a common periodic interface.
Thus, the boundary conditions required that the flow variables p, u,
and e, together with the radial and transverse velocity components,
have equal values on the planes J =1 and m.

To smooth the flow across this interface, an extrasector was added
to the meshin the J directionas shownin Fig. 3b. Now the boundary
conditions ¢; =T ¢, and ¢,,+, =T ! g, are imposed explicitly,
where T is a transformation matrix that resolves v and w in the
radial and transverse directions. In addition, the flow equations are
solved across the interface. Again, no modifications are required for
sweeps of the algorithmin the / and K directions. However, in the
J direction, the m + 1 by m + 1 block tridiagonal matrix that arises
with explicitboundary conditionsis modified in a manner similar to
that for the case of a full duct cross section so that a periodic block
tridiagonal system is obtained.

The resulting improvements from these modifications are seen
for an axisymmetric case in Fig. 4. Figure 4a shows the original
flow solution with the abutting formulation. Note that there is a
numerically induced bump in the flow at the boundary condition.
Figure 4b shows the result of the overlapping boundary conditions
where there is no noticeable difference in the solution at any loca-
tion in the duct cross section. This flow smoothness is particularly
important in aeroelastic applications because pressure differences
may induce nonphysical deflections in the liner.

Inflow/Outflow Riemann Invariant Boundary Conditions

Two sets of inflow and outflow boundary conditions were avail-
able in ENS3DAE, one set being specified in terms of the primitive
variablesu, v, w, p, and e, whereas the otheris characteristicsbased.
The primitive variable boundary conditions were found to give poor
flow solution convergence characteristics, due to the reflection of
waves from the outflow boundary, whereas the characteristics-based
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boundary conditions were found to be far more satisfactory and so
were used throughoutthis study. The boundary conditions were im-
posed in the standard implementation, using Reimann invariance.
That is, having specified an initial flowfield, the physical inflow
boundary conditions were defined by fixing the incoming Riemann
invariant, whereas entropy and velocity components tangential to
the inlet surface were set at values based on the local initial flow-
field. Similar implementation of the boundary condition was made
at the outflow condition. Details of the implementationcan be found
in any standard computational fluid dynamics (CFD) text.'

Euler Solid-Surface Boundary Condition

The Euler solid-surface boundary condition was replaced by a
more robust set of conditions demonstrated by Donald Rizzetta at
U.S. Air Force Research Laboratory (AFRL). In these boundary
conditions, unit tangent vectors#, and ¢, and normal n to the surface
at a point are first defined. At a point (i, j, k) on a solid boundary
k =const, ¢, is defined by normalizing the vector x; connecting
points (i — 1, j, k) and (i + 1, j, k). A further vector x, is defined
as that between points (i, j — 1, k) and (i, j + 1, k). Then t,, n, and
t, are defined by

X, Xx, x|
n

==

> t, =n Xt (D)
x|

h X1 Xx5|°

The flow velocity at the point (i, j, ka), where ka gives the k
surface adjacent to the solid boundary, is now resolved along the
axis system defined by ¢, £,, and n. The slip velocity at the solid
surface is then given by the velocity components along #; and .
This gave an implementation for rigid boundaries only, which was
then modified for moving boundaries by adding a normal velocity
component equal to the boundary grid velocity componentalong .

Flow Initialization

For internal flows, a typical flow initializationis based on quasi-
one-dimensional flow theory. This was modified by taking the cal-
culated flow velocity vectorat each grid point (i, j, k) as lying along
the vector connecting the grid points (i, j, k) and (i + 1, j, k). This
gave an initial flowfield that came closer to satisfying the surface
boundary conditions.

Engine Liner Application

A computational study was performed for the engine liner model
investigatedexperimentally* Note that, in addition to this particular
study, there have been a number of other studies, both theoretical
and experimental, of annular or internal flow-induced flutter and
divergence of coaxial cylinders.'>~!® These have shown the type
of aeroelastic instabilities that may be expected. However, the the-
oretical studies'3~!7 consider only incompressible flow conditions
and uniform cylinders, whereas aeroelastic instabilities for coaxial
cylinders were investigated experimentally.'® The capability devel-
oped here will enable far more general geometries and a wide range
of flow regimes to be considered. The engine liner model is illus-
tratedin Fig. 1. The liner’s length is 56 mm; its radiusis 45 mm at the
fixed leading edge and 38.6 mm atits trailingedge. The distance be-
tween liner and outer casing is 1.82 mm, and the radius of the outer
casing at the outlet is 37.2 mm. The liner is made of nickel and has
a thickness of 0.1 mm. In this experiment, the liner was solid. In
actual full-scale engines, the liners are perforated with holes, and,
thus, a transpiration boundary condition would need to be applied
to the liner. However, in this research, the goal was to reproduce nu-
merically the experimentalresults, and so no transpirationwas used.

The aeroelastic analysis was performed using mode shapes, gen-
eralized masses, and frequencies obtained from a NASTRAN finite
element analysis. This analysis confirmed experimental structural
vibration tests* showing that the lowest mode had a circumferen-
tial wave number n = 6; this is generally to be expected for shell
structures that are relatively short.'*=2! Furthermore, the modes in
the tests* experiencing the most excitation were those for n =6-9.
Accordingly, these modes were used in the subsequent aeroelastic
analysis. Something not addressed in the present study was that the

steady-state pressure loading and possibly viscous traction forces
on the engine liner due to the flow can affect the structure’s stiff-
ness, which will in turn affect the aeroelastic predictions. In partic-
ular, increasing the inner flow Mach number will raise the stiffness,
whereas increasing the outer annular flow Mach number will have
a destiffening effect. However, the objective of the present study is
to demonstrate the ability to predict flutter trends using Euler-based
aerodynamic analysis, and for this the natural vibration modes of
the liner were considered adequate. Another uncertainty that would
make detailed comparisonsdifficultis the structuraldamping, which
can affect shell flutter speeds significantly. Here, a critical damp-
ing ratio of 0.02 was applied to all modes. This ratio was the value
measured experimentally” Note thatin this study structural nonlin-
earities, which become significant with increasing shell deflection
amplitude, are not accounted for. However, here the conditions for
onset of flutter prior to the impact of these structural nonlinearities
were under study.

Results

Converged Rigid-Body Flow Solutions

Converged Euler solutions were obtained for a variety of flow
conditions. These results were produced with a quarter flow domain
model to take advantage of the rigid model’s symmetry. The flow
for the full domain was then expanded from the converged flow
solution, and the program run again for a short number of iterations
to confirm that the solution was correct.

Grid Sensitivity Study

A grid sensitivity study was first carried out for the case of steady-
state flow. One quarter of the axisymmetric flow domain was mod-
eled using two zones; one for the inner flow within the engine liner
(zone 1) and one for the outer annular flow region (zone 2). Two grids
were developed with sizes shown in Table 1, where Iy, Jmax, and
K ,..x are the number of nodes in the axial, circumferential, and ra-
dialdirections,respectively.In both grids, clustering was imposedin
the normal direction adjacent to the solid surfaces to ensure that the
displacements and flow changes in the region would be adequately
modeled. In the axial direction, the grid was uniformly distributed.
In grid ii, the mesh around the engine liner trailing edge (both nor-
mal and streamwise), where the inner and outer flows first come into
contact, was refined. Simulations for a flow having a Mach number
attheliner trailingedge of 0.7 in the inner flow and 0.4 in the annular
region were used for the comparison. A comparison of the results
is presented in terms of nondimensional pressure distribution along
the inner and outer surfaces of the engine liner in Figs. 5 and 6.
Pressure here is nondimensionalized by reference values of density
and speed of sound.

Figures 5 and 6 show good agreement between pressure distribu-
tions obtained with the two grids. Lift, drag, and pitching moment
coefficients were also calculated for the two grids, referencedby the
surface area and length of the quarter of the engine liner modeled.
A comparison of the resultsis shown in Table 2. Agreement may be

Table 1 Number of nodes per zone per grid

Grid-zone I'nax Jmax Kiax
i-1 73 26 33
i-2 64 26 23
ii-1 93 26 45
ii-2 79 26 30

Table 2 Comparison of force and moment
coefficients determined using grids i and ii

Percentage
Coefficient ~ Grid i Gridii  difference
CL —-0.1096 —-0.1132 3.2
Cp 0.0138  0.0143 3.5
Cn 0.0707  0.0729 3.0
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Table3 Inner and annular region
flow Mach numbers

Case M; M, o, bar
a 0.7 0.4 0.13
b 0.7 0.7 0.34
c 0.4 0.1 0.01
d 0.4 0.4 0.13
e 0.4 0.7 0.34
08 —&— Standard Grid
X Fine Grid
Pressure
0.6
0.5
047
0 10 20 30 40 50 60

Distance (mm)

Fig. 5 Pressure distribution on liner outer surface.

06 ——Standard Grid
Pressure —o— Fine Grid
0.5 1

04
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Fig. 6 Pressure distribution on liner inner surface.
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Fig. 7 Engine liner modal aeroelastic response for case a.

seen to be close, therefore the aeroelastic study was accomplished
using grid i.

Aeroelastic Analysis

This section presents results from aeroelastic analysis of the en-
gine liner configuration. The dynamic response of the structure
was investigatedusing the natural modes with circumferential wave
numbers n =6-9 as described earlier. Results for five flow condi-
tions are presented and compared with the experimental results*
These results show the point of flutter onset for different inner
flow Mach numbers M; at the engine liner trailing edge as the dy-
namic pressure of the outer annular region flow at the engine liner
trailing edge is increased. Five cases are considered as shown in
Table 3, where M, is the flow Mach number in the annularregion at
the engine liner trailing edge and ¢, is the corresponding dynamic
pressure.

A full domain model was used because the circumferential wave
numbers of the modes used indicate that no symmetries are present.
A Courant-Friedrichs-Lewy (CFL) of 5.0 was used for both rigid
and dynamic simulations. For each case, the first step was to obtain
a converged steady-state flow solution. Aeroelastic responses were
obtained by specifying an initial velocity disturbance for each gen-
eralized velocity. As an example of the kind of response obtained,
results for case a are given in Fig. 7 in terms of time histories of
the four generalized coordinates. The results show the engine liner
to be dynamically stable. The correspondingradial displacementof
a typical point on the trailing edge of the engine liner is shown in
Fig. 8. The peak displacementsof the structure are of the same order
of magnitude as its thickness. The form of the response, given that
all modes have been excited by the initial conditions used, is due
to phase shifts between the superposed modes. Similar runs were
carried out for cases b, ¢, d, and e, and the responses in each mode
were then studied. Comparisons of the effect of varying the outer
flow conditions while keeping the inner flow the same were first

1.50E-01
Displacements 5-00E-02
(mm,
-5.00E-02
-1.50E-01 +
0.0E+00 2.5E-03 5.0E-03 7.5E-03 1.0E-02

Time (seconds)

Fig. 8 Radial displacement of a point on the engine liner trailing edge
for case a.
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Fig. 9 Comparison of aeroelastic responses in mode n = 6 for varying
outer flow conditions.
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Fig. 10 Comparison of aeroelastic responses in mode n = 7 for varying
outer flow conditions.
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Fig. 11 Comparison of aeroelastic response in mode n = 8 for varying
outer flow conditions.
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Fig. 12 Comparison of aeroelastic responses in mode = 6 for varying
inner flow speeds.
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Fig. 13 Comparison of aeroelastic responses in mode n = 7 for varying
inner flow speeds.

made. These are shown in Figs. 9-11, where cases c, d, and e are
compared. These show that the outer flow conditions significantly
affect the aeroelastic behavior. A comparison for the lowest mode
(n =6) for the three cases is shown in Fig. 9. Figure 9 indicates
that case e is only just dynamically stable. Cases ¢ and d are more
dynamically stable than case e, and this behavioris consistent with
the experimental results.* Figures 10 and 11 compare the aeroelas-
tic responses in the three cases for modes n =7 and 8. In all cases,
the response is dynamically stable and the effect of increasing M,
appears less significant than for n =6. Case c considers a very low
outer flow Mach number and shows that the effect of this is to make
the response more heavily damped than in the other cases.
Comparisons of the effect of varying the inner flow conditions
while keeping the outer flow fixed were now made. Results for cases
aand d, where the outer flow Mach numberis 0.4, are shownin terms
of the modal responses for circumferential wave numbers n =6-8
in Figs. 12-14. Figures 12-14 show that the responses are almost
identical,indicating that the inner flow Mach number over the range
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Table4 Comparison of experimental and
predicted engine liner natural frequencies

Wave Natural frequencies, Hz
number n Test NASTRAN
6 687.0 755.5
7 763.0 763.3
8 904.0 878.0
9 1080.0 1061.0

Table 5 Frequencies of engine liner responses

Wave Casea, Caseb, Caseb, Casec, Cased, Casee,
numbern 4 modes 4 modes 1mode 4 modes 4 modes 4 modes

6 683.3 639.5 641.9 723.7 686.0 622.3
7 683.3 636.0 _ 733.0 686.0 626.9
8 801.5 759.9 _ 853.0 803.6 751.8
9 994.4 956.4 —  1040.7 991.3 956.9

Case (a)

1.E-04 1

Generalized >0 ¥

Displacement O.E+00

-5.E-05

_1.E-04 T T |

0.0E+00 2.5E-03 5.0E-03 7.5E-03
Time (seconds)

Fig. 14 Comparison of aeroelastic responses in mode n = 8 for varying
inner flow speeds.
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-2.E-044d

0.0E+00 2.5E-03 5.0E-03 75E-03
Time (seconds)

Generalized
Displacement

0.E+00

Fig. 15 Comparison of aeroelastic responses in mode n = 6 for varying
inner flow conditions; M, = 0.7.

of conditions considered has little effect on the aeroelasticresponse.
Because static pressure loading effects on the liner stiffness are not
accounted for in this study, these may lead to larger differences in
the responses than those predicted here.

A further study of the effect of varying inner flow conditions was
conducted for the situation where the aeroelastic response is only
just dynamically stable. Thus, the outer flow Mach number was
taken as 0.7, where, for case e, the engine liner response is close
to neutral stability. A comparison of the response in mode n =6
for cases b and e is shown in Fig. 15. This shows that increasing
the inner flow Mach number is slightly destabilizing, but, again,
confirms that the engine liner aeroelastic response is more sensitive
to changes in the outer flow conditions. The aeroelastic response in
case b ties in with the experimental results.* Given that the inner
flow conditionis M; = 0.7, whereas for the outer flow g, = 0.34 bar,
this result fits in well with the experimental results.* These showed
that for M; =0.6, flutter onset occurs when ¢, = 0.25 bar, whereas
when M; =0.85, flutter onset occurs when g, = 0.39 bar.

The natural frequencies of the engine liner structure, as measured
in the tests* and as predicted by theory, are shown in Table 4. These
are seen to agree well. The frequencies and damping of the modal
responses for the five cases are summarized in Tables 5 and 6. The
calculatedfrequenciesfor modesn =6 and 7 are very close together
and in the aeroelastic responses for cases a and d become almost
identical. As M, increases, the frequencies drop, in agreement with
the experiment. It is anticipated that for a sufficiently high dynamic
pressure ¢,, divergence in the mode n =6 will eventually occur.
Because the effects of steady pressure loading on the stiffness of
the liner have not been included, a precise estimate of divergence
dynamic pressure cannot be made. These numerical results tend

Table 6 Modal damping of engine liner response

Wave Casea, Caseb, Caseb, Casec, Cased, Casee,
numbern 4 modes 4 modes 1mode 4 modes 4 modes 4 modes

6 0.015 0.003 0.003 0.032 0.017 0.007
7 0.031 0.025 e 0.042 0.032 0.029
8 0.043 0.041 e 0.047 0.042 0.042
9 0.048 0.048 e 0.049 0.047 0.048
2 E-04 T 6 modes " 1 mode
Generalized
Displacement 0.E+00 m
-2.E-04 "
0.0E+00 2.5E-03 5.0E-03 7.5E-03

Time (seconds)

Fig. 16 Effect of number of modes on aeroelastic responses for case b;
M; =0.7and M, =0.7.

to confirm the experimental conclusions* that instabilities in the
flowfield are initiated by one mode in the outer flow.

The results also make clear the sensitivity of the flutter boundary
to structural damping. Cases a, b, d, and e would be dynamically
unstable in the absence of the engine liner structural damping, and
only case ¢ would still be stable. This feature of shell flutter prob-
lems involving annular flow was highlightedboth in the engine liner
tests* and in one of the aforementioned theoreticalstudies involving
coaxial cylinders.!”

The closeness of the frequencies of the modes n =6 and 7 sug-
gests the possibility that the cause of the flutter predicted here is due
to the interaction of two coupled modes rather than a single-degree-
of-freedomflutter. To investigatewhether any modal interaction was
occurring, a run for one set flow conditions was repeated. Case b
was reevaluatedusing only mode n =6 becauseearlier observations
noted that this mode yielded deflections close to dynamic instability.
A comparison between the engine liner response for mode 6 alone
and for all modes present is presented in Fig. 16. The responses
shown are very similar. It is apparent from Tables 5 and 6 that the
modal frequencyis altered only slightly and, more importantly, that
the damping is almost unaffected by the presence of the higher
modes. It is concluded from this result that single-mode flutter is
occurring. This suggests the possibility of conducting future studies
with a reduced model representing one circumferential wavelength
of the critical mode only. This would result in significant runtime
savings in future studies by taking advantages of symmetry.

Conclusions

The Euler/Navier-Stokes solver ENS3DAE has been extended to
enable the aeroelastic behavior of shell structures to be analyzed.
The code has been applied in an investigation of engine liner flutter
using a test configuration for which experimental results are avail-
able. This is the first time that an aeroelastic solver using higher-
order aerodynamics has been applied to flexible shells, in particular
this engine liner problem. The results obtained are promising and
demonstrate the ability of this and similar methods to analyze shell
flutter problems. To enable more detailed comparisons to be made,
the effects of steady pressureloads on shell structurestiffnessneed to
be takeninto account. This could be achievedby using pressureload-
ing from steady-state runs in the external structural analysis to de-
termine the frequenciesand mode shapes. Thus, no additional mod-
ifications to ENS3DAE would be required. The impact of viscous
effects also would not require additional modifications to the code.
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