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A wide variety of pathologies, such as store-induced limit-cycle oscillations, have been observed on high-
performance aircraft and have been attributed to transient nonlinear aeroelastic effects. Ignoring the nonlinearity
of the structure or the aerodynamics will lead to inaccurate prediction of these nonlinear aeroelastic phenomena.
The current paper presents the development and representative results of a high-fidelity multidisciplinary analysis
tool that accurately predicts limit-cycle oscillations (LCOs) of an aeroelastic system with combined structural
and aerodynamic nonlinearities. Wind-tunnel measurements have been carried out to validate the findings of the
investigation. The current investigation concentrates on the prediction of the critical physical terms that domi-
nate the mechanism of LCO. The aeroelastic computations predict LCO amplitudes and frequencies in very close
agreement with the experimental data. The results emphasize the importance of modeling the nonlinearities of
both the fluid and structure for the accurate prediction of LCO for nonlinear aeroelastic systems.

Nomenclature

a = nondimensionaldistance (in terms of ) from midchord
to elastic axis

b = semichordof wing

¢, = viscous damping coefficient in plunge motion

¢, = viscousdamping coefficientin pitch motion

Iga = mass moment of inertia about elastic axis

k, = structural stiffness coefficient in plunge motion

ky, = structural stiffness coefficient in pitch motion

m, = massof cam

m, = total mass of system

m, = massof wing

r. = nondimensionaldistance between elastic axis and cam
center of rotation

r,, = distance between elastic axis and center of mass

M, = structural damping coefficient in pitch motion

e = structural damping coefficient in pitch motion

Introduction

EROELASTIC problems represent a mutual interaction be-

tween the aerodynamicsand structure of an aerospace vehicle.
Several studies have established that aeroelastic systems are inher-
ently nonlinearand that these nonlinearitieslead to pathologiessuch
as twin-tail buffet' and store-induced flutter and limit-cycle oscil-
lations (LCO)? of fi ghter aircraft. These nonlinear aeroelastic prob-
lems are not accurately simulated by linear models. The design of a
new generation of high-performanceaircraft will depend primarily
on the accurate prediction, understanding,and control of the critical
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physicalterms thatdominate the mechanismof nonlinearaeroelastic
phenomena.

LCOs, in particular, have been a persistent problem on several
fighter aircraft designs and are generally encountered on external
store configurations. Bunton and Denegri® discuss LCO instabili-
ties experienced during flight tests of the F-16 and F-18 aircraft.
Denegri* further elaborates on extensive LCO experiences of the
F-16 aircraft with external stores through analysis and flight tests.
Stearman et al.® discuss flight-test data of LCO of an aircraft with
various store configurations. Many nonlinear features are evident
beyond the characteristic LCO. Denegri and Cutchins,? and Chen
et al.% observed evidence of spring-hardening-type nonlinearity in
the F-16 wing torsional stiffness. LCO was also observed as low as
M = 0.6 at high angles of attack, and it was found to be sensitive
to the tip missile configuration. O’ Neil and Strganac’ compare an-
alytical predictions to experimental measurements for continuous
nonlinear stiffening behavior in the pitch mode. The existence of
torsion stiffness nonlinearitiesis found to induce LCO, which is de-
pendent on velocity and the nonlinear parameters. Woolston et al.®
investigated the effects of hysteresis and cubic stiffness nonlinear-
ities on the flutter characteristics. The instabilities exhibited LCO
due to cubic hardeningonly. In a related nonlinear phenomenon (see
Jacobsonet al.?), the B-2 exhibitsresidual pitch oscillations (RPOs)
due to fluid-structure interaction that couple a flexible-body mode
with a rigid-body mode.

The phenomenon is baffling because it appears over a broad
range of Mach numbers (0.6 < M < 1.1), exhibits hysteresis with
respect to onset and departure, may be maneuver and/or angle-of-
attack dependent,and is configurationdependent.Regardless, store-
induced LCO significantly restricts mission performance because
LCO-induced accelerations lead to unacceptable loading for both
the pilot and structure. The mechanism that leads to these LCOs is
not well understood, but possible explanations under study by the
community include aerodynamic and/or structural nonlinearities.
Such nonlinearitiesmay arise from structural dynamics/kinematics,
oscillating shock or shock-induced flow separations, or nonlinear
damping mechanisms. The signature of these observationssuggests
that the pathology will lead to LCO behavior similar to that inves-
tigated herein.

An extensive review of the analysis of structural nonlinearities
for a wing section such as discussed in this paper may be found by
Lee et al.!” Analytical studies of systems with continuous nonlin-
ear structural stiffness, such as those exhibited by the response of
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helicopterrotor systems, have been addressedby several researchers
(see Tang and Dowell,'!' Woolston et al.,® Lee and LeBlanc,'? and
Price et al.!13).

As an example of the ongoing experiencesby the community, the
following observations from ground- and flight-test measurements
of LCOs on the F/A-18, taken from R. Yurkovich’s panel discus-
sion, “Limit Cycle Oscillation and Related Nonlinear Phenomena
in Aircraft” at the 41st AIAA Structural Dynamics and Materials
Conference in April 2000, are reviewed:

1) Stiffness tests show evidence of spring-hardening-type non-
linearity in the wing torsional stiffness, and measurements show
that the wing behaves differently for leading-edgedown vs leading-
edge up.

2) The unsteady wing pressure (and accelerometer) data show a
harmonic at about two times the LCO frequency, but there are no
structural modes at this frequency.

3) Pylon pitch frequency is slightly below the wing bending fre-
quency, and it is sensitive to damping. A lateral fuselage bending
mode was involved in some cases.

4) The linear flutter mechanism is antisymmetric and involves
pylon pitch coupling with wing bending. Although linear analysis
predicts flutter for critical stores and store combinations, in reality,
LCOs occur at a speed somewhat below the predicted linear flutter
speed.

5) The LCO is sensitive to angle of attack (AOA). As AOA is
increased either positive or negative, LCOs occur if the flight con-
ditions are high enough.

6) LCO occurs in the transonic speed range for Mach numbers
less than one, perhapsas low as M = 0.7, at elevated AOA.

7) From flight-test observations, the LCO is sensitive to the tip
missile configuration. If the tip missile AOA is changed, the occur-
rence of LCO will change.

8) The mode shape during LCO in flight does not appear as con-
ventional bending-torsion flutter. Torsion is almost in-phase with
bending, and the maximum amplitude is at the trailing-edge tip.

These results are similar to those experiences of LCO behavior
found for the F-16 as discussed by both Denegri* and Chen et al .5
Furthermore, Cole'* observed an aeroelasticbehaviorsimilar to that
found in the LCO response of store configurations. The observed
vibration characteristics suggested the presence of internal reso-
nance. Internal resonance occurs as a result of nonlinearities that
couple modes of motion of the system. The nonlinear coupling of
the modes leads to an exchange of energy between the modes of
the system as the natural frequencies become commensurable. The
internal resonance is characterized by periodic amplitude modula-
tion. The amount of energy that is exchanged depends on the type
of nonlinearity and the relationship of the linear natural frequen-
cies. Internal resonance is not predictable with linear analysis (see
Nayfeh and Mook'® and Nayfeh and Balachandran'®). Oh et al.'”
examineresponsecharacteristicsof a system dynamically similar to
Cole’s!* experiment, but these studies are performed in the absence
of aerodynamicloads. The results suggestthat a two-to-one internal
resonanceis responsible for the instability because the frequency of
the second bending mode is twice the frequency of the first torsional
mode. Results show that an antisymmetric vibration mode may be
indirectly excited by a two-to-one internal resonance mechanism.

Some recent efforts attempt to characterize nonlinear aeroelas-
tic response. Denegri and Cutchins® discuss nonlinear behavior in
aeroelastic systems and delineate their efforts to qualify nonlin-
ear aeroelastic behavior using linear analysis. Denegri* (F-16) and
Yurkovich (F-18, reviewed in the Introduction) both used traditional
linear approaches to examine store-induced LCOs. Both have lim-
ited success because it appears that store-induced LCOs may be
related to hump (or soft crossing) modes found in velocity-damping
diagrams. In particular, linear theory might track frequencies asso-
ciated with lightly damped modes identified with the store-induced
LCOs; unfortunately,linear theory does not provide reliable or con-
sistent response characteristics in many cases. Thus, it is felt (see
Denegri?) that a nonlinear flutter analysis method is needed to cap-
ture fully the features and, more importantly, to provide reliable
resources for certification and flight testing.

In this paper, experimental measurements of LCOs for a simple
nonlinearaeroelasticsystemare conducted,and a high fidelity multi-
disciplinarycomputationalenvironment(MDICE) is used to predict
transientLCO behaviorof this nonlinearaeroelasticsystem. MDICE
has been developed by CFD Research Corporationin collaboration
with U.S. Air Force Research Laboratory (AFRL). MDICE provides
an environmentin which several engineering analysis programs run
concurrently and cooperatively to perform a multidisciplinary de-
sign, analysis, or optimization problem. The computational results
are compared with experimental data. The investigation covers a
wide range of flight conditions to give more insight on the parame-
ters that dominate LCO of nonlinear aeroelastic systems.

LCO of Nonlinear Aeroelastic System

In this section, the experimental apparatus of this study is dis-
cussed and the particular set of analysis modules used in MDICE
for the prediction of LCO of a simple nonlinear aeroelastic system
is presented.

Nonlinear Aeroelastic Test Apparatus (NATA)

The experimental system that serves as the testbed for experimen-
tal investigations and validation of the numerical predictions of the
nonlinearLCO is shown in Fig. 1. A model support system has been
developed to provide direct measurements of nonlinear aeroelastic
responses.” The supportsystem permits prescribedpitch and plunge
motion for a mounted wing section. The plunge motion is provided
by a carriage that translates freely. Pitch motion is provided by a
rotational cam mounted on this carriage. Large AOA are permitted,
but protective constraints limit the amplitude of motion to prevent
model/tunnel damage from large-amplitude LCOs.

The model support system provides freedom in test conditions
and parameters. The structural stiffness response of the apparatus
is governed by a pair of cams that are designed to provide tailored
linear or nonlinear stiffness response. The shape of each cam, stiff-
ness of the springs, and pretension in the springs dictate the nature
of the nonlinearity. With this approach, these cams provide a large
family of prescribed responses. Other physical properties, such as
the eccentricity,the moment of inertia of the wing, the stiffnesschar-
acteristics, and the wing shape, are easily modified for parametric
investigations. System response is measured with accelerometers
and optical encoders mounted to track motion in each degree of
freedom.

Nonlinear Aeroelastic Model

The nonlinearaeroelasticsystemshown in Fig. 1 is modeled using
the two-degree-of-freedommodel shown in Fig. 2. The nonlinear
equations of motion that prescribe the aeroelastic response of the
described aeroelastic system are given by

m, i + [myx,b cos(er) — mr.bsin(e)]e + ¢, + [—m,x, b sin(a)
—merchcos(a)]d’ + ky(hh = —L(t) — wym,g(lhl/h)y (1)
Igad + [myx,b cos(a) — m r.bsin(@)]h + ¢ o + k, (@)
= M(1) — ptaM; (1611 /) @)

Nonlinear Cam

/— Plunge Spring

Pitch Spring

Fixed

Nonlinear Cam
"=~ —a——ing Model

[ ————————— Pitch Constraint

/— Plunge Constraint

Equilibrium Spring

Fig. 1 Schematic view of NATA.
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Fig. 2 Aeroelastic structure model with pitch and plunge degrees of
freedom.

where m, is the total mass of the wing and its support structure
and m,, is the mass of the wing only. The elastic axis location a
is nondimensionalized with respect to the half-chord length 4 and
is positive for the elastic axis located aft of the midchord. In these
equations, 7. represents the nondimensional distance between the
elastic axis and the center of rotation of the cam and ¢, and c,
are plunge and pitch viscous damping coefficients, respectively.The
mass moment of inertia about the elastic axis /g, is the contribution
of the wing, cams, and the offset masses and is given by

IEA = Iwcg + Iccg + mc(rcb)z + mw(xab)z (3)

Structural stiffnesses are represented by k;, and k, for plunge and
pitch motions, respectively. The last terms in the right-hand side of
Eqgs. (1) and (2) represent the coulomb structural damping, where
M 4 is the frictional moment and j4,, and u;, are the structural damp-
ing coefficients in pitch and plunge motions, respectively.

The aerodynamicforcesare representedby the normalforce L and
the pitching moment M. The aerodynamic forces are computed by
solving the full Navier-Stokes equations. The aerodynamic forces
are referenced to the elastic axis, and they are dependenton the mo-
tion of the wing. In general, solving the Navier-Stokes equations
might be necessary to account for the aerodynamic nonlinearities
of the system that may arise from viscosity effects, high-angle-of-
attack aerodynamics, oscillating shocks, shock-induced flow sep-
aration, shock/boundary-layer interaction, vorticity evolution, and
shedding. The cases considered in this investigation are shock free.
However, the other sources of aerodynamicnonlinearitiesmay exist.

The developedaeroelasticmoduleincorporatesvarious sources of
nonlinearities, in addition to the aerodynamic nonlinearities. These
nonlinear features include coulomb structural damping, nonlinear
stiffness, and higher-order kinematics. For example, the nonlinear
torsionalstiffness of this aeroelasticmodule is realized by nonlinear
cams. The nonlinear pitch spring stiffness is measured, and fifth-
order polynomial approximation of the stiffness is assumed in the
form

k(o) = ko + ko + kopa? + kogot® + - - - )

The actual coefficientsin the polynomialrepresentationof the spring
stiffness are obtained from measured displacements and loads. The
even-order terms of Egs. (4) exist to model the asymmetry in the
stiffness of the torsional spring. The coefficients of the polynomial
equation are given in Table 1 along with the other physical param-
eters and characteristics of the aeroelastic system. The computed

Table1 Physical parameters of the nonlinear aeroelastic system

Parameter Value
my 12.0kg
My, 1.662 kg
me 0.718 kg
b 0.1064 m
span 0.6 m
a -04
Teg 0.82xb—b—axb)m
Iga 0.04325kg - m? + my, - rfg
e 1.1936
ki 2844.4 N/m
ke, 6.861422 (1 +1.1437925a + 96.669627 o>
+9.513399a3 — 727.6641200*) N - m/rad
ch 27.43 kgls
Cq 0.036kg - m?/s
Mo 0.0113
I 0.0221
5

(=]

Moment (N-m)

Modeled (Polynomial)
* Measured

f ' '

__5 I 1 I 1 I I
02 015 01 -005 0 005 041 015 02
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Fig. 3 Measured and modeled moment vs pitch angle of nonlinear
pitch spring.

restoring moment vs the pitch angle, with the approximated poly-
nomial stiffness, is compared very well with the measured restoring
moment in Fig. 3. The aeroelastic equations (1) and (2) are inte-
grated using a time marching finite difference routine based on the
model introduced by Lee and LeBlanc.!'?

Fluid-Dynamics Module

The fluid-dynamics analysis module used for the current study
is CFD-FASTRAN.!® CFD-FASTRAN is a Reynolds-averaged
full Navier-Stokes flow solver for modeling unsteady, turbulent
flow problems using structured and/or unstructured grids. CFD-
FASTRAN employs an upwind scheme with Roe’s flux-difference
splitting or Van Leer’s flux-vector splitting for spatial differencing.
Temporal differencingis done using a Runge-Kutta scheme, point-
implicit scheme, or a fully implicit scheme. Turbulent models in
CFD-FASTRAN include Baldwin-Lomax, k—¢&, and k—w models.
CFD-FASTRAN also provides the state of the art for modeling flow
problems with multiple moving bodies using chimera overset grid-
ding methodology coupled with a six-degree-of-freedom model.
The current simulation uses a fully implicit, finite volume scheme
with Roe’s flux-difference splitting and k—¢ turbulence model.

Grid Motion Technique

To carry out the computations, a C-type grid is generated around
NACA-0015 airfoil (the airfoil section of the wing tested in the
wind tunnel). The size of the computational grid is 300 x 40 grid
cells with 200 grid cells on the airfoil surface. The far-field boundary
extends to 10 chord lengths in all directions. A close-up view of the
grid is shown in Fig. 4. At every time step, the grid is deformed due



136

T

Fig. 4

i H Il

i
C-type grid for NACA-0015 airfoil.

SHETA ET AL.

0.04 | == mmmmme oo

5 10
Time (sec)

15

20

g E
L2 & 0.00
E g
=
o~ A
-
1 -0.04
- 0
0.04

14 m/sec
Plunge (m)

omo =y [N

H 0.0 [ .
() 0 5 10 15 20
Time (sec)
g 2
3 g
E g
2
o A~
—
1 .04 |- e
D 0 5 10 15 20
Time (sec)
0.04 - - -
o E
2 3
2 % 0.00
E g
=2
o A
v
I -0.04
-] 0 5 10 15 20
Time (sec)
0.04
8 _
g E
E & 0w
£
S =
Il
-0.04 .
- \ ‘ ‘
0 5 10 15 20
Time (sec)
Measured

to the motion of the airfoil. The grid is deformed using transfinite
interpolation functions (TFI). The advantages of using TFI are that
TFI is an interpolation procedure that conforms to specified bound-
aries, and TFI is very computationallyefficient.!* The TFI routine is
invoked automatically when the aerodynamic and aeroelastic data
are exchanged between application modules.

MDICE Architecture

MDICE is a distributed object-orientedenvironment that is made
up of several major components. The first component is a cen-
tral controlling process that provides network and application con-
trol, serves as an object repository, carries out remote procedure
calls, and coordinates the executionof several applicationprograms
via MDICE specific script language. The second component is a
collection of libraries, each containing a set of functions callable
by the application programs. These libraries provide low-level
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Fig. 5 Measured and predicted responses of plunge oscillations of nonlinear aeroelastic system at different freestream velocities.
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communication and control functions that are hidden from the ap-
plication programs, as well as more visible functionality such as
object creation and manipulation, interpolation of flow data along
interfaces, and safe dynamic memory allocation services. Finally,
the environmentalso encompassesa comprehensiveset of MDICE-
compliant application programs. MDICE provides capabilities for
parallel execution of participating application programs and has a
fullFORTRAN interfacefor those codes writtenin FORTRAN 77 or
90,C, inadditionto C++.Inatypical MDICE application,the appli-
cation modules are selected, and the computer hosts used to execute
the modules are chosen. Next, the applicationis run and controlled
by MDICE using a short script in the graphical user interface that
explicitly specifies the synchronization between the modules. The
MDICE script contains all of the conveniencesfound in most com-
mon script languages. In addition, MDICE script supports remote
procedure calls and parallel execution of the application modules.
These remote procedure calls are the mechanism by which MDICE
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controls the execution and synchronization of the participating ap-
plications. Each application posts a set of available functions and
subroutines. These functions are invoked from MDICE script, but
are executed by the application program that posted the function.

There are many advantages to the MDICE approach. Using this
environment, one can avoid giant monolithic codes that attempt to
provideall neededservicesin a singlelarge computer program. Such
large programs are difficult to develop and maintain and by their na-
ture cannot contain up-to-date technology. The MDICE allows the
reuse of existing, state-of-the-art validated codes. The flexibility of
exchangingone application program for another enables each engi-
neerto selectand apply the technologybestsuitedto the task athand.
Efficiency is achieved by utilizing a parallel-distributednetwork of
computers. Extensibility is provided by allowing additional engi-
neering programs and disciplinesto be added without modifying or
breaking the modules or disciplinesalready in the environment. For
more details of MDICE architecture, see Kingsley et al.?
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Fig. 6 Measured and predicted responses of pitch oscillations of nonlinear aeroelastic system at different freestream velocities.
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Results and Discussion

The aeroelastic system is investigated subject to initial distur-
bance of displacements only, with no initial velocities. The exper-
imental tests are conducted by setting the aeroelastic system at the
initial conditions, waiting for few seconds until the fluctuations in
the freestream velocity vanishes, then releasing the structure and
monitoring the responses. All of the cases considered in this in-
vestigation are corresponding to an initial plunge displacement of
—0.02 m. The effect of initial pitch displacement is investigated
by O’Neil and Strganac.” The measured and predicted plunge and
pitchresponsesat differentfreestreamvelocitiesare shown in Figs. 5
and 6, respectively. In the experimental data, the initial time of re-
sponse of every case is different, depending on the releasing time of
the structure. At a freestream velocity of 12 m/s, the system exhibits
damped responses. At freestream velocities of 14 m/s and higher,
the system clearly exhibits LCO responses. The wind-tunnelexperi-
ments showed thatthe system generally exhibits LCO for freestream
velocities larger than 13 m/s (see O’Neil and Strganac7 ). LCOs con-

tinue over a large range of freestream velocities. The predicted pitch
and plunge responses agree very well with the experimental data
over a large range of velocities, especially for the pitch degree of
freedom. Figures 5 and 6 also show that the LCO amplitude of pitch
and plunge are slightly increased with the increase of freestream
velocity.

The effect of freestream velocity on the LCO amplitude of pitch
and plunge responses and the frequency of oscillationsare shown in
Fig. 7 for both the measured and predicted results. Figure 7 shows
that the predicted results are in close agreement with the measured
results. The LCO pitch amplitude has increased by about 0.012 rad
and the LCO plunge amplitude has increased by about 0.0045 m for
every 2 m/s increase in the freestream velocity. The frequency of
oscillationschangedvery slightly overtherange of freestreamveloc-
ities considered. The average frequency is about 2.8 Hz. The small
variation of the LCO responses and frequency over large range of
freestream velocities indicates that the LCO shown are strongly de-
pendenton the structuralnonlinearityof the system. The dependence
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of the structural responses on the aerodynamic nonlinearities will
be emphasized later in the investigation.

A more detailed study for the case of the freestream velocity of
18 m/s is given in Figs. 8-16. Figure 8 shows the phase diagram
(velocity vs displacement) of the pitch and plunge LCO responses
for both the measured and predicted results. The LCO in both pitch
and plunge is obvious, and they compare well with the measured
data. The pitch oscillation exhibits LCO in the range of £2.2 rad/s
(predicted and measured) and the plunge oscillation exhibits LCO
in the range of 0.3 m/s for the measured results and +0.4 m/s for
the predicted results.

Figures 9 and 10 show the power spectral density (PSD) of the
pitch and plunge LCO amplitudes and accelerations, respectively.
The first peak shows that the predominant frequency of the nonlin-
ear system is 2.78 Hz, and it is the same for both the plunge and
pitch. The computational model has predicted very accurately the
predominant frequency and the PSD peak of the pitch and plunge
amplitudes and accelerations. Figure 10 shows that the nonlinear
system exhibits another peak in the higher-order harmonics, and it
is more significantin the pitch degree of freedom. The higher-order

harmonics are indicative of the nonlinearity of the structural model.
The computational model also predicted accurately this higher har-
monic frequency and peak. In a separate study, Tang and Dowell!!
showed a comparison of experimental and analytical fast Fourier
transform with higher-orderharmonics caused by the structuralnon-
linearity of the system. Their primary frequency was over estimated
by about 1 Hz. In their model, they used a linear unsteady aerody-
namic model withoutstall. This is an indicationof the importance of
including the nonlinearity of the fluid flow instead of an analytical
formulation of the unsteady aerodynamicforces. Thus, as indicated
from Figs. 9 and 10, including the nonlinearity of the fluid as well
as of the structure will result in capturing the frequency and peaks
of the response, including the higher harmonics.

Thus, to give more insight about the effect of the whole sys-
tem nonlinearity and different physical parameters on the nonlin-
ear system response, the pitch and plunge responses are computed
using different methodologies at a freestream velocity of 18 m/s
and plunge initial condition of h;. = —0.02 m. The results have
been summarizedin Figs. 11-16. The measured data corresponding
to this case are shown in Figs. 5 and 6. In Fig. 11, the responses
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Fig. 12 Computed responses of nonlinear structural model utilizing quasi-steady Theoderson’s linear aerodynamic model.>!
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0.20 0.04
ﬁ 0.10 |- -0 1 kb e i E ‘
B @
= 000 & 000
=) £
= ‘ ‘ = '
= 010 |- By R ERh | T =
-0.20 -0.04
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)

Fig. 16 Computed responses of nonlinear structural model and utilizing Euler flow solver.

are computed using a high-fidelity model utilizing Navier-Stokes
flow solver and a nonlinear structural model with viscous damping
to model the effect of flow viscosity on the structure. The results
are in very close agreement with the measured data. The frequency
of oscillations is predicted within 1% of the measured value. This
model also captured the PSD peaks and frequencies efficiently as
shown in Figs. 9 and 10.

In Fig. 12, the responses are computed using the nonlinear struc-
tural model and a quasi-steady linear aerodynamic model based on

Theodorsen’s theory2! This model is often effective to model aero-
dynamic forces for similar aeroelastic systems.”!> Although the
nonlinear system exhibits LCO in both the pitch and plunge degrees
of freedom, the amplitude of the plunge LCO is almost 2.6 times
that of the measured amplitude. This is another indication that the
LCO pathology is a phenomenon that is affected by both the fluid
and structure nonlinearities. The use of an unsteady aerodynamics
model (not shown) instead of a quasi-steady model did not change
the results, probably because of the very low reduced frequency,
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k=0.016. In Fig. 13, the responses are computed using a high-
fidelity Navier-Stokes flow solver and assuming a linear structural
model. As expected, due to the extensive structural pitch nonlinear-
ity of this system, the predicted responses are much smaller than
the measured data, and they even show a slightincreasingresponse.
The frequency of oscillations is 1.82 Hz, which is 35% less than
the measured value. Recall that the nonlinear structural model pre-
dicted the frequency within 1% of the measured value. In Figs. 14
and 15, the responses are computed using the same nonlinear struc-
tural model and using the Navier-Stokes flow solver. However, only
structural damping is considered in computing the responses shown
in Fig. 14, whereas no damping is considered in computing the
responses shown in Fig. 15. In both cases, the results are much bet-
ter than the low-fidelity models presented in Figs. 12 and 13. The
pitch LCO is accurately predicted. However, the case of structural
damping only produces a plunge LCO that is 2.25 times the mea-
sured value. The case of no damping is worse; the plunge LCO
amplitude is 5.36 times the measured value. This is an indication
of the importance of modeling the effect of viscous damping on the
structuralresponse even if the viscosity is modeled in the fluid-flow
model. In Fig. 16, the responses are computed using the nonlinear
structural model and Euler (inviscid) flow solver. The results show
good agreement with the measured data. However, the plunge LCO
amplitudeis higher than both the measured value and the value com-
puted using the Navier-Stokes flow model of Fig. 11. This shows
the importance of modeling the effect of flow viscosity on the un-
steady aerodynamic forces that directly affect the response of the
structure. From Figs. 14-16, we conclude the importance of mod-
eling the effect of flow viscosity in both the aerodynamic model
and the structural-dynamicsmodel. In the aerodynamics model, the
viscosity is inherited in the Navier-Stokes solution model. In the
structural-dynamics model, the damping effects of the flow viscos-
ity are included in the viscous damping terms and they are repre-
sented by the coefficients ¢, and c¢,. The viscosity effects can not
be modeled accurately if analytic aerodynamic formulations were
used.

In summary, the results of this paper clearly indicate the impor-
tance of modeling all nonlinearitiesof the aeroelastic system. In ad-
dition, the physical characteristicsof the aeroelasticsystem, such as
damping and viscous effects, should also be modeled. Even though
the cases considered in this paper are for low reduced frequency
and in the low subsonic regime, the importance of a high-fidelity
flow model is apparent. In cases of high reduced frequency, tran-
sonic flow, or shock/boundary-layerinteraction, the importance of
modeling the nonlinearity of the fluid and structure will be further
emphasized.

Conclusion

Computational and experimental investigations are conducted to
measure and accurately predict LCOs of a simple nonlinear aero-
elastic system. Linear analysis of structure dynamics response and/
or low-fidelity flow models fails to predict the LCO behavior of this
nonlinearaeroelasticsystem. A high-fidelity analysis tool that mod-
els the nonlinearity of both the fluid and structure is developed and
integratedinto the MDICE. The computationalresults of this analy-
sis tool predict LCO amplitudes and frequenciesin very close agree-
ment with the experimental data. The results indicated the impor-
tance of modeling the nonlinearities of both the fluid and structure
for the accurate prediction of LCO of nonlinearaeroelastic systems.
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