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Abstract

A series of windtunnel experi-
ments conducted in the Transonic
Windtunnel Géttingen (TWG) al-
lowed the observation of Limit-
Cycle-Oscillations of a backwards- Figure 1: Aerostabil model inside the TWG
swept, clean wing for a certain

transonic parameter range. As

additional feature the Aerostabil 1 INTRODUCTION

wing model shows cambering ef-

fects, which have a strong influence In 2001/2002 measurements have been

on transonic aerodynamics. performed with the so-called Aerostabil
wing (model B). The aim of the experi-

This paper is following [13] and ments was the investigation of the static

in more detail [14]. In these re- and dynamic behaviour of an elastic wing

ports first simulation results em- under transonic aerodynamic loads [3].

ploying computation fluid dynam-

ics (CFD) and detailed computa- The Aerostabil wing has 0.601m span,

tional structural mechanics (CSM)
of the AEROSTABIL experiment
have been shown. But the struc-
tural modelling has been limited
to one dynamic degree of freedom.
In this paper the structural rep-
resentation is expanded to 2 dy-
namic degrees of freedom which al-
low a better agreement to the ex-
perimental data. The LCO mech-
anism is hereby confirmed: Strong
shock movement leads to aerody-
namic nonlinearities.

wind-off-s-t;te

Figure 2: Aerostabil wing in LCO state
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Figure 3: Aerostabil wing sketch:
3 pressure tab sections:
- upper side: 18/18/15 kulites
- lower side: 16/14/12 kulites
acceleration sensors S6 and S7
(Cut at y = 0.5m used as simulation
analysis section only)

an aspect ratio of 3.68, 32° leading-edge
sweepback angle and is composed of su-
percritical airfoils. As materials glass and
carbon fibre composites have been used.
The measurements in the TWG have been
performed for Mach-numbers between 0.5
and 0.89 and Reynolds-numbers from 0.7 -
10° up to 2.2 - 10°. The LCOs were mea-
sured for Mach-numbers at about Ma =
0.87 and angles of attack of 2.7°. The fre-
quencies of the LCOs are approximately
50Hz.

The basic equipment of the model can be
observed in Figure 3. The sketch shows
the three pressure measurement sections
and additionally two acceleration sensors
which are used in the comparisons be-
tween simulation and experiment in the
sections below. Additionally a cut at
y = 0.5m is plotted. This cut does not
have any pressure measurement devices,
but is used in the upcoming studies as ob-
servation cut of simulation results. This
is necessary since for the expected simula-
tion result the most important part is the
outer-wing area.

After introducing the used methods for
the static and dynamic investigations
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Figure 4: CFD-model including windtunnel walls

including the classical p-k-method for
stability computations and time-domain
LCO simulations, it is reminded about
the structural features of the windtunnel
model and the steady flow conditions in
LCO vicinity in Section 3. Afterwards
the results of a two dynamic two degree-
of-freedom system are show. Section 4
shows the flutter result and their compar-
ison the measured stability ranges, while
the Section 5 presents some limit-cycle-
oscillation results.

2 NUMERICAL METHODS

This section presents the employed nu-
merical methods.

The static CFD-CSM computations are
either performed with a linear or a non-
linear structural model. While the linear
model is used in generalized coordinates
(with a sufficient number of modes), the
non-linear computations are performed by
calling NASTRAN with the SOL 400 solu-
tion sequence. This solution covers struc-
tural nonlinearities by stepwise updat-
ing the structural stiffness matrix. The
method included differential stiffness and
geometric non-linear effects, see [9].

The unsteady computations are always
performed with a generalized structural
model. These time-domain simulations
are performed with a Newmark time in-
tegration, [1, p. 322], while the frequency
domain equations are solved with the p-k-
method shown in [6]. The aerodynamics
is in both cases computed with CFD. For



the time-domain computations the struc-
tural solver and the CFD solver are al-
ternated stepwise in a weak-coupled pro-
cedure, while for the frequency-domain
analysis the Pulse-method as seen in [11]
is applied.

As aerodynamic CFD solver the DLR
TAU-code is applied to solve the steady
and the unsteady Reynolds Averaged
Navier Stokes (RANS) equations [5]. This
finite-volume code employs the LUSGS-
scheme for steady and the 2"¢ order dual
time-stepping for unsteady computations,
see [4,7]. For the presented simulations
central flux and scalar dissipation are
used. As turbulence model the Menter
SST model is applied, see [8].

The coupling of structural and aerody-
namic model is performed with radial-
basis function interpolation, coupling the
surface of the structural model to the sur-
face of the CFD-mesh, see [2]. The cre-
ated coupling matrix guarantees virtual-
work conservation for the time-domain
simulations and can also be used for the
eigenmode-interpolation necessary for the
frequency-domain simulations.
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Figure 5: Shell model, deformed in first bending
mode

The method to deform the CFD-mesh is
also using radial basis function interpola-
tion. To optimize the performance only a
limited number of base-points are used for
the interpolation. Therefore in a second
deformation step the surface interpolation
error is eliminated with a nearest-surface-
neighbour correction method as proposed
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in [10].
3 REMINDER: STRUCTURAL
FEATURES AND STEADY

FLOW CONDITIONS

As already presented in [12] the Aerosta-
bil wing airfoils camber under load in an
order of magnitude which cannot be ne-
glected. Figure 6 shows a comparison of
aerodynamic results with and without air-
foil deformation. It shows clearly the im-
portance of detailed structural model to
cover the steady aerodynamics. Therefore
a detailed structural model is the key for
CFD-CSM simulations. Figure 5 shows
the structural model in the first bending
mode.

Self-evident the detailed structural mod-
elling is also mandatory for the flow set-
tings at LCO conditions. Figure 7, which
has already been shown in [13], should
give an overview about the flow features
at these conditions. The pressure plots in-
dicate a two-shock system, while the skin-
friction lines show a strong separation
downstream of the second shock. These
flow features are present for all LCOs
analysed in this document.

4 STABILITY INVESTIGATIONS

As starting point for the LCO investi-
gations, unstable flow settings should be
validated with a classical flutter analy-
sis before starting time-consuming time-
domain computations. Since the aerody-
namic model is computed with the Pulse
method, only unsteady linear acrodynam-
ics are covered. Hence the possibility of
so called "bad flutter’ is neglected. This
means that no reduction of damping with
increased motion amplitude is expected.

The damping results are compared with
measured displacement amplitudes, which
have been integrated from the available
acceleration sensors. As frequency the
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Figure 6: Pressure comparison beam FE-model and shc:sll FE-model results for Mach number Ma = 0.819,
Reynolds number Re = 1.33 - 10° and angle of attack o = 0.0°
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Figure 7: Pressure coeflicient and skin-friction lines, two different Mach-numbers, Re=1.69-10°, a = 2.7°

dominating frequency from the accelera-
tion sensor signals is used.

The unsteady Pulse computations use the
resulting deformation of a static CFD-
CSM computation as boundary condition.
For the computation of the steady flow
solution a linear and a non-linear struc-
tural model is used. The structural in-
put modes for the Pulse computation are
also differing. The linear analysis used
the eigenmodes of the unloaded struc-
tural model, while the non-linear analysis
used the modes of an eigenvalue analy-
sis in the non-linear deformed structural
condition. The unsteady aerodynamics
of different frequencies are then used in
the p-k-method to compute the damp-
ing ratio D and the reduced frequency

k=2mfcres/Vres-

The first investigation is performed for

(b) Ma=0.8844

a Mach-number range between Ma =
0.8495 and Ma = 0.8844, but a constant
angle of attack a = 2.69° and Reynolds-
number Re = 1.69 - 10°.
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plitude and dominating frequency from
experiment (exp)



Figure 8 shows the results of these two
types of simulations. Both methods show
an unstable range, but only the unsta-
ble range for the non-linear structural
model fits perfectly to the measured un-
stable Mach-numbers. The main reason
for this behaviour is the difference in the
steady flow features. Figure 9 compares
the steady pressures for the two methods
combined with the airfoil cambering. It
can be seen that a small change in cam-
bering leads to noticeable changes in the
steady pressures. For comparison reasons
steady pressures have also been computed
for an aerodynamic surface deformed with
the result of a non-linear structural com-
putation which has used the aerodynamic
loads of the linear CFD-CSM computa-
tion as input. This shows that the CFD-
CSM loop itself has no influence on the
cambering.

The difference in frequency in Figure 8
between the simulations and the experi-
ment can be explained with around 3Hz
difference of the first bending eigenmode
between structural model and measured
eigenfrequencies from a ground vibration
test.

Figure 10 compares the unsteady pres-
sures based on the steady computations
with the linear and non-linear FEM to
the experiment. Most important in these
plots are the differences between the two
simulations. They show larger differences
especially for the most important outer
cut. Also the cut at y = 4.05m shows
a slightly better result for the simulation
with non-linear FEM.

Figure 11 shows the flutter results for
a dynamic-pressure study at constant
Mach-number. Also here a very good
agreement to the experiment can be ob-
served.

So altogether four different unstable ex-
perimental points can be used for LCO
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simulations.
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Figure 11: Damping and frequency of p-k-
method for dynamic pressure range
for constant Mach-number, Ma =
0.8646, compared to acceleration sen-
sor 6 displacement amplitude and
dominating frequency from experi-
ment (exp)

5 LCO ANALYSIS

Section 4 has revealed different flow condi-
tions which allow to perform time-domain
flutter simulations. All these simulations
reveal limit cycle oscillations. In this pa-
per the focus is set to the LCO with the
best agreement to the experiment. This
is the LCO for Mach-number Mach =
0.8646 and dynamic pressure ¢ = 17.7-103
Pa.

Figure 12 shows the displacements of sen-
sor 6 for two time-domain simulation.
The simulations have been started with a
start disturbance fitting to the experimen-
tal values. As one can see, the simulation
with dynamic pressure ¢ = 17.7 - 10Pa
has almost not changed its amplitude any-
more.

Figure 14 shows mean steady and un-
steady pressures for the selected LCO
state for the linear, frequency-domain in-
vestigation aerodynamics and the LCO
aerodynamics.  The outer cut shows
strong differences in the magnitude. The
sharp shock peak from the unsteady lin-
ear aerodynamics is flattened due to
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Figure 9: Steady pressures and cambering for Ma = 0.8793, Re = 1.69 - 10° and o = 2.69°
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that the upstream shock changes its en-
ergy input to the wing strongly with in-
creasing amplitude. This reduction of en-
ergy input explains the occurrence of limit
cycle oscillations and has prevented the
windtunnel experiment from a destructive
incident.

displacement sensor 6 [mm]

(a) ¢ =17.7-10° Pa 6 CONCLUSION

ex;

This paper showed the high accuracy
which can be reached with nowadays sim-
ulation methods in the field of transonic
aeroelasticity. ~ Therefore the detailed
analysis of the AEROSTABIL limit-cycle
oscillation experiments by means of high
fidelity simulations has been shown. As
already seen in previous publications the
key to understand this experiment is the
detailed structural model, which shows a
strong influence of cambering on the tran-
sonic aerodynamics. In the LCO region
additionally strong separation increases
the demanding flow complexity. Never-
theless the simulations allowed to accu-
rately predict the unstable experimental
points. This was the requirement to per-
form limit cycle oscillation simulations.
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(b) ¢ =18.0-10° Pa

Figure 12: Displacement of acceleration sensor 6
in simulation and experiment vs. time
for Mach = 0.8646 and different dy-
namic pressures ¢

strong shock movement. Overall a very
good agreement to the experiment can be
found.

The unsteady work per cycle is shown
in Figure 13. The plot compares the
aerodynamic work of the linear frequency-
domain aerodynamics to the time-domain
LCO aerodynamics. This plots shows,

In this connection the measured limit cy-
cle amplitudes can also be discovered in
the simulation with a satisfying accuracy.
The non-linear mechanism to explain the
limit cycles are strong shock movement in
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Figure 10: Steady pressures and unsteady pressure transfer-functions displayed in real and imaginary
part for Ma = 0.8793, non-linear vs. linear steady CFD-CSM solution as input, Re = 1.69-10°

and o = 2.69°

the outer-wing area.
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