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Abstract

Flexible wing models are used to examine
aerostructuraldynamical,aeroelasticalandflight
mechanicalproblems.

Furthermorecurrentlyelasticmodelsarebe-
ing usedto validatecoupledsoftwarefor direct
simulationof flow-structure-interaction,particu-
larly in the subsonic(start, landing) and in the
transsonicregion (mid-cruise).Sufficient defor-
mation data should be madeavailable for the
wing modelswithin theoperatinglimits of there-
spective wind tunnels,without oversteppingthe
linear-elasticregionof thematerial.

For thetheoreticallayoutof theflexible, load
carrying structureof the wing models,special
software has beendevelopedunder considera-
tion of the propertiesof openandclosedbeam-
sectionsandgeometricnon-linearities(causedby
largewing deflections,following forces).

The effort taken in technicalmeasurement
(for example interface load information at the
clampingfixture,straingauges,accelerationsen-
sors,pressuresensors)to describethe staticand
dynamicstructuralbehaviour underwind-on as
well aswind-off conditionsis outlined. Further-
more, methodsof wing qualificationare elabo-
ratedon. Experimentaldata is presentedfor a
comparisonwith theoreticalresultsobtainedby
direct simulation (computationalaeroelasticity)
methods.

1 General Introduction

For aerodynamic and structural (aeroelastic) phe-
nomena often scaled configurations of original
aircraft wings are used. These investigations do
not consider preliminary the properties resp. re-
strictions of special wind tunnels. At the De-
partment of Aerospace Structures an unscaled,
high elastic wing model has been designed and
manufactored to study the aero-structural wing
behaviour and enable a validation for numerical
computations on idealized wing models. The re-
quirement of precise description of the static and
dynamic behaviour of the wing model demands
a high flow quality and a high accuracy of the
different applied measurement techniques. The
latter one is crucial under wind-off and wind-on
conditions. In this paper a methodology for the
specification, qualification and validation of high
flexible wings is presented and experimental re-
sults are given for a rectangular spar wing model.
For theoretical studies a beam like structure is as-
sumed. For the investigation of planned swept
wing wind tunnel models with closed section ge-
ometry, extended structural concepts are devel-
oped.

2 Concepts for Flexible Wind Tunnel Wing
Models

2.1 Theoretical Investigation in Structural
Concepts of Flexible Wing Models

For the preliminary analysis of the structural be-
haviour of wings beam models are often used.
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The determination of stresses and displacements
produced by axial loads, shear forces and bend-
ing moments and torsion is based on the classical
Euler-Bernoulli beam theory. The Timoshenko
beam amplifies the latter by considering displace-
ments caused by the work of shear forces. For
the investigation of non-swept open section wind
tunnel wing models (see fig. 3) the Timoshenko
beam theory has been used. Depending on dif-
ferent flow velocities the influence of geometri-
cal non-linearities together with the effect of fol-
lowing forces (see fig. 1) result in an increase of
wing tip deflection and wing tip torsion as shown
in tab. 1.

Fig. 1 Effect of Following Forces

Flow velocity [m/s] 45 65 85
Increase of
wing tip deflection [%] .35 1.38 5.81
Increase of
wing tip torsion [%] .37 .94 3.49

Table 1 Influence of Nonlinearities

Especially when dealing with closed section
wing models, used in real aircraft wings or scaled
wing models, effects like taper, restrained warp-
ing, different materials, rib effect and sweep must
be considered. For this reason an idealized wing

model has been established, which assumes a
thin-walled mono-cell wing box with parabolic
covering skin panels (see fig. 2). The wing box is

Fig. 2 Effect of Following Forces

stiffened by smeared internal and discrete corner
stringers as well as by smeared ribs, where the
latter ones are positioned normal to the spanwise
direction. The Timoshenko beam was extended
in regard to wing taper, rib effect, warping re-
straint and the effect of different materials of the
structural elements. First results are given in [5].

2.2 Design and Experimental Investigation
of a Flexible Wind Tunnel Wing Model

The high elastic wing models investigated at
the Department of Aerospace Structures differ in
some aspects from the rigid wing models, which
are normally used for wind tunnel tests. Due to
the large static deformations (particulary twist)
of the wing under aerodynamical forces, it is no
longer possible to accept these loads for a rigid
wing model in the early stage of preliminary de-
sign. This is especially relevant (regarding the
applied airfoil) for the angle of attack adjusted at
the wing root, at which the total lift of the wing
becomes zero. Furthermore elastic wing models
have to be designed in view of their dynamic be-
haviour due to the mass distribution.

The specimen introduced below is a rectangu-
lar wing model with a 1m semispan and a chord
length of 222mm, which has the same airfoil and
the same aspect ratio as the reference configura-
tion defined in the Collaborative Research Cen-
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ter (SFB401) [8] and which did not have to meet
any other criteria of similarity. It was designed
for large deformations with respect to the ca-
pabilities of the wind tunnel without exceeding
the linear elastic material behaviour of the alu-
minium wing spar. Additionally the rectangular
wing model was designed to have low eigenfre-
quencies and a low structural damping.

2.2.1 Design, Sizing and Construction

To realize these requirements of the high elas-
tic wing model, it was preferable to use a hybrid
construction in contrast to the in [7] introduced
compact construction and the in [1] introduced
construction of a shaped plate. This hybrid con-
struction can be subdivided in the different as-
semblies:

� wing spar

� ribs

� aerodynamic shape

� measurement instrumentation

For the specification of the static elastic proper-
ties it was sufficient to consider first the mechan-
ical characteristics of the wing spar (cantilever
beam). For the dynamic behaviour of the wing
model it was also necessary to take the other as-
semblies mentioned above with their mass distri-
bution into consideration.

The cross shaped wing spar shown in fig. 3
was appropriate for the elastic wing model. The
bending and torsional stiffness could be influ-
enced by a combination of width, length and
the geometry of the vertical and the horizontal
notches of the cross-shaped spar. In this way a
more or less strong coupling of the wing move-
ment (plunge, twist) was reached. A low tor-
sional stiffness was specially required to initi-
ate both high static elastic deformations under
the aerodynamic loads and close coupled eigen-
modes caused by unsteady aerodynamics.

Different material properties (steel, titanium,
aluminium) have been looked at in the design
process with respect to their influence on the

static and dynamic deformation behaviour [4].
For this first elastic wing model only metallic ma-
terials were evaluated, because of their relatively
low structural damping (hysteresis) as opposed
to (fibre-reinforced) plastics, so that the aerody-
namic damping influence became obvious.

At the Department of Aerospace Structures a
program based on the Timoshenko beam-theory
has been developed for the theoretical determina-
tion of wing spar deformations and stesses. By
a simple strip-theory approach for the aerody-
namic forces with 2D-correction [8], it was pos-
sible to fix the cross section of the wing spar as
shown in fig. 3. This spar geometry allows such
large deflections to the elastic wing model, that
non-linear geometric effects (following forces)
are not negligible any more. The aerodynamic
forces calculated for the deformed wing model
had been verified with a "Vortex Lattice"-method.
For further investigations of swept wing models,
this aerodynamic method was linked with a com-
mercial finite-element program. It predicts with
high accuracy the deformations and stresses in an
early stage of the design process. In fig. 10 and
11 the results of the iterative approximation of
the "design tool" are shown in comparison to the
wind tunnel tests and the numerical direct simu-
lation.

The wing spar mentioned above thick-
ens towards one end and is fitted to a rigid
flange, which is part of a piezoelectric 6-
components-balance for measuring the reaction
forces/moments of the clamped support. At 16
positions in spanwise direction strain gages are
applied to measure bending and torsional strains.
The cross-coupling of which is negligible be-
cause of the specific cross-shape of the spar.

An aerodynamic shape had to be found,
which causes only low changes in the elastic be-
haviour of the spar and at the same time transfers
the aerodynamic loads by means of ribs to the
spar without any local deformations (airfoil vari-
ance). 21 aluminium-ribs of appropriate profila-
tion stiffen the foam covering the spar, of which
two were prepared for the reception of in-situ
pressure transducers for the measurement of tran-
sient pressures. The spaces had been filled with
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Fig. 3 Shape of the Flexible Wind Tunnel Wing Model

polyurethane-integral-foam pieces, providing a
surface without poriosity and the proper profile.

A pair of accelerometers was each placed on
5 different span positions, for the evaluation of
the scheduled dynamic tests [6].

2.2.2 Wind-off Structural Identification

In order to evaluate the wind tunnel tests, it was
necessary to first make a structural identification
of the elastic wing model under wind-off condi-
tions. For extraction of its elastic properties the
wing model was clamped to a holding fixture de-
signed for introducing loads as well as integra-
tion of distance measurement techniques. It al-
lows both the loading of a shear force resp. a
pure torsional moment and the non-contact three-

dimensional measurement (laser-optical triangu-
lation) of an arbritrary number of points on the
wing surface. By means of this device it was
possible to evaluate the elastic line of the wing,
which approximately coincides with the elastic
line of the spar. Furthermore the stiffness matri-
ces in bending and torsional direction were eval-
uated (tab. 2).

Flap Bending Lag Bending
���

Torsion

5 � 864 � 108 2 � 178 � 1010 1 � 4133� 108���
calculated stiffness

Table 2 Measured/Calculated Stiffness of the
Flexible Wing Modell inNmm2

Apart from this information essential for the
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numerical simulation, a calibration of the strain
gages was done concerning the section moments
as well as the deflection and the twist.

A software based on the phase separation
technique was used for the total determination of
the wing models eigenmodes. The wing model
was excited by the impact method and the modal
structural parameters (eigenfrequency, eigenform
and damping) in a frequency range up to 300Hz
were determined by using internal accelerome-
ters (tab. 3).

Wing Model’s Eigenfrequencies [Hz]
1st Bending 2nd Bending 1st Torsion

test 8.82 54.05 49.67

Table 3 Measured Eigenfrequencies

Along with the mass matrix composed by su-
perposition of the discrete masses it was possi-
ble to take this information to control the imple-
mented wing model’s properties in the simula-
tion.

To specify the wing model’s properties, data
was transferred to the simulation taking into ac-
count the shape (airfoil, outline of the wing)
the measured flap-bending and torsional stiffness
matrices, the measured mass matrix as well as the
calculated lag-bending stiffness.

2.2.3 Wind Tunnel Testing

The first step in testing highly elastic wing mod-
els must be the determination of the root an-
gle of attack of zero-lift depending on the flow
speed as reference item determined by the piezo-
electric balance. The moment of the here used
non-symmetric BAC 3-11 airfoil twists the wing
model proportionally to the dynamic pressure.
This also appears if the total lift is vanishing. In
order to keep the total lift of the wing equal to
zero while increasing the flow speed it also neces-
sitates increasing the angle of attack at the wing
root (fig. 4). At the inner section the flexible wing
model produces positive lift which is balanced by
the negative lift in the outer section of the wing.

Fig. 5 shows the elastification of the wing
model by the given experimental boundary con-

Fig. 4 Angle of Attack of Zero-Lift vs. Flow
Speed

dition powering up and down the wind tunnel
continously. This phenomenon is typical for high
elastic wing models during static aerodynamic
investigations and can be explained as follows:

The overall lift force increases at first, until
the wing is twisted at higher flow speed so much
that the lift force decreases down to (approxi-
mately) zero. The small lift force of about 1N left
in fig. 5 is caused by the limited adjustment of the
angle of attack. It doesn’t allow adjustment to the
exact angle of attack with vanishing total lift.

Fig. 5 Zero-Lift atV∞ � 65m� s (αw �	� 1 
 33� )

Starting with the measured angles
of attack of zero-lift wind tunnel tests
were done at different angles of attack
(∆αW � �
� 2 � 2 � 4 � 6 � 8� � ) at the respective
flow speeds (V∞ ��� 25� 35� 45� 55� 65� m� s). The
angle of attack∆αW represents the difference
between the angle adjusted at the wing root and
the angle of attack of zero-lift measured at the
respective flow speed. It was ascertained , that no
flow separation occurred in the investigated field
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of angles of attack, even regarding the elastic
deformation of the wing model.

The wind tunnel available in Aachen is a
closed loop atmospheric wind tunnel with an
open test section. Due to this configuration the
high turbulence level excited the high elastic
wing model to acyclic vibrations of relevant am-
plitude. This caused in all measuring signals a
superposition of the static value with a high dy-
namic response and thus complicated the analy-
sis of the steady state flow tests. The analysis of
the dynamic tests (twang tests) was made impos-
sible by the high signal-to-noise ratio. On this
account new tests took place in the DNW–LST
of the NLR in Emmeloord, a closed loop atmo-
spheric wind tunnel with a closed wall test sec-
tion. Thanks to its proven low turbulence level
the problem of the wing vibrations was elimi-
nated. There appeared no more visible movement
of the elastic wing model and the measuring sig-
nals were only disturbed by a low signal-to-noise
ratio.

The signals of the bending and torsional
strain gages, the reactions of clamped support
and the pressures in one airfoil section were
recorded at all tests with a sample rate of 600Hz.
The data collected from the strain gages allows to
analyse the spanwise deformations and the sec-
tion moments in view of the gage calibration.
To verify the indirect evaluation of the defor-
mations several twice-exposed photographs were
analysed, on which the elastic wing model is pic-
tured with and without incoming flow (fig. 6).
Analysing these photographs might help to de-
termine the deflection and the twist at the wing
tip.

Apart from the tests under steady state flow
conditions some twang tests were done at dif-
ferent angles of attack (∆αW ��� 0 � 6��� ) and flow
speeds (V∞ ��� 25� 35� 45� 55� 65� m� s) for the pur-
pose of the extraction of the damping characteris-
tic under wind-on conditions. Additionally it was
made possible through the twang tests the valida-
tion of the time-dependent behaviour of the mod-
eling by the numerical simulation.

After determining that the structural mod-
elling (stiffnesses, masses, eigenfrequencies,

Fig. 6 Flexible Wing Model under Wind-
off/Wind-on Conditions

Fig. 7 Numerical Simulation (V∞ � 65m� s,
αW � 6 � 93�

modal damping) and the aerodynamic boundary
conditions (geometry, airfoil, flow speed, air den-
sity) for the numeric simulation corresponded to
the conditions during the wind tunnel tests, the
test results were compared step-by-step to the nu-
merical simulations (fig. 8). If necessary, they
had to undergo an error analysis at wide differ-
ences. The dotted boxes "dynamic" and "success-
ful validation" indicate topics which are not yet
finished.

In chapter 3 the final result of this validation
is presented by some randomly selected exam-
ples.

2.2.4 Numerical Simulations

For the numerical direct simulation the SOFIA

code is used in which higher order programs
for the aerodynamics and the structure dynamics
are coupled. For the flow analysis of the avail-
able calculations the implicit Euler-method IN-
FLEX was used, alternatively the utilistion of the
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Fig. 8 Schedule of the Validation

Navier-Stokes-method FLOWer would be possi-
ble. For the structural analysis a reduced one-
dimensional FE-beam-model is used. There-
fore a Timoshenko-beam with arbitrary oriented
axis of bending stiffness, torsional stiffness and
mass inertia is applied under assumption of a
rigid aerodynamic cross section. Within the code
SOFIA the coupling was realised iteratively in
such a way that the structure’s new velocity and
deformation conditions can be calculated, based
on the previous time step, and with it the new
aerodynamical loads. This procedure will be re-
peated for the current time step until convergence
is achieved. A detailed description of this method
is given in [2, 3].

3 Results

The first step in the validation process was to ver-
ify the effect of elastification by the numerical
simulation, as the main static elastic and aero-
dynamic effects of the flexible wing model be-
come visible by this phenomenon (fig. 4). The
phenomenon of elastification also becomes obvi-
ous in the numerical simulations, but the results

differ more at lower flow speeds. The reason is
probably numerical errors, which appear at small
forces and deformations.

In the following step both the reactions of
clamped support measured with the piezoelec-
tric balance and the elastic deformations were ex-
perimentally determined and compared with the
respective numerical simulations. At this point
the elastic deformations were extracted indirectly
from the calibrated signals of the bending-strain
gages. The comparison of fig. 6 and fig. 7 il-
lustrates the good qualitative correspondence be-
tween the experiment and the numerical simula-
tion.

Here are given the results of the test atV∞ �
45m� s and∆αW � 08� measured in DNW–Low-
Speed-Tunnel (LST) in Emmeloord representa-
tive for the large number of tests under varying
flow conditions, compared to the numerical re-
sults. The following diagrams show that the devi-
ations between the numerical simulation and the
experiment are in the scope of the measurement
inaccuracy.

Lifting Force Torsional Moment
test num. test num.

204� 30N 212� 97N � 4 � 03Nm � 3 � 72Nm

Fig. 9 Responses at Clamped Support atV∞ �
45m� sandαW � 6  6�

Fig. 10 Deflection Line of the Flexible Wing
Model
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Fig. 11 Twist Distribution of the Flexible Wing
Model

The good results of the measured and the cal-
culated deformations, become also obvious com-
paring the measured and the calculated pressure
coefficients in the airfoil section at 50% semispan
as shown in fig. 12.

Fig. 12 Pressure Distribution at 50% Semispan

A comparison of the dynamic wind tunnel
tests (twang tests) is presently being investigated.
For example the decaying oscillation of the 1st
bending mode is shown under the flow conditions
V∞ ! 45m" s andαW ! 6# during the twang test
(fig. 13). One identifies the strong decaying oscil-
lation of the 1st bending vibration (8$ 9Hz) super-
imposed by at least one vibration of higher fre-
quency and large amplitudes.

Fig. 13 Twang Test, Excited at the Wing Tip

4 Conclusion and Outlook

The good agreement of the results to the numeri-
cal simulations of all tests seems to indicate that
the identification of the properties of the flexible
wing model was of high quality. Further on the
flexible wing model was proved to be qualified
for the scheduled wind tunnel tests and was able
to fulfill the predetermined requirements entirely.

It remains to be seen at the validation of the
time-dependent behaviour (e.g. twang tests) of
the flexible wing model, whether concerning the
dynamic behaviour similarly good results will be
archieved. The structural modal parameters of
the flexible wing model required for the numeri-
cal simulation and part of the twang tests are al-
ready evaluated.

Presently a swept wing model is planned in
approximation to the shape of a commercial air-
craft, which however will have a spanwise con-
stant chord lenght. The purpose of this like-
wise highly elastic wing model will be the correct
specifcation of the effects of the bending-torsion
coupling in the design stage, the identification
of these effects under wind-off conditions and fi-
nally experimental investigations in the wind tun-
nel. For the wind tunnel tests a contactless direct
measurement of the deformations using laser or
picturing methods (interferometry) will supple-
ment the indirect evaluation of the deformations
using calibrated strain-gages. In addition the re-
sults of the wind tunnel tests with the new swept
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wing modell will give a further validation of the
method of the numerical direct simulation.
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