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Design and qualification of a winglet with a high speed
oscillating active control surface for aeroelastic wind tunnel
experiments under cryogenic conditions

C. Buxel A. Dafnis H.-G. Reimerdes

Abstract Within the frame of the Aero-Structural
Dynamics Methods for Airplane Design (ASDMAD)
transfer project wind tunnel experiments are carried
out employing a flexible semi-span wing model. The
wing model is retrofit with two different winglets, in
order to investigate the unsteady aero-structural inter-
action. The wing model is actively excited in its modal
shapes using piezoelectric actuators located in the wing
root. The experiments are performed at Reynolds and
Mach Numbers typical for large passenger aircraft in
cruise flight at the European Transonic Windtunnel
(ETW). The first configuration is a rigid, conventional
winglet, while the second one is equipped with a trail-
ing edge control surface. This control surface can be
quasi-statically deflected, as well as excited at high fre-
quency using in-situ piezoelectric actuators. This simul-
taneously aims at local aerodynamic trimming and ac-
tive excitation or suppression of modal responses. The
final design of the in-situ Active Control Surface (ACS)
is a compromise between contradicting demands includ-
ing the temperature range (cryogenic to room tempera-
ture), limited available space, necessary power output,
strength and stiffness. Further contribution factors in-
clude implemented instrumentation, feasibility and con-
trol equipment. This paper presents on the development
of this winglet in detail, including design, sizing, man-
ufacturing and qualification.
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1 Introduction

The transfer project ASDMAD (Aero-Structural Dy-
namics Methods for Airplane Design) is a cooperation
between Airbus Operations GmbH and RWTH Aachen.
Both partners fund this transfer project in equal shares,
with Deutsche Forschungsgemeinschaft (German Re-
search Foundation, DFG) funding RWTH Aachens
share. The ASDMAD project succeeds the HIRENASD
(HIgh REynolds Number Aero-Structural Dynamics)
research project conducted within the framework of
the collaborative research center 401 (Flow Modulation
and Fluid-Structure Interaction at Airplane Wings)
and completely by DFG [2].

During the HIRENASD project RWTH Aachen de-
signed, constructed and manufactured a flexible, ac-
tively excited semispan wing model for steady and un-
steady experiments in the European Transonic Wind
Tunnel (ETW) in Cologne [3]. These experiments fo-
cus on aero-structural dynamic investigations under
flow conditions typical for large passenger aircraft in
cruise flight [4]. To obtain this at the model scale of
1:28 temperatures down to 120K and high pressure up
to 4.5 bar are necessary. In order to simultaneously
acquire both aerodynamic and structural information
a comprehensive instrumentation is implemented.

2 Research field of the transfer project
ASDMAD

The transfer project ASDMAD experimentally inves-
tigates the impact of winglets on the steady and un-
steady aero-structural interaction of a flexible, semi-
span wing model in a transonic flow. For this purpose
the HIRENASD wing model is retrofit with two dif-
ferent wing tip devices. The first conventional winglet
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Fig. 1 Wing model with active control surface in wind tunnel

Series Status Control Temperature Reynolds Load q/E Mach Number
Surface K] Number
la Active 283K 7.1-108 0.22-106 0.75 - 0.85
1b " 120K 23.5-106 0.22-10~6 0.80 - 0.92
2a Locked 0° 120K " 0.22-106 "
2b " 160K " 0.34-10—6 "
3a Locked —5° 120K " 0.22-106 "
3b " 160K " 0.34-10- "
3c " 205K " 0.48-10~6 !

Table 1 Test program at ETW. Each Series included instationary experiments with active excitation (wing root and/or ACS)

and stationary experiments (ageo = —2°to + 6°).

is designed to improve the overall aerodynamic perfor-
mance, reducing wave drag and avoiding local flow sep-
arations with respect to load limitations of the wing
model [7]. The second winglet employs an Active Con-
trol Surface (ACS) at the trailing edge of the winglet;
investigating both trimming possibilities under steady
state transonic aerodynamic conditions and effects an
ACS excited at high frequency have on the wing mod-
els mode shapes (see figure 1). Hence, new wind tun-
nel testing techniques are introduced, by developing a
in-situ deflection/excitation mechanism able to oper-
ate under cryogenic conditions. Besides observation and
registration of aeroelastic phenomena, data for valida-
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tion purposes of direct aero-structural simulation codes
is amended to the HIRENASD data.

3 Description of the HIRENASD half wing
model

The collaborative research center provides the elastic
semispan wing model from the HIRENASD Project.
Within this project the wing is designed, constructed,
qualified and tested in ETW [1,3,8,9]. The basic con-
figuration shows figure 2. The SFB 401 reference con-
figuration with 34° leading edge sweep and 3 sections,
which is typical for large transonic transport aircraft,
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is applied at a scale of 1:28 to this wing. This leads to a
semispan of 1293.93 mm with 344 mm mean chord. The
BAC 3-11/RES/30/21 [10] airfoil has a 11% thickness
to chord ratio which increases linearly at the inner sec-
tion to 15% at the wing root.

The wing model is designed to allow large deforma-
tion resulting in noticeable fluid-structure interaction
effects with low and well separated mode shapes to ob-
tain weak modal coupling [9]. The whole test set up is
mounted at the ETW model cart (see figure 3). The
main components are the piezoelectric 6-components
balance, the wing root excitation mechanism [8] and
the wing model with new exchangeable wingtips.

The fuselage is not mechanically connected to the wing
model and only serves as barrier for the top wall bound-
ary layer towards the wing model. A labyrinth sealing
prevents cold gas from flowing into the heated enclo-
sure. Thermal heaters attached to the excitation hous-
ing form a temperature barrier between the cryogenic
flow and the heated enclosure, which is heated up to
room temperature. The piezoelectric 6-components bal-
ance is specifically designed and manufactured to meet
the requirements of the HIRENASD project [8]. It is
extraordinary stiff to show minimum deformation un-
der static loads and its dynamic behaviour is tailored to
avoid modal coupling with the wing model. The forces
are measured with a set of four 3 dimensional piezoelec-
tric, mechanically preloaded sensors with a measuring
threshold of less than 1N (see figure 3).

The figure also shows the wing root excitation mech-
anism consisting of 4 piezo actuators and the corre-
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Fig. 2 HIRENASD wing model geometry with marked re-
moved wing tip

sponding pivot arrangement [9]. The whole test setup
is equipped with a comprehensive instrumentation. 240
in-situ pressure transducers are arranged in six cross
sections and the winglet. Furthermore, 12 internal ac-
celerometers and 6 accelerometers glued at the excita-
tion housing and piezoelectric balance allow the models’
dynamic response to be recorded and the relevant mode
shapes to be decomposed with adequate accuracy. Ad-
ditionally, 20 strain gauges and 14 temperature sensors
are installed.
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3.1 Retrofit the HIRENASD wing model with a
mechanical interface

The original HIRENASD wing model is designed to be
tested only with its planar wing tip. Thus, the structure
is not prepared for an exchangeable mechanical inter-
face. As a results, within the ASDMAD project a me-
chanical interface configuration has to be found which
holds both winglets. The design point of the mechan-
ical interface is: Mach Number 0.80, Reynolds Num-
ber 23.5-10% and an angle of attack of 2°. Aeroelastic
predictions at this point show an increase of transverse
force of approx. 6% and bending moment of approx. 8%
in comparision to the planar wing tip. This means three
major task have to be solved: First, based on the exist-
ing structure of the wing model, an appropriate inter-
face design has to be developed applying stress analysis
and considering a smooth stiffness transition in span-
wise direction from wing model to winglet. Secondly, re-
maining critical spots (including stress concentrations)
have to be identified and attenuated by restricting aero-
dynamic parameters. Finally, the screwed fastening of
the interface with the wing model have to be analysed
and verified under the environmental conditions pre-
vailing at ETW. The mechanical interface ultimately
ranges from 85% to 91% of the semi-span of the HIRE-
NASD wing model. Two rows of four screws each are
used as fasteners. Further details are presented in [7]
and figures 4 and 5 show the final interface.

4 Winglet with Active Control Surface (ACS)

4.1 Geometry of the winglet and the Active Control
Surface (ACS)

For the second part of the ASDMAD project the
winglet with ACS outer shape was designed using
CAGD techniques (Computer Aided Geometric De-
sign) [5].

The winglets basic design feature is a 40° upward
bend wingtip, which spanwidth is extended to maintain
the original HIRENASD spanwidth. The leading edge
sweep is enlarged from its original 34° to an additional
10° in order to improve the aerodynamic performance
with respect to reduced flow separation [6]. Which is
a compromise between aerodynamic performance and
available space for the excitation mechanism (see fig-
ure 4). As far as necessary all aero-structural-dynamic
predictions are performed with the aeroelastic software
package SOFTA, developed and used by the Chair for
Computational Analysis of Technical Systems (CATS),
RWTH Aachen University.

The control surface shall be able to excite the wing
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Fig. 4 Winglet outline shows 40° upward bend wingtip, 10°
additional sweep and active control surface (ACS)

model in its first bending mode (25 — 30 Hz). Aeroelas-
tic calculations are applied to determine the required
size and shape. The final control surface has a span
width of 72.5mm and a chord, linearly decreasing in
wing tip direction, of 38 mm to 28.3 mm (see figure 4).

4.2 Requirements for ACS actuator mechanism

The wing model with the winglet is tested at the Eu-
ropean Transonic Windtunnel (ETW) in Cologne. At
ETW Mach number, Reynolds number and aerody-
namic load factor q/E (dynamic pressure / Young’s
Modulus) can be varied independently. During the AS-
DMAD wind tunnel tests 3 configurations are tested:
Series 1 with active ACS, Series 2 and 3 with locked
ACS at 0° and —5° (deflected inward/upward). Each
Configuration is tested at different Mach numbers and
load factors while the Reynolds Number was mainly
held constant at 23.5-10° (see table 1). Series 1a with
a Reynolds Number of 7.1-10° was performed as first,
relatively cheap test at room temperature to obtain
first experience with the ACS. This included both the
experimental application flow and the ACS itself.

Consequently, the ACS actuator mechanism must be
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operational in a large temperature range from 110K to
300K. This fact limits the use of lubricants and stan-
dard electronic components. Furthermore, all selected
materials have to be checked for temperature strain
and the resulting interactions between the different
components.

In order to lock the ACS at two positions a locking
mechanism is required, allowing both 0° and —5° as
well as a free ACS.

Finally, the design has to take into account the lim-
ited available cavity inside the wing model and the
feasibility. the feasibility.

4.3 Design loads on ACS

A-priori aeroelastic simulations show, considering a +-5°
deflection of the ACS, that the aerodynamic hinge mo-
ment of the ACS would reach 0.5 Nm and a resulting
aerodynamic transverse force of 60 N. Although later
simulations indicate a +2° deflection of the ACS is suf-
ficient to excite the wing model, the +5° deflection of
the ACS is applied as design parameter, in order to
have a margin for unexpected effects. Inertia forces of
the ACS have to be considered at an oscillation fre-
quency of up to 30 Hz and can easily excess the aerody-
namic forces and moments by a factor of four. Based on
the data of prior experiments at ETW with the wing
model an acceleration of 520m/s? is considered as con-
tribution factor on the load estimations of the bearing
of the ACS. The aerodynamic forces on the rest of the
winglet were not critical and can be carried from the
outer shell without inner reinforcements. This results
identify as critical design features the actuator and the
bearing of the control surface. From this results the ac-
tuator and the bearing are identified as the critical de-
sign features and further detail is given in the following
sections.

4.4 Selection of an appropriate actuator for the ACS

The design of the actuator for the control surface is the
main challenge of this project, since available space is
very limited, the necessary output power is high and a
great temperature span has to be covered. The loads on
the ACS as described in section 4.3 along with the envi-
ronmental conditions (see section 4.2) significantly in-
fluence all design decisions. The first decision concerns,
in general terms, the method of converting electrical en-
ergy to mechanical energy driving the ACS. Piezoelec-
tric actuators are an obvious choice, because they have
a good energy conversion density and work, with about
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30% power decay, at cryogenic temperatures. Other-
wise, piezoelectric actuators are sensible to forces and
moments perpendicular to their working direction (i.e.
inertia forces). Another typical characteristic of piezo-
electric actuators is their behaviour regarding stroke
and force. Piezoelectric actuators are typically charac-
terised through their free dutystroke and their maxi-
mum block force, but only one thing can be used at
a time. For instance maximum force with no stroke or
maximum dutystroke with no force. In order to gain a
maximum power output piezoelectric actuators have to
be used with half maximum force and half maximum
stroke. To achieve this a soft spring (typically less than
5% of the piezoelectric actuators stiffness) is usually
used to preload the piezoelectric actuators.

4.5 Transmitting the mechanical energy to the ACS

The piezoelectric actuators can be positioned either in
the wing or in the winglet. The first alternative offers
a larger available space for the piezoelectric actuators,
which increases the available power in terms of force
and stroke. The distance to the ACS requires a trans-
mission able to bridge the gap between piezo actuators
and ACS in the winglet. A hydraulic drive has been
considered, but realizing proofed virtually impossible
due to the lack of hydraulic fluids allowing the required
operating temperatures. Another design applies a lever
construction to convert stroke and force as required.
A detailed study shows, that the elasticity of the in-
dividual components and their interfaces (e.g. pivots,
contact surfaces) result in an ineffective system, which
at certain conditions may not work at all.
Consequently, the whole mechanism is placed in the
winglet as close to the control surface as possible,
although this decision leads to a decreased available
cavity. The ASDMAD winglet with ACS only offers a
cuboid of 7 mm height, 50 mm width and 95 mm length.
Furthermore, pivots are omitted whenever possible.
Since power generation of piezo actuators is linear de-
pendent on its volume, as much volume as possible has
to be used for the piezoelectric actuators.The cuboids
available length allows a piezoelectric actuator with
a free stroke of about s, = 100pm at room temper-
ature. At cryogenic temperatures it degrades about
30% (df = 0.7) and maximum power output of the
actuator is reached, if operated at 50% of maximum
stroke. This stroke and the corresponding force have to
be converted to a combination suitable for actuating
the ACS. The control surface is driven by a push/pull
rod, which was clamped between both control surfaces
parts. This divides the overall transmission into two
parts (1. lever arm at ACS; 2. transmission from piezo
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actuator to lever arm). The push/pull rod with its lever
arm [gg towards the axis of rotation requires a suitable
combination of force and stroke. On the one hand a
longer lever arm requires less force and is less sensible
towards fabrication tolerances, on the other hand a
larger transmission ratio from the piezo actuators to
this interface is required. In short, a compromise with
the longest possible lever arm considering the achiev-
able transmission form the piezoelectric actuators has
to be found. A lever arm of lcg = 2.5mm is selected
and based on this configuration the required maximum
input force (F) and stroke (s) can be calculated from
the aerodynamic Moment (M = 0.5 Nm) and the lever
arm as:

M
F=_—

F=200N
les

=

(1)
whereas the required stroke (s) is:

= s = 0.434 mm

(2)

So the output stroke of the transmission needs to be s =
0.434 mm. This leads to a required transmission ratio
() from the piezoelectric actuators to the push/pull rod
of:

s = lgg - stn10°

. S
'T 055, df )

Additionally, the transmission has to fit into the cuboid
and allow the piezo actuators to fill as much volume as
possible to reach the necessary force, which is roughly
linear dependent on the piezoelectric actuators cross
section.

1=124

4.6 Applying the X-Frame as transmission

Applying the well known rules of lightweight design
each element carries forces most effective, if it is loaded
with push-pull forces. A concept fulfilling all these as-
pects is the so called X-Frame [12,11]. Additionally
it only generates bearing reactions opposite of the
useful forces, thus avoiding mounting difficulties. The
piezoelectric actuators generate large forces, which are
mainly push-pull loads onto the beams of the mech-
anism. Additionally, the piezoelectric actuators are
supported perpendicular to their working direction and
thus attenuating their vulnerability to inertia forces in
that direction ,due to wing tip oscillation.

This concept is applied under the restrictions of the
available space, in particular the small height and the
required transmission ratio. In order to maximize the
piezo volume each piezoelectric actuator has to be
broad and thin and as long as possible. This ultimately
leads to the configuration shown in figure 5. The avail-
able height of 7mm is distributed as follows: 3 mm
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piezoelectric actuator, 2 mm connectors and isolation
and 4 times 0.5 mm of mechanical components. The
return spring preloads the piezoelectric actuators in
order to maximize power output (see section 4.4) and
serves as returning force since the X-Frame only works
unidirectional.

Eventually, the temperature strain was examined and
calculations show that it extend would result in an
output stroke comparable to the stroke initiated by the
piezoelectric actuator. Consequently, other materials
with less temperature strain (e.g. INVAR®, carbon
fiber reinforced plastics (CFRP)) are considered. Their
properties would make the X-Frame either less effective,
due to less stiffness, or much more complex to design.
Subsequently, the piezoelectric actuators themselves
are the solution, because at cryogenic temperatures
they could be used bipolar. This possibility allowed
a controlled contraction, counteracting the tempera-
ture strain. The limits of operation have to be exper-
imentally determined (see figure 13) and finally even
overcompensate the temperature strain (see section
6.3).

4.7 Bearing of the ACS

The bearing of the ACS shall be free of play, add as little
friction as inevitable and carry all occurring loads (aero-
dynamic, inertia and excitation loads) with a manda-
tory safety margin of 3. As mentioned above no lubri-
cants can be used, so the bearing has to be functional
in a dry application.

The outer bearing is realized with a standard needle
roller bearing, which offers a good load to space ra-
tio, because raceways on housing and shaft are inte-
gral parts of the ACS and winglet. Although the needle
roller bearing is used outside its official specifications
with regard to allowed temperatures, the polyamide
cage and the needles show neither defects, nor block-
age, as special tests at cryogenic temperatures proof.
A set of two ball bearings serve as inner fixation of the
ACS. The ball bearing is equipped with ceramic balls
in order to reduce friction and allow dry operation.
The shafts on both sides of the ACS prove their safety
margin applying manual calculation as well as finite el-
ement methods. Furthermore, the temperature strain
between the bearing material and the surrounding Vas-
comax C200 steel is examined. As a results the ball
bearings are ordered with a greater radial clearance to
compensate the temperature strain.
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Fig. 5 Final winglet layout with X-frame and instrumenta-
tion

4.8 Final design of the winglets control surface

The two piece control surface is the result of two com-
plementary requirements. On the one hand a hollow
control surface allows the integration of up to four pres-
sure transducers (only three actually installed) and on
the other hand reduces the rotational inertia of the con-
trol surface. Latter is also the reason for the fact, that
the control surface is not mass balanced. Calculations
with the final design of the control surface show a re-
sulting inertia hinge moment of approx. 0.3 Nm at a
+2° deflection angle and a 30 Hz oscillation frequency.
This reduces the available moment to counter aerody-
namic loads and consequently will limit the available
deflection angle (see section 6.3).

4.9 Instrumentation of the winglet with ACS

Most of the winglets cavity was consumed by the ac-
tuator mechanism. Consequently, only few additional
sensors could be implemented. The deflection of the
ACS was detected with an in-situ, discrete optical en-
coder offering a resolution of approx. 0.3°, but added
no friction and was fast enough to capture all occurring
movements. The hollow control surface allowed the in-
tegration of three pressure transducers (two facing up-
ward and one downward). Six further in-situ pressure
transducers were implemented near the leading edge,
facing both up- and downwards. In the only space left,
two accelerometers were installed. Furthermore, a not
shown temperature sensor was placed near the leading
edge.

Maximum X-Frame stroke (T = 293K, f = 5 Hz)
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Fig. 7 Measurement of X-Frame output stroke against piezo
actuator input current with linear regression and a-priori sim-
ulations with 28 elements beam model

5 Experimental verification of the X-Frame
actuator performance

After manufacturing and assembly the X-Frame is in-
dividually (i.e. without ACS) tested to assess its per-
formance with regard to steady state and dynamic be-
haviour. Furthermore, the measurements are compared
to the design calculations. Figure 6 shows the unre-
stricted stroke of the X-Frame at 5Hz and 30 Hz and
100% voltage input. This tests allow the determination
of mean minimum and maximum stroke of the X-Frame
depending on input voltage and frequency. The achiev-
able maximum and minimum stroke depending on the
input voltage shows figure 7. Additionally, linear re-
gressions and a a-priori static calculation are shown.
The calculations are performed with a simple beam
model consisting of 28 beam elements. Whereas the
error at maximum stroke is approximately 5% (cal.:
527pm, meas.: 500um), the gradient of both the cal-
culation and the linear regression is almost identical
(3.5157 vs. 3.5457). Probably static friction is an im-
portant contributer to this effect, since it was not part
of the simulation and both frames of the X-Frame touch
each other at the center of the mechanism. This contact
is inevitable due to the height restriction in the winglet.
The slight increase in the achievable minimum stroke is
a results of the piezo actuators hysteresis (see figure 8).
This figure also shows the slight decrease of maximum
stroke, if the excitation frequency is varied. Neverthe-
less, the frequency dependency is small as becomes clear
in figure 9, so it has no effect on the utilization of the
X-Frame. Therefore it can be stated, that the X-Frame
design works as predicted in this configuration.
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Fig. 9 Influence of frequency variation to maximum stroke
of X-Frame

6 Qualification of the complete actuator system
with control surface

After the initial trials the X-Frame was connected via
a push/pull rod with the control surface. Further tri-
als are performed focusing on the dynamic behaviour
of the whole actuation system. Trials at Pilot Euro-
pean Transonic Windtunnel (PETW) include tests at
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the in-situ optical encoder. The inclinometer directly
delivers a deflection angle, but adds additional weight
and cannot be used at high frequencies. The velocity
information gained from the laser vibrometer is inte-
grated to a displacement, but because the lever arm
is not exactly known, no control surface angle can be
given. The in-situ optical encoder is under development
and the tests for the dynamic qualification are also used
to qualify this measurement method.

Since the laser vibrometer is superior to the optical en-
coder in terms of resolution, both time and accuracy,
only results from this sensor are shown, although both
measurement techniques show the same results. Thus
qualifying the in-situ optical encoder at room temper-
ature. Further test proof, that the sensor also works
reliable under cryogenic conditions, which is particular
important, since it is the only available sensor to mea-
sure the control surfaces oscillation during PETW and
ETW experiments.

Plug tests and free decay after active excitations with
the X-Frame show a rotational eigenfrequency of the
control surface of approximately 108 — 110 Hz; varying
slightly with repeated assembly.

Figures 10 and 11 show the displacement acquired with
the laser vibrometer. The examination of test results
with an active excitation at different frequencies and
input voltage revealed, that the control surface was not
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Fig. 11 Control surfaces oscillation with assembly B

always oscillating in a sinoid as expected (see figure
10 and 11). Another drawback is the fact, that slight
variations during assembly (e.g. positions of bearings,
tolerances of exchangeable parts) seem to have a great
impact on this behaviour, as two different assemblies A
and B show. Furthermore, this behaviour is dependent
on the excitation frequency and had it worst behaviour
around 27 Hz. This is unfortunately the projected work-
ing regime, because the control surface should influence
the first bending mode of the whole wing model, which
is 26.45 Hz (T = 293K, M = 0.0).

Further investigations lead to the conclusion, that the
bearing evokes strong harmonics, which interact with
the rotational frequency of the control surface exactly
4 times the excitation frequency (see figure 12). Due
to the close schedule for test preparation this problem
could not be solved. During the laboratory tests the
ACS reaches frequencies of up to 40 Hz at a deflection
angle of +5° under open loop control, which is well
above the design requirements. Test at higher frequency
are not conducted, in order to prevent damage to the
excitation mechanism.
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Fig. 13 Operational limits of piezoelectric actuators

6.2 Temperature testing

To make sure no mechanical blockage or other abnor-
malities due to temperature effects occur, tests at cryo-
genic temperatures have to be performed. Beside the
expected effect of the temperature strain, an uncom-
manded deflection of the ACS, no mechanical flaws are
found.

During the tests at cryogenic temperatures, operation
limits for the piezoelectric actuators were determined,
which at low temperatures can be used bipolar (see fig-
ure 13 and section 4.6). The maximum voltage is still
150V whereas the minimun allowed voltage decreases
from OV at 293K to —150V at 120K. The Offset shows
the necessary voltage to move the control surface to a 0°
position. This behaviour offers two advantages, firstly
the negative piezo strain compensates the temperature
strain of the X-Frame and secondly the increased volt-
age range compensates the power decay.
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locked free
control surface
mode shape frequency frequency
1st flap bending 26.4 Hz 26.4 Hz
2nd flap bending 78.8 Hz 79.0 Hz
1st torsion 238.8 Hz 237.7THz

Table 2 Eigenfrequency of wing model with locked and free
control surface

6.3 Acceptance test at PETW

The winglet with ACS had to undergo an acceptance
test at PETW, in order to verify this critical compo-
nent with respect to expected behaviour and possible
aerodynamic phenomena, because this test was the first
one with a dynamically excited control surface at ETW.
Nevertheless, the aerodynamic properties were not ex-
actly the same as in the much larger ETW, since both
boundary layer and great blockage of the test section
negatively influenced the flow.

The test results showed two major points, the aerody-
namic and inertia moment on the control surface lim-
its the available amplitude to about 42° and which
is much more important, some configurations showed
aerodynamic instabilities. These instabilities expressed
through an oscillation of the control surface, while the
rest of the winglet can be considered rigid, because of
the small lever arm to the mounting point during this
test. This phenomena is yet not completely understood
and further research activities will be necessary.

7 Experimental survey of modal shape
frequencies

The final step before entry into ETW is a modal anal-
ysis of the complete wing model assembly consisting of
wing model and winglet with ACS. These tests are per-
formed similar to previous test campaigns (HIRENASD
and first part of ASDMAD) [9]. The modal parameters
of the wing model are assessed applying sine sweep ex-
citations using the wing root excitation and hammer
impact method.

The modal parameters of the wing model with locked
control surface are within the expected range (see ta-
ble 7). The test with free control surface reveals mi-
nor interaction with the 1st flap bending and major
interaction with the 2nd flap bending. The interaction
can be contributed, as far as current analysis shows, to
both unbalanced mass and nearness of 2nd bending and
the control surfaces eigenfrequency. Further evaluations
will be done in near future.
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8 Conclusion

The transfer project ASDMAD investigates the impact
of winglets on the steady and unsteady aero-structural
interaction with a flexible, semi-span wing model in
transonic flow. The wing model, reused from the HIRE-
NASD research project, is a generic wing of a large
passenger transport aircraft in a model scale of 1:28. A
conventional winglet and one equipped with an Active
Control Surface (ACS) are successively tested at the
European Transonic Windtunnel (ETW). The second
winglet is used to investigate possibilities of local aero-
dynamic trimming at steady state aerodynamics and
active influence of excited mode shapes of the wing
model. Furthermore, validation data for direct aero-
structural simulation codes are generated.

Both winglets are mounted at a retrofit mechanical in-
terface ranging from 85% to 91% of the semi-span of the
HIRENASD wing model, realising a smooth spanwise
stiffness transition from wing to winglet and maintain
the necessary strength. The second winglet is equipped
with a trailing edge Active Control Surface (ACS). The
ACS is driven with an in-situ mechanism assembled of
piezoelectric actuators combined with a X-Frame trans-
mission. Beside the predescribed aerodynamic and in-
ertia loads, the temperature range from 120 — 300K, the
limited space inside the winglet (7 mm x 50 mm x 95 mm
cuboid), the strength and stiffness requirements, the
bearing of the ACS and feasibility are the key driver of
the design process.

Laboratory tests of the X-Frame mechanism without
the ACS show that the maximum stroke is within 5%
of the calculated values and the linearized gradient is
within 1%. Due to the physical properties of the piezo-
electic actuators, the mechanism shows a hysteresis as
expected. This effect is frequency dependenet, but the
extent is not significant up to the maximum design fre-
quency of 30 Hz.

Further qualification tests are conducted with the ACS
attached to the X-Frame. The eigenfrequency is de-
termined with plug tests and free decay to a value of
108 — 110 Hz, depending on repeated assembly. If the
ACS is excited with the X-Frame the bearing evokes
strong harmonics which interact with control surfaces
eigenfrequency, resulting in non-sinusoidal oscillations
of the ACS. This behaviour depends on repeated as-
sembly and is not solved.

A bipolar open loop control of the piezoelectric actua-
tors compensate the temperature strain and the tem-
perature induced power decay. Test at Pilot European
Transonic Windtunnel (PETW) proofed the readiness
of the ACS for expensive ETW tests. The ACS achieved
amaximum deflection angle of 42° during tests at cryo-
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genic temperatures and high Mach Numbers.

Finally, a dynamic qualification is performed with the
wing model and mounted winglet with ACS, in order to
determine the eigenfrequencies. Active excitation tests,
applying the wing root excitation, show a strong inter-
action between 2. flap bending of the wing model and
control surfaces eigenfrequencies.

Nevertheless, the winglet with Active Control Surface
and the wing model are qualified for the experiments,
which were carried out at ETW in March 2011.
Further evaluations are going to focus on structural in-
teraction between ACS and the semi-span wing model.
Future projects will incorporate a closed-loop control
to suppress the first flap-bending eigenmode.
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