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SURVEY

The paper presents an overview of the experimental
high Reynolds number aerostructural dynamics
(HIRENASD) project which is prepared by RWTH
Aachen University. Experiments will be performed
with an elastic wing model under cryogenic
conditions at transonic Mach numbers and Reynolds
numbers up to 70 millions in ETW in 2006.

1. INTRODUCTION

Only very few aeroelastic windtunnel experiments
with oscillating elastic wings in the transonic flow
regime and at flight Reynolds numbers of large
transport aircrafts have been performed so far [1],
even though the transonic regime is characterised
by strong nonlinearities with shocks and phenomena
which strongly depend on the Reynolds number
such as shock-induced steady and unsteady flow
separation, and possible shock-buffeting with
unsteady fluid-structure interaction. Besides the
necessity of a thorough understanding of the
aeroelastic phenomena, windtunnel experiments
with elastic wings at Mach and Reynolds numbers of
real transport aircrafts are needed for the validation
of methods for computational aeroelasticity (CAE).
Under cryogenic conditions it is possible to achieve
Reynolds numbers of up to 80 million in ETW at high
transonic Mach numbers, similar to the conditions of
high capacity aircrafts in cruise flight. A further
advantange of ETW is that the parameters Mach
number, Reynolds number, and dynamic pressure,
which are influencing the areoelastic behaviour of
the wing, can be varied independently. For a more
detailed description and comparison of the flow
parameter range see Fig. 1. Full and half-model
testing are possible in ETW.

With funding by the Deutsche Forschungs-
gemeinschaft (DFG), the collaborative research
center "Flow Modulation and Fluid-Structure
Interaction at Airplane Wings" (SFB 401) at RWTH
Aachen University is preparing aeroelastic
experiments, which will be performed in the
European Transonic Windtunnel (ETW), engaging
DLR concerning aeroelastic data acquisition and
getting support from Airbus for development and
construction of a 6-components piezo balance for

dynamic force measurements in ETW.

The experiments will be performed with an elastic
pure wing model which will be mounted on a 6-
components piezo balance in the windtunnel ceiling
similar as for half-model testing [2] and will include
steady and unsteady measurements. The
windtunnel model corresponds to the SFB 401 clean
wing reference configuration [3], which has the
profile BAC 3-11 reported in AGARD-AR-303 [4],
arranged for cruise flight, and a planform typical for
a wing of high speed transport aircrafts.

In different sub-projects of SFB 401, the elastic
windtunnel model has been designed to meet
required aeroelastic properties in consideration of
the multidisciplinary aspects. The dynamic
dimensioning mainly focusses on clearly separated
eigenshapes and eigenfrequencies, which can be
influenced by the application of additional masses.
The design process has been iterative. In each
design step the structural properties of the wing
model have been computed applying computational
structural dynamic (CSD) methods, while a Navier-
Stokes solver was used to compute the
aerodynamic loads. An aeroelastic solver, which
fully couples the solid-fluid interaction (SOFIA) has
been developed and validated within the frame of
SFB 401 [5], [6], [7], [8], [9], [10], [11], is applied to
predict the steady and unsteady aeroelastic
behaviour of the model under windtunnel flow
conditions.

In the paper, the general approach during the model
design and qualification will be described and the
testing program including first predictions using the
CAE package SOFIA will be presented.

2. MOTIVATION FOR THE PROJECT

One motivation for the project is to improve the
physical knowledge about aerostructural dynamics
phenomena in the transonic regime and to gather
experimental aeroelastic data for numerical code
validation in a wide range of Reynolds numbers and
aerodynamic loading. First, aerodynamic polars will
be measured in steady flow under different dynamic
pressure, Reynolds number and Mach number
conditions in the windtunnel, including deformation
measurement of the respected aeroelastic
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equilibrium configurations of the wing model.
Thereafter, aerostructural dynamic processes will be
considered in forced and free vibrations to study
aerodynamic damping mechanisms, aerostructural
coupling in presence of unsteady shock/boundary-
layer interaction, and unsteady flow separation up to
buffeting onset.

The data will be gathered in a freely accessible data
base to make it available to the aeroelastic research
community and to promote the transonic aeroelastic
research in universities, providing an advanced data
basis for modelling enhancement, and validation of
CAE methods and aerodynamic codes as well.

3. ELASTIC MODEL DESIGN

3.1.

The planform of the wing model has the typical
characteristics of a wing for a large transport aircraft.
In its 1% design it corresponds to the SFB 401
reference configuration [3]. The leading edge sweep
angle is 34°, the span of the scaled model is
1285.71 mm and the chord decreases from its root
value in three sections piecewise linearly to the tip
value. Fig. 2 shows the chord length values at the
three wing-section transitions which varied in the
first design phase from 525.71 mm at the wing root
to 142.86 mm at the wing tip.

Wing model geometry and material

The chosen profile corresponds to the BAC 3-
11/RES/30/21 cruise flight profile which s
supercritical and has 11 % thickness [3]. Only in the
first wing section from the root the profile thickness
was modified such that it varies linearly from 15 % at
the root to 11 % at the transition to the second
section. The increment of the profile thickness is
completely restricted to the first section on the lower
wing surface. Only there the profile deviates from
the BAC 3-11 airfoil, see bottom of Fig. 3.

In order to realise the highest Reynolds numbers,
the flow medium nitrogen has to be cooled down to
about 120 K and the windtunnel total pressure has
to be rised to about 400 kPa, resulting in a dynamic
pressure of up to 130 kPa at transonic Mach
numbers. Therefore a highly tenacious steel is
needed as model material which preserves
adequately its material data over the full range of
flow temperatures from cryogenic to environmental
temperatures to endure dynamic loading under the
respective conditions. The material of choice is a
C200 Maraging steel (G90c) with 18° Nickel [12],
[13]. Two forged blocks of the material were used to
mill the two parts of which the elastic wing model is
composed.

3.2.

Computer aided geometrical design (CAGD) tools
[14] have been used for the design of the outer
surface of the model and converted to CAD data

Aeroelastic model design
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applying the CATIA software. In order to check the
CAD data, a 1:1 scaled pre-model has been first
milled out of a block of the solid foam material
NECURON (see photograph in Fig. 3).

The SOFIA software has been applied to compute
the design loads. Fig. 4 shows the lift over angle of
attack and the displacement at wing tip for the flow
parameters Mach number Ma=0.9, Reynolds
number Re=70 millions and dynamic pressure
q.=122 kPa. For this 1* design case the model was
assumed as a massive solid. The real model is less
stiff because it is hollowed out to provide place for
the measurement instrumentation. The turbulence
model applied for finding the dimensioning design
loads was Baldwin-Lomax (BL). For the design
point, the lift calculated using the BL-model was 17
kN and the wing tip displacement 5.4 cm. For the
hollowed wing the flow conditions chosen for the
design point, with angle of attack a=3° resulted in
the pressure distribution presented in Fig. 5 for the
deformed wing in static equilibrium. Cp distribution is
plotted in four span wise cross sections. This result
was produced using Spalart-Allmaras turbulence
modelling.

3.3.

The 1% design was based on the intention of only
clean wing aeroelastic experiments. During the
manufacturing process of the pre-model, possible tip
devices came into discussion and, finally, it has
been decided to modify stiffness and strength of the
model such that for a second test series the
attachment of a winglet can be provided without
changing the span (see Fig. 6). For that case higher
aerodynamic loads are to be expected which were
responsible for the enlargement of the cross section
in the final design of the clean wing model. Its
geometry is presented in Fig. 7. The planform shows
now a root chord of 549.37 mm and a tip chord of
149.29 mm. Half span and relative thickness
distribution of the profile remained unchanged.

Model design modification

As already mentioned above, the model consists of
two pieces, the upper and the lower part which have
a jointing surface with straight separation line along
the jointing leading ledge and a meandering
separation line on the bottom surface of the model,
as can be seen on the bottom side view of the wing
model in Fig. 7. To impede relative motion of the
model parts, a growed and tongued joint concept
has been applied in span- and cross-direction along
the jointing surface. This can be seen in Fig. 8. This
figure shows the interior of the top and the bottom
parts of the wing model, where one can recognise
seven ribs for implementation of pressure sensors
and three stringers in longitudinal direction, of which
the central ends at about 60 % span. The final
element code MARC/MENTAT has been used to
compute eigenshapes and eigenfrequencies for a
volume discretisation of the model in its final design.
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The first two modes are bending dominated, the
third mode belongs to inplane motion, the fourth
mode is still bending dominated, the fifth is torsion
dominated, as can be seen in Fig. 9, where the red/
dotted line indicates the undeformed wing. The
modes and frequencies registered in the figure were
calculated assuming the model to be fixed in the root
section.

To test the chosen contact surface concept with
notches and teeth, a smaller two-piece pre-model
has been designed (see Fig. 10), manufactured and
tested (see Fig. 11) with respect to high cycle
fatigue, fracture toughness of the mounting bolts and
influence of dry friction contact phenomena, e.g.
stick slip motion. There was no negative effect
observed, the pre-model behaved like a one-piece
model. The jointing surface design for the wing
model was accepted, and checking of the CAD
machining data was performed as for the outer
surface by testwise milling of the interior surface
from a block of the foam material NECURON (see
Fig. 12 right top). Having excluded all CAD-data
errors, the machining of the wing model inner and
outer surface was carried out. Fig. 12 and Fig. 13
show the two metal wing model parts from the inner
and outer side on photographs. The outer side has
been polished before implementing the pressure
holes by an erosion technique.

The complete windtunnel assembly consists of a
new windtunnel balance, which is connected with a
containment including the wing clamping and
hosting the vibration excitation mechanism. In order
to alleviate the influence of the ceiling boundary
layer of the windtunnel, a fuselage substitute is
provided around the wing. It will be fixed to a
mounting plate at the turntable on the tunnel ceiling
and will have no mechanical contact with the elastic
wing model (see Fig. 14). A round arch labyrinth
sealing is implemented on the fuselage substitute
side about the wing root.

4. VIBRATION EXCITATION

Forced vibration of the windtunnel model will be
realised by two dynamic force couples made up by
four spanwise directed forces which are applied at
respective prominent noses at the wing root side.
The forces are produced by four pre-stressed piezo-
stacks, mounted in a containment which is very stiff
and forms one piece with the wing clamping.
Therefore these forces are interior forces, acting
within the assembly composed of the wing and the
vibration excitation mechanism. Fig. 15 shows a
zoom of the excitation mechanism and the
windtunnel balance which are thermally conditioned
and separated to the cold part of the windtunnel by
the windtunnel wall. The excitation forces are
transmitted by stacks made from the same material
as the wing model, i.e. from the above mentioned
maraging steel. For reasons of thermal extension
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the excitation mechanism containment is also made
from this material. A cross-cut through the vibration
excitation mechanism is sketched in Fig. 16, where
one can see the fixing of the wing by bolts, the
piezo-stacks for excitation, and in the background
the broken circles which represent the four piezo
elements of the balance. The vibration excitation
concept has been tested successfully with a pre-
model. Fig. 17 shows this test in the laboratory.

5. MEASURING EQUIPMENT

5.1. 6-components piezo windtunnel balance

As already mentioned, the measuring devices are
four piezo-electric load cells. These are pre-stressed
with 300 kN and provided for measuring forces of +
60 kN in the cross plane and + 100 kN in the axial
direction. This balance has been designed,
manufactured and assembled for the HIRENASD
project. Fig. 18 shows a photograph of the balance
together with the appertaining electronic devices,
and Fig. 19 presents an inside view of the piezo
windtunnel balance.

The new balance is a necessary measuring tool for
the aeroelastic experiments with dynamic loads,
because the present windtunnel balance in ETW is
by far not stiff enough for dynamic measurements.
Therefore, the new balance has been designed very
stiff. Its lowest eigenmodes are in the range of 1000
Hz as can be read in Fig. 20, where the first two
eigenshapes are plotted. For the complete
windtunnel balance and model assembly the first
eigenmode dropped from 31.12 Hz for the wing fixed
at its root to a value of 27.32 Hz for the completely
elastified assembly. For the second mode the
respective value of 107.8 Hz decreased to 85.77 Hz
(see Fig. 21).

5.2. Sensor equipment of the wing model

The model will be equipped with 259 cryogenic
miniature/ultraminiature pressure sensors (Kulites)
which are distributed in 7 cross-sections of the
model. The relative span positions n of these 7
cross-sections and the respective numbers of
sensors are (see also Fig. 22) as follows:

section 1 2 3 4 5 6 7

n 0.140.32 | 0.46 | 0.59 | 0.66 | 0.80 | 0.95

numbe
r

43 | 41 | 40 | 38 | 35 | 31 | 31

Because of place requirement for the sensors in the
interior of the wing, the sensors and pressure holes
on the bottom side of the wing model are about 2
mm shifted towards the tip, relative to the pressure
holes on the model top side.
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The pressure sensors have been tested under
cryogenic conditions in the windtunnel KRG of DLR
Gottingen. For this test an airfoil with the reference
profile BAC 3-11 was manufactured from the same
cryogenic steel as chosen for the ETW wing model.
The airfoil chord length was 150 mm and its span
400 mm. It was instrumented with 41 Kulite pressure
sensors along the middle cross-section. Fig. 23 and
Fig. 24 show some time histories of signals of
pressure sensors during experiments and, in the
middle, the arrangement of the sensors and
pressure holes along the cross-section. The signals
of the sensors were selected to show measured
pressure data over the period of one experiment.
The middle part with mean-pressure plateau
corresponds to the measuring time. Before that time
one can see the establishment of the flow and after
the plateau the slow down of the flow. In the two
experiments selected for this paper, buffet has been
observed. The flow conditions are in both cases the
same for Mach number Ma=0.75 and angle of attack
a=4°, but with different Reynolds numbers, namely
Re=4.85 millions (stagnation temperature 262.5 K)
for experiment No. 60 (Fig. 23) and Re=16.18
millions (stagnation temperature 148.5 K) for
experiment No. 179 (Fig. 24). Like in the series of
experiments reported in [15], experiment No. 179
was performed under cryogenic conditions. The
buffet frequencies observed were 128 Hz in the
lower Reynolds number case and 88 Hz in the
higher Reynolds number case. Fig. 25 shows for
both experiments the upper most and the down most
positions of the shock during buffet. The aptitude of
the pressure sensors and their implementation using
special shoes was proven successfully. After the
experiments all sensors could be recovered without
damage.

Additionally to the pressure sensors, the windtunnel
model assembly will be equipped with 17
accelerometers and 28 strain gauges, distributed in
the wing model and in the excitation mechanism.

Beyond this, high speed video imaging will be
employed for 3D-stereo tracking of an arrangement
of markers, which are implemented on the bottom
surface of the wing model. Ultra-high speed frame
grabbing will allow image recording of the
deformation history of the wing during vibration.

6. AEROELASTIC EXPERIMENTAL
CONDITIONS IN ETW

The range of the stationary experimental conditions
will contain root angles of attack in the interval —2° <
a < 5°, Mach numbers 0.8, 0.85 and 0.88, 4 levels of
dynamic pressure from 38 kPa to 125 kPa and 5
levels of Reynolds numbers from 9-10° to 73.10°,
based on the aerodynamic mean chord amc=0.3445
m. The test envelope for Ma=0.85 is shown in Fig.
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26. The aeroelastodynamic experiments are
planned with forced vibration by exciting the first
three bending dominated modes in hover and the
first torsion dominated mode, and free vibration to
evaluate the damping mechanism. The parameters
Mach number, dynamic pressure and Reynolds
number will be the same as for the stationary
experiments. Only 2 or 3 angles of attack, including
the zero lift angle of attack, are planned for the
dynamic experiments.

The experiments will take place in August/
September 2006. Before that, we will be simulating a
part of the test conditions in advance using the
SOFIA code. One preliminary blind test result for the
1% design of the HIRENASD model is presented in
Fig. 27, which shows in the left diagram the change
of lift over angle of attack for the steady flow case.
The diagram shows that the lift of the deformed wing
in its aeroelastic equilibrium configuration has a
lower value than the lift of the wing in its undeformed
(jig) shape.

The right diagram of Fig. 27 exhibits the deformation
motion of the wing, starting from the equilibrium
configuration of the elastic wing under the
aerodynamic loading of the chosen stationary flow
conditions Ma=0.76, a=0°, Re=32.05-10° and q,, =
117.02 kPa, and an additional external load, after
removing the external load, The vibration is
represented by two wing tip deflection quantities:
vertical displacement and torsion. The right diagram
shows the influence of aerodynamic damping which
for the chosen flow conditions is between 5 and 10
%.
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Windtunnel data:
+ Closed circuit
+ Full and half model testing
+ Fluid: nitrogen gas

+ Optical access to test section

+ Test section:
Height: 2.0m
Width: 2.4m
Length: 9m
+ Performance:
Mach number: 0.15 - 1.35
Temperature: 110K — 313K

Pressure: 1.25 bar — 4.5 bar

* Reynolds number:

Up to 70 mio. for considered

model

Figure 1:
European

Chord Reynalds Number [millon]
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Test Section Mach Number
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Envelope of the experimental conditions in the
Transonic

Windtunnel  (ETW)

compared with common windtunnels

Material:
Highly tenacious steel for
cryo-conditions [C 200 (G 90)]

Elastodynamic model data:
+Identification by laboratory
experiments

+Adapted reduced structural model

Z

Y
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X

JEY

| 28571 J

800

Referenzkonfiguration
SFB 401 [M: 1:28)

72.64

|233.54]
142.86

1285.71

Figure 2: Planview of the 1% design of the Model (1:28
scaled model of 40m half span wing)
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Material NECURON

; Profile BAC 3-11

Wing root section

Figure 3: Wing model geometry 1% design and CNC 1:1
manufacturing test in a view model material
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Figure 4: Dimensioning wing model loads and tip

displacement for the 1% design

Ausgelegter (hohler) Fluegel
Ma=0.9, a = 3.0°, g_=122kPa
Turbulenzmodell: Spalart-Allmaras
(Oberseita)

1 |
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Figure 5: Flow about the static equilibrium configuration
of the windtunnel wing model, 1% design

» Second test series with modified
model (winglet) planned in future

= Higher aerodynamic loads —
motivation for changes in final design

Figure 6: Modification concept for a 2" test series with a
winglet  additionally, span unchanged,
motivation for enlarged cross-section in the final
design of the wing model
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Geometry of the final design of the SFB 401
windtunnel model for experiments in ETW,
aerodynamic mean chord amc=0.3445 m

Figure 7:

Interior of wind tunnel model

Land - Two piece assembly /
% + 7 ribs" for pressure sensors

; p)

ey

4
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Upper part Lower part

Figure 8:  Interior of windtunnel model
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Some mode shapes and cigenfrequencies
assuming rigid chucking devices

Undeformed wing model,
final design
discretized by 3D finite elements

Mode 1 Mode 2
f=31,12Hz f= 107,80 Hz

Wing model (lower part), inner surface,
machined design test model (top)

Wing modei {upper part), and windtunnel model (bottom)
inner surface

Mode 4 Mode 5 Mode 6
f= 246,40 Hz = 303,90 Hz f=432,50 Hz

Figure 9: Bending and torsional mode shapes and Figure 12: Interior of the manufactured windtunnel model
eigenfrequencies when model is fixed in the
root section

Figure 10: Pre-model for analysis of contact surface
design

Figure 13: Photography of the manufactured wing model

Balance
Mounting plate of

fuselage substitute
at the tunnel ceiling

Wing clamping
Struts for vibr.
excitation

Wing
clamping
block

Figure 11: High cycle testing w.r.t. fracture toughness of
screws (influence of dry friction / contact
phenomena)

Elastic wing and fuselage substitute

Figure 14: Complete windtunnel assembly. No contact
between the elastic wing and the fuselage
substitute
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= Windtunnel test section not accessible — integrated excitation mechanism

Wing clamping

Vibration excitation by
4 Piezo stacks producing
internal force couples

thermally conditioned part

cold part (down to 110K)

Figure 15: Windtunnel model assembly, balance and
excitation mechanism thermally conditioned
(heated enclosure)

54937

Figure 16: Vibration excitation using 4 piezo-stacks,

'Eio ™

il

OF 4

back-ground 4 elements of piezo balance

Piezo stack

Figure 17: Basic excitation test with a pre-model
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Figure 18: New 6 components piezo balance assembly,
completely inside heated enclosure

Technical Details
+ 6-component balance

+ Four piezo-electric load
cells

+ Preload force: 300KN

+ Measureable forces
(depending on preload):
F, =+ 60KN

F, =+ B0KN
F, =+ 100KN

Figure 19: Inside view of the piezo windtunnel balance

1. Eigenmode: 852.91 Hz 2. Eigenmode: 1279.2 Hz

Figure 20: Lowest eigenmodes of the piezo balance

1. Eigenmode: 27.32 Hz (31.12 Hz) 2. Eigenmode: 85.77 Hz (107.8 Hz)

Lowest eigenmodes and frequencies of the
complete windtunnel assembly including
balance. Values of Fig. 14 in brackets

Figure 21:



Deutscher Luft- und Raumfahrtkongress 2005
DGLR-2005-264

I

10 accelerometers,
10-20 strain gauges

7: n=0p8

6 neom \\

FRETIT
5 n=om

259 Cryogenic miniature/

ultraminiature pressure sensors

(Kulites) in 7 sections 3 Lnenam
2 a=oar

Number of pressure sensors/section
43/, 41/2, 40/3, 38/4, 35/5, 31/6, 31/7

pressure section 1. w=0M

Figure 22: Measuring sensor equipment of the wind-
tunnel wing model

Experiment — KRG, Exp. No. 60
Time history of pressure signals of some sensors

i
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Figure 23: Pressure sensor testing, using a BAC 3-11
airfoil model at lower Reynolds number

Experiment — KRG, Exp. No. 179
Time history of pressure signals of some sensors

|| SO SO | || ITRE—— |

Figure 24: Pressure sensor testing, using a BAC 3-11
airfoil model at higher Reynolds number
(realised by cryogenic conditions)
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Experiment — KRG, Comparison Exp.No. 60 and 179

Exp.No. 60 Exp.No. 179

Environmental conditions Cryogenic conditions
Ma, = 0.75, a = 4°, Re = 4 5810° Ma, = 0.75, a = 4°, Re = 18.16-10°
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Figure 25: Comparison of the two instantaneous

pressure distributions, corresponding to the
most upstream and the most downstream
shock positions, for two buffet cases with
different Reynolds numbers
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Figure 26: One of three test envelopes for aeroelastic
testing of the wing model in ETW,
aerodynamic mean chord amc = 0,3445
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Figure. 27: Preliminary numerical results for the 1%
design of the HIRENASD wing model applying
a Timoshenko beam model. Left figure:
Comparison of lift ignoring deformation (upper
curve) and aeroelastic equilibrium deformation
(lower curve). Right figure: Wing tip vertical
and torsional oscillation decay curves for free
vibration simulation
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