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Abstract

Modern, high-agility aircraft develop separation-induced leading-edge vortices and vortex flow aerodynamics in
various portions of their flight envelope. At higher angles of attack, vortex-bursting results in an unsteady flow
field downstream of the breakdown region. High turbulence intensities and their distinct burst frequency content
can lead to structural dynamic excitation of the wing and downstream located elements such as tail planes.
This aerodynamic excitation may cause dynamic aeroelastic phenomena like wing and fin buffeting. A generic
wind tunnel model has been developed at the Chair of Aerodynamics and Fluid Mechanics (TUM-AER) of the
Technical University of Munich (TUM) for the experimental analysis of buffeting phenomena. The full-span
configuration features a 76°/40° double-delta wing, a pivotable horizontal tail plane (HTP) and a vertical tail.
The modular design of the wind tunnel model allows investigations on flexible lifting surfaces and quasi-rigid
lifting surfaces. The measurement campaign takes place at the TUM-AER low-speed wind tunnel A (WT-A). An
internal six-component strain gauge balance is used to measure aerodynamic forces and moments. In addition,
the model is equipped with unsteady pressure transducers and accelerometers. Furthermore, the eigenmodes
of the flexible and quasi-rigid configuration are determined by a ground vibration test (GVT). Analyzing the
spectral content of the pressure fluctuations it is shown that the breakdown flow exhibits a significant buffet
peak. With an increasing angle of attack, a shift of the dominant frequencies of the buffet peaks to lower
frequencies can be observed. Considering the aerodynamic excitation, no significant differences between the
flexible configuration and the rigid reference case can be observed. However, in the analysis of the structural
response, clear differences could be determined.
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NOMENCLATURE F Force [N]
Symbols f Frequency [1/s]
Az rms RMS value of the tip acceleration [m/s?] g Gravitational constant [m/s?]
o Angle of attack 1 & Reduced frequency, fc,w/Us [-]
b Span m]  u Dynamic viscosity [Ns/m?]
8 Angle of sideslip 1 1, Wing mean aerodynamic chord [m]
Cr, Lift coefficient [[1 Ma Mach number [-]
Chny Pitching moment coefficient [1 o Leading-edge sweep [°]
p Pressure coefficient [l Reim Reynolds number, pooUso/ 1t []
Cp Fluctuations of the pressure coefficient[-] p Density [kg/m?]
Cp,rms RMS value of the pressure coefficient [-] s Half span [m]
Cr Root chord [Mm]  Sper Wing reference area [m?]
dgTp Deflection angle 1 z,9,2 Cartesian coordinates [m]
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1. INTRODUCTION

Modern high-agility aircraft are designed to cover a
wide range of flight maneuvers, from efficient tran-
sonic and supersonic performance to high maneuver-
ability at subsonic speeds. Such aircraft configura-
tions typically feature a low aspect-ratio delta wing
planform with a moderate to high leading-edge (LE)
sweep angle [1]. Delta wings are subclassified into
nonslender (50° < ¢ < 60°) and slender (¢ > 60°)
wings [2]. For both types, the flow separates at the
LE at low angles of attack (AOA), and the shear layer
rolls up, forming a leading-edge vortex (LEV) [1]. The
vortex structure transfers energy to the flowfield of
the upper wing surface. In particular, the flow on the
wing surface is accelerated in longitudinal and wing
span directions by the rotational energy of the vor-
tex system. This results in an additional static pres-
sure decrease on the upper wing surface. The pres-
sure decrease goes along with an increase in maxi-
mum achievable lift [1]. The trend shows that mod-
ern high-performance aircraft configurations provide
hybrid-delta wings, which take over specific functions
such as aerodynamic stabilization and high maneu-
verability in sub-, trans-, and supersonic flight [3]. For
hybrid-delta wings with multiple swept leading edges,
multiple leading-edge vortices develop.

With increasing angle of attack, the vortex structures
extend in size and become unstable, leading finally to
vortex breakdown. The transition from stable vortical
structures to vortex bursting generates extremely high
turbulence intensities at the breakdown position and
increased turbulence levels further downstream [1,4].
The wake of bursting vortices contains quasi-periodic
pressure oscillations which interact with the aircraft
structure [1]. The coupling of aerodynamic excitation
(buffet) and structural dynamic response comprising
the interaction of unsteady aerodynamic forces,
inertia forces and elastic forces - with the unsteady
aerodynamic forces related to local flow separation
and lifting surface motion (vibrations) - is referred to
as buffeting [5]. The structural response of the wing
and tail planes affects the maneuverability of the air-
craft, reduces the lifespan of structural components
and should therefore be avoided. The analysis of buf-
feting phenomena has been the subject of extensive
research for a long time. It is of great importance
for the structural dynamic design of new aircraft in
both the civil and military sectors. Since the 1930s,
buffeting phenomena triggered by a Junkers F 13
aircraft crash have been the subject of international
scientific investigations [6]. Davis Jr. and Huston [7]
formulated fundamental requirements and techniques
for investigating buffeting on flexible wind tunnel mod-
els. The authors compared damping characteristics,
occurring vibrational modes, and reduced resonant
frequencies of different wind tunnel models with those
of full-scale aircraft. They also suggested different
methods of mounting models in the wind tunnel and
how to avoid measurement errors.
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At the Chair of Aerodynamics and Fluid Mechanics
(TUM-AER) of the Technical University of Munich
(TUM) numerous experimental and numerical inves-
tigations in the research field of leading-edge vortex
systems and wing and tail buffeting have been con-
ducted. Experimental investigations by Breitsamter et
al. [1,8—10] on a delta-canard configuration (EF-2000
model) focus on the phenomenon of fin buffeting. The
resulting database of transient velocity and pressure
measurements set a milestone in leading-edge vortex
resolution of the turbulent flow field and enabled a de-
tailed, phenomenological investigation. The analysis
of the power spectral density (PSD) and the statistics
of the spatial and time dependent resolution yield to
existing periodicities, which can cause structural ex-
citement at the vertical tail. Underlying the statistical
analysis, Breitsamter defined the reduced frequency
parameter k to predict the dominant frequencies
depending on the wing geometry and the flight condi-
tion [1]. In cooperation between Airbus Defense and
Space and the Chair of Aerodynamics and Fluid Me-
chanics, an aeroelastic wind tunnel model (AWTM)
in the design of a half-span model configuration was
developed and presented in Katzenmeier et al. [11].
An in-house rapid prototyping process in combination
with polylactide filament (PLA) was used to manufac-
ture dynamically scaled lifting surfaces of the AWTM.
The wing and the horizontal tail plane (HTP) made
of aluminum serve as a more or less rigid reference
case. Katzenmeier et al. [12, 13] and Stegmdiiller et
al. [14] perform numerical and experimental studies
to investigate the vortex-structure interaction on the
wing and the HTP.

The present paper is further organized as follows.
Section 2 gives an overview of the developed aeroe-
lastic wind tunnel model in full-span configuration
(AWTM-F) with its modular concept, the geometry
parameters and the sensor integration. Section 3 de-
scribes the flow physics of the double-delta wing and
the unsteady flow phenomena. Section 4 presents
the measurement methods and the measurement
conditions of the experimental investigations. In sec-
tion 5, the experimental results are discussed. The lift
polar and the pitching moment coefficient of different
rigid configurations are analyzed. Subsequently,
the surface pressures for the flexible configuration
(PLA) and the quasi-rigid reference configuration
(aluminum) are evaluated regarding their root-mean-
square values (RMS) and their frequency spectra
(PSD) at different angles of attack. The rms val-
ues, as well as the acceleration spectra of the tip
accelerations of the lifting surfaces, are presented.
Furthermore, the results of an experimental modal
analysis of the AWTM-F, determined in a ground
vibration test, are discussed. Section 6 summarizes
the experimental results and gives an outlook.
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2. AEROELASTIC WIND TUNNEL MODEL

Based on the existing AWTM half-span wind tunnel
model, an aeroelastic full-span model (AWTM-F) was
developed by Stegmiiller et al. [15] for experimental
analysis of buffeting phenomena. The design concept
is based on the idea that, on the one hand, a detailed
flow-physical analysis of the occurring leading-edge
vortex systems and thus of the aerodynamic excita-
tion can be carried out on a quasi-rigid configuration.
On the other hand, the aeroelastic structural response
of the wind tunnel model can be investigated on a con-
figuration with flexible lifting surfaces. Consequently,
the modularity of the wind tunnel model design is of
great importance.

rigid fin /\ /  flexible fin
..

flexible HTP
rigid HTP

connector
\ m / flexible wing
_ em s~/

rigid wing

FIG 1. Modular concept of the AWTM-F wind tunnel
model [15]

TAB 1. Deflection angle jyrp of the HTP with increas-
ing angle of attack «

o | 10° 15° 20° 25° 30° 35° 40°
Sprp | 6° 10° 13° 16° 19° 22° 25°

2.1. Modular concept and geometry

The modular design of the wind tunnel model consists
of quasi-rigid lifting surfaces of aluminum and flexible
lifting surfaces of PLA, which can be attached to the
rigid aluminum fuselage. The flexible components are
scaled concerning a generic large-scale configuration
considering structural elasticity. An overview of the
applied structural dynamic scaling and the similarity
rules is given in Stegmiller et al. [15]. Figure 1 il-
lustrates the modular concept of the AWTM-F wind
tunnel model. On the left-hand side, the rigid compo-
nents are depicted; on the right-hand side, the flexible
components are marked in lighter gray. The HTPs are
rotatably mounted to the fuselage to allow different
deflection angles. In contrast to the quasi-rigid HTP,
which is manufactured in one piece, the flexible HTP
is attached to an aluminum connector so that a strong
clamping connection via the rear fuselage cover can
also be provided for the flexible HTP. Table 1 shows
the deflection d 1 p associated with the respective an-
gle of attack « used in the present investigation and
reflecting possible trim conditions. The deflection an-
gle 07 p is defined relative to the wing plane with pos-
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lp

FIG 2. Geometry of the AWTM-F wind tunnel model [15]

itive values for the nose-down deflection of the HTP.
Wing, HTP and vertical fin are all based on a NACA
64A-005 airfoil type.

Figure 2 gives an overview of the model geometry
from different perspectives and provides the basic
model parameters. The dimensions and character-
istic planform parameters of the wind tunnel model
are given in Table 2. Identical to the half model
developed by Katzenmeier et al. [11], the AWTM-F
full-span model is characterized by a double-delta
wing with a sweep of o1 = 76° at the strake, which
can be defined as leading-edge extension (LEX),
and w2 = 40° at the outboard wind section. The
fins are deflected by vg;,, = 34° in relation to the
x-z-plane. The leading edge of the fins features a
sweep angle of ¢rin1 = 30°, whereas the trailing
edge has a sweep angle of ppin2 = —10°. Given
a fuselage length of iz = 1.1m, the model has a
wing root length of ¢,y = 0.66m and a wingspan
of byy = 0.74m. The mean aerodynamic chord is
I, = 0.427m and the wing reference area measures
Sref = 0.25m?2. The root length of HTP and fin is
identical with Cr,HTP = Cr,Fin = 0.2m. The HTP
has a span of byrp = 0.55m. In addition, the HTP’s
vertical position is offset by 0.015m in the positive
z-direction relative to the wing plane, which provokes
a higher vortex-induced turbulence intensity at the
HTP [15].

2.2. Sensor integration

For the measurement of aerodynamic forces and mo-
ments as well as unsteady flow phenomena, the wind
tunnel model is instrumented with an internal six-
component strain gauge balance, transient pressure
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TAB 2. Parameter values of the AWTM-F wind tunnel

model [15]
Wing/Fuselage HTP/Fin
lF 1.1m Cr,HTP = Cr Fin 0.2m
lP« 0.427m Cr,HTP/Cr,W 0.3
Cr,Ww 0.66m bHTp 0.55m
bw 0.74m brin 0.17m
ew,1  76° PHTP 40°
w2 40° CFin1/PFin2 30°/ —10°
S’ref 0.25 m2 VEin 34°

transducers and accelerometers (ACC) [15]. Figure
3 shows the positions of the sensors. Transient
pressure transducers (Kulite XCQ-093-5D) determine
the differential pressure on the surface relative to
the reference atmospheric pressure outside the test
section. They are placed in positions where high-
pressure fluctuations are expected. Furthermore,
uniaxial accelerometers (PCB 352C22/NC) measure
the wing tip accelerations to analyze the structural
response due to buffeting. All sensors are located at
the I/4-line of the respective lifting surface. Two Kulite
transient pressure transducers and an accelerometer
are installed on each wing, HTP, and fin. The posi-
tions of the Kulites are marked with filled circles, that
of the ACC with a cross. Thus, in the case of the
wing and the HTP, the pressure on the suction side
can be measured at two positions. Kulite 1 refers to
the inner position facing the fuselage, and Kulite 2
corresponds to the outer position on each side.
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FIG 3. Sensor positions of the pressure transducers
(Kulite) and accelerometers (ACC) [15]

TAB 3. Sensor positions on the AWTM-F [15]

Sensor ruw[-] lwl[] zure[] lmrelp)

Kulite 1 0.651 0.400 1.144 0.500

Kulite2 0.792 0.800 1.249 0.800

ACC 0.845 0.950 1.301 0.950
Lem[] AEw[-]  EZE[]  zplmm]

Kulite 1  1.081 0.475 — —

Kulite 2 1.086 0.525 - —

ACC 1.115 0.800 0.154 —34

Regarding the fin, the transient pressures are mea-
sured at an inward-facing position (Kulite 1) and at a
location on the outer side (Kulite 2). The ACC are
located on the tip of the wing, HTP, and fin. An ad-
ditional ACC is placed in the symmetry plane of the
fuselage to identify any dynamics transferred across
the fuselage between individual lifting surfaces that
do not result from the excitation of their specific eigen-
modes.

The positions of the sensors are shown in Table 3.
The origin of the body-fixed coordinate system con-
cerning the x- and y-direction is located at the apex of
the unblended wing planform at a distance of 190 mm
from the nose. In the z-direction, the origin is located
in the wing plane. The x-positions are each refer-
enced to the wing root length ¢, . The y-positions
at wing and HTP are related to their respective half
span sy and sgrp. The spanwise positions of the
sensors at the fin are referenced to the ratio of the
value on the h-axis and the span bg;,.

3. FLOW PHYSICS

In the following, an overview of the flow physics of the
double-delta wing configuration at subsonic speeds
is given. Furthermore, the unsteady flow phenom-
ena leading to structural dynamics excitations of the
AWTM-F wind tunnel model are described.
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3.1. Vortex topology on a 76°/40° double-delta
wing

At subsonic flow conditions, two primary vortices are
formed at the leading edge of each wing. Even at
small angles of attack, the pressure-induced flow
around the highly swept leading edge can no longer
follow the wing contour. The boundary layers of the
pressure and suction sides roll up with the entrained
flow to form a large-scale leading-edge vortex. When
fully developed, the inboard strake-vortex extends up
to the apex and rolls up along the leading edge of
the strake. A second primary vortex (wing-vortex) is
formed at the kink of the leading edge. The vortex
core is characterized by strongly increased axial
velocities, low static pressure, and a high dissipation
rate [1]. Low static pressure in both vortex cores
causes the strake vortex and the wing vortex to move
toward each other and start interacting [16]. Figure
4 gives a simplified illustration of the vortex topology
and vortex bursting points on a 76°/40° double-delta
wing at o = 20° [16]. Vortex bursting is characterized
by an abrupt divergence of vortex streamlines and a
sudden increase in the vortex diameter [17]. The flow
field downstream of the bursting point is dominated
by large-scale turbulent structures, which decay into
smaller vortices and finally dissipate. With increasing
angle of attack, the bursting locations move further
upstream, so increasingly larger portions of the wings
are affected by turbulence and produce less lift. On
a 76°/40° double-delta wing, the wing-vortex is gen-
erally weaker and less stable than the strake-vortex
due to the lower sweep of the outer wing section [16].

— y/crw 05

G
L/ Cr.w = 0.5000
051N 03— |
== =@M
1 0
= \ A 0.7500 \’é
& > -
< \J .
1 —
L
—+— Inboard vortex (IBV) 0.25 05
----- Midboard vortex (MBV)

4 Bursting point

FIG 4. Vortex interaction on a 76°/40° double-delta wing
at o = 20°, adapted from Verhaagen et al. [16]

3.2. Unsteady flow phenomena - cause of buffet-
ing
Unsteady flow phenomena have a significant influ-
ence on the stability and control of an aircraft config-
uration in vortex-dominated flows, especially on delta
wing configurations. The flow field downstream of the
breakdown position of the LEV consists of high tur-
bulence intensities associated with substantial veloc-
ity and pressure oscillations [1]. These quasi-periodic
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oscillations arise from a helical mode instability (HMI)
of the breakdown flow [4]. The breakdown position
of the leading-edge vortex system shifts further up-
stream as the AOA increases. The spectra of velocity
fluctuations within the HMI exhibit a narrow-band re-
gion where the dominant frequency fi.., occurs. The
turbulent kinetic energy is thus concentrated in a nar-
row frequency band. A determination of the domi-
nant reduced frequency kg4.., as a function of wing
geometry (leading-edge sweep ¢y) and flight condi-
tion (flight speed U, angle of attack «) was intro-
duced by C. Breitsamter [1]. The wake instability ex-
cites the wing and the tail structure to vibrate in its
natural frequencies, predominant in the 1st bending
and the 1st torsional modes, leading to buffeting phe-
nomena. The fluid-structure interaction also leads to
a coupling or influence between the vibrations of the
elastic structure at the fin and the oscillations of the
vortex breakdown position. The chain of events of
the fluid-structure interaction leading to fin buffeting is
shown in Fig. 5.

Excited struc-
tural modes:

1st bending
1st torsion
Unsteady
separation
O
2 /1/“‘5@
AW K
A Helical mode
% ) "
%;//,,,/////// instability of
' //////////,, breakdown
flow fyom

Oscillations of
breakdown location

Ueo / (high AOA)

FIG 5. Fluid-structure interaction of leading-edge vor-
tex bursting and elastic fin, adapted from Breit-
samter [1]

4. EXPERIMENTAL INVESTIGATION

4.1. Measurement methods

Wind tunnel measurements are performed with the
quasi-rigid reference case and with the fully flexible
version of the AWTM-F. The model is mounted on a
two-axis support using a rear sting, which is mounted
on a turn table. This allows the adjustment of the
angle of attack and the angle of sideslip of the wind
tunnel model. In order to introduce as few additional
dynamic effects as possible into the system, the sting
has no roll angle adjustment. Force and moment
measurements with the internal six-component strain
gauge balance are performed separately from those
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with transient pressure transducers and accelerome-
ters. In the present investigations, only the transient
pressures and accelerations of the left-hand side of
the AWTM-F are considered.

4.2. Ground Vibration Test

A ground vibration test was performed on the AWTM-
F wind tunnel model to investigate the structural
dynamics and to determine the eigenmodes and
associated eigenfrequencies. The modal analysis
was conducted on both the quasi-rigid configuration
(aluminum) and the flexible configuration (PLA).
The experimental setup of the GVT is shown in Fig.
6. The GVT was performed with the wind tunnel
model installed at the support in the test section to
ensure the same conditions as in the wind tunnel test.
The main components for the experimental modal
analysis are the mechanical structural excitation,
the accelerometers for structural analysis and the
data acquisition system for recording and further
processing the measurement data. Two modal ex-
citers (electrodynamic shakers) were used to excite
the structure. The respective components were
excited in several measurement runs to determine
the eigenmodes on the wing, HTP and fin. The
sinusoidal excitation was conducted in the frequency
range from f; = 5Hz to f; = 400 Hz at an force
amplitude of F = 0.25 N to F' = 2.0 N. The structural
dynamic response was determined using uniaxial
accelerometers. Based on the excitation and the
structural response, both the frequency response
function (FRF) and the eigenmodes of the lifting
surfaces could be extracted.

AWTM-F
Wind tunnel model

Accelerometers (ACC)

7] Vibration exciters -
=¥ electrodynamic shakers

FIG 6. Experimental setup of the ground vibration test

(GVT), investigation of the flexible configuration
(PLA)
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FIG 7. Installation of the AWTM-F wind tunnel model in the test section of WT-A for o = 30° and 3 = 0°

TAB 4. Wind tunnel measurement conditions

Parameter Value

Mach number Ma 0.15[-]
Reynolds number Re, ,, = £== 3.2-10°1/m
Freestream velocity U, 51m/s
Angle of attack a 0° — 40°

4.3. Measurement conditions

The measurement campaign takes place at the low-
speed wind tunnel A of the Chair of Aerodynamics
and Fluid Mechanics of the Technical University of
Munich. Figure 7 shows the wind tunnel model in-
stalled in the test section of the WT-A. The Géttingen
type wind tunnel has an open test section of 1.80 m
in height and 2.40 in width, with a test section length
of 4.80 m. With an open test section, the maximum
speed is 65m/s with a turbulence intensity in each
coordinate direction of less than 0.4%. Table 4
summarizes the measurement conditions of the wind
tunnel investigations. The Reynolds number related
to the freestream velocity is Re,;,, = 3.20 - 101/m,
which corresponds to a required freestream velocity
of about U, = 51 m/s and a Mach number of about
Mas = 0.15. Thus, at all angles of attack, fully
turbulent boundary layers are present to form the
large-scale leading-edge vortex system. Experimen-
tal investigations are performed in an angle of attack
range between o = 0° and o = 40° with a measure-
ment time of 10s. The sampling frequency of the
force and moment measurements with the internal
six-component balance was f;, = 800 Hz. For the
transient pressure and acceleration measurements,
a sampling frequency of f; = 5120 Hz was used. The
setup and accuracy of the measurement methods
described are published in Stegmdiiller et al. [15].
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5. RESULTS AND DISCUSSION

In this section, the results from the experimental in-
vestigations on the AWTM-F wind tunnel model are
analyzed and discussed. The focus of these investi-
gations is on fluid-structure interaction and aeroelastic
vibration effects in a vortex-dominated flow. For this
purpose, a detailed flow-physical analysis of the oc-
curring unsteady flow phenomena is conducted in the
first part. In the second part, the dynamic structural
response and buffeting phenomena are determined
on the aeroelastic wind tunnel model for both the flex-
ible and rigid reference configurations.

5.1. Forces and Moments

An additional non-linear lift component above a
certain angle of attack characterizes the lift polar
of high-agility aircraft configurations. The fully de-
veloped leading-edge vortex system leads to an
increase of the axial velocity component on the
suction side and thus generates a high suction level
on the upper wing surface. As the angle of attack
increases, the structure of the vortex core changes
and the phenomenon of vortex bursting occurs. This
is characterized by a divergence of the vortex stream-
lines around a region of stagnant flow, causing the
vortex cross-section to expand abruptly. Therefore,
the bursting of the primary vortex system leads to a
reduction of the suction peak and subsequently to
a significant decrease of the total lift [1]. Figure 8a
compares the lift polars of four rigid AWTM-F wind
tunnel model configurations. The AWTM-F equipped
with (i) wing, HTP (deflection dgyrp = 0°) and fin, (ii)
with wing and HTP (6grp = 0°) and (iii) with wing
and fin is presented as well as (iv) the configuration
with the wing only. For all AWTM-F configurations,
the vortex-induced nonlinear lift can be observed
from o = 8°. The vortex breakdown over the wing
leads to a sudden drop of the lift gradient at o = 16°.
The drop of the lift gradient is more pronounced in
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FIG 8. C. and C,,, of several 76°/40° AWTM-F configurations (rigid), « = 0° - a = 40°, 8 = 0°, Uss = 51m/s,

Rey/m =3.20-10°1/m

the configurations with HTP than in comparison to
the configurations without HTP. It can be observed
that the fin causes a significantly smaller increase
in the lift coefficient from about o = 22° compared
to the respective configuration with HTP or without
HTP. The fins contribute to a negative lift increment
from about o = 22°, which results in a lower Cr, 44
The maximum lift coefficient is reached from o = 36°
to o = 38° for all configurations. The transition from
near-stall conditions to the post-stall flight domain oc-
curs in this angle-of-attack range. Above an angle of
attack of a = 38° the flight domain is in the post-stall
region, characterized by a negative lift gradient.

In Fig. 8b, the polars of the pitching moment coeffi-
cient of the four AWTM-F configurations are shown. A
positive pitching moment coefficient (C,,, > 0) means
a nose-up moment and a negative pitching moment
coefficient (Cp,y < 0) means a nose-down moment.
For the configurations with HTP, a steep increase in
the pitching moment polar can be seen between o =
13° and « = 15°. This occurs significantly earlier than
the change in the lift polar from o« = 16° in Fig. 8a.
The vortex breakdown position has already reached
the HTP at a = 13°, which has a much stronger in-
fluence on the pitching moment coefficient than on
the lift coefficient due to the larger lever arm. For the
configurations without HTP, a stronger increase in the
pitching moment coefficient is observed from an an-
gle of attack of &« = 15°, which corresponds better
to the strong kink of the lift gradient at o = 16° (Fig.
8a). Furthermore, it can be seen in Fig. 8b that for
the two configurations with HTP, the presence of the
fin in the angle-of-attack range between o = 20° and
a = 33° generates an additional positive pitching mo-
ment compared to the configuration without the fin.
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5.2. Surface pressures

In the following, an overview of the evaluated surface
pressures measured with transient pressure trans-
ducers (section 4.3) on the flexible and rigid AWTM-F
configuration is given. For the measurements, the
corresponding deflection angle of the HTP dyrp
was set for each measured angle of attack. The
corresponding values are given in Table 1.

Figures 9 and 10 show the rms pressure coefficient
cp.rms Of the unsteady pressure fluctuations at the
sensor positions of the left wing, left HTP and left fin
(Fig. 3), in the angle-of-attack range from a = 10°
to a = 40°. With a shift of the vortex bursting point
upstream in front of the sensor position, the rms
values increase. This agrees with the development of
cp,rms fOr the wing in Fig. 9a, where the rms values
at sensor position 1 increase at o« = 22.5°. Due to the
expected post-stall region at a = 38°, the pressure
fluctuations decrease significantly. At sensor position
2L, the peak of the rms value is already reached at
a = 27.5°, but ¢, rms rises already from o = 20° up-
wards and has a higher level than the sensor position
1L. This indicates that the outer region of the wing,
which is dominated by the midboard vortex (MBV), is
affected by the vortex bursting earlier. In contrast, the
inner region, influenced by the inboard vortex (IBV),
is subject to more significant pressure fluctuations at
higher angles of attack. The peak at sensor position
2L for a = 15° is assumed to be caused by vortex
bursting of the MBV. In the comparison between the
flexible and the rigid configuration, clear differences
in the rms values ¢, ms Of the wing in Fig. 9a can be
observed. Particularly for the inner sensor position
1L, the pressure fluctuations are larger for the rigid
configuration than for the flexible one for most angles
of attack.
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Due to the downstream position of the HTP compared
to the wing, it is influenced by vortex bursting even at
lower angles of attack. For this reason, the pressure
fluctuations in the form of the ¢, .. values, as shown
in Fig. 9b, increase already for « = 15° upwards.
The pressure fluctuations at the HTP are very similar
for the flexible and the rigid configuration at both po-
sitions in the considered angle of attack range, with
slightly lower ¢, ., values from o = 27.5° upward for
the rigid reference case. The pressure fluctuations
decrease continuously from o = 27.5° at the inner
position (1L) and from o« = 30° at the outer position
(2L). As with the HTP, the pressure fluctuations for
the fin, shown in Fig. 10, increase from a = 15° up-
ward. This indicates that the breakdown position of
the vortex system at a = 15° is already in the area
of the fin. While the pressure fluctuations at the outer
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sensor position (2L) decrease again from o = 27.5°
upwards, the ¢, s value at the inner sensor position
(1L) decreases slightly above o = 30°. In the compar-
ison between the flexible configuration and the rigid
reference configuration, the higher pressure fluctua-
tions at @ = 27.5° at the outer sensor position (2L)
of the rigid fin are especially noticeable, while the val-
ues are almost identical for the inner position (1L) and
match those of the rigid case of the outer position
(2L). The flexible structure of the wing, the HTP and
the fin influence to some extent the magnitude of the
pressure fluctuations in terms of ¢, ,..,,. Considering
the aerodynamic excitation (buffet) related to the pres-
sure fluctuations, slight differences can be observed
between the flexible and the rigid configuration with
very similar curve characteristics.

5.3. Analysis of the buffet pressure spectra

For the investigation of the aerodynamic excitation
with respect to buffeting, the power spectral densities
(PSD) of the pressure fluctuations c;, on the surface
of the wing, the HTP and the fin are analyzed for the
flexible and rigid configuration for two different sensor
positions as a function of the angle of attack. For
the evaluation of the pressure spectra, a 1-D median
filter of 1st order and a Savitzky-Golay finite impulse
filter (FIR) of 1st order and a frame length of 51 Hz is
used for denoising the initial averaged noisy signal in
the frequency domain [18].

The following analysis focuses on the buffet pressure
spectra of the fins since a strong aerodynamic exci-
tation occurs, especially at the vertical tail. Figure 11
shows the power spectra of the flexible fin on the left-
hand side and those of the rigid fin on the right-hand
side between o = 10° and a = 40° for the sensor
positions 1L (fin inboard) and 2L (fin outboard). In
the higher angle of attack range from « = 20°, the
so-called buffet peak can be seen in both the flexible
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and rigid configuration for both sensor positions (1L
and 2L). The buffet peaks in the pressure spectra con-
firm the theory described in section 3.2 that the vor-
tex breakdown comes with a helical mode instability
and the pressure fluctuations are dominated by quasi-
periodic oscillations [1,4,19]. These peaks are char-
acterized by a narrow-band concentration of turbulent
kinetic energy, which can be assigned to a dominant
frequency kqom. The buffet peaks are shifted toward
lower reduced frequencies (k = f - ¢, w/Us) With in-
creasing angle of attack. In the pressure spectra for
the flexible configuration (1L) in Fig. 11a, for example,
a shift of the dominant frequencies from k4,,, = 1.40
at o = 20° 10 kgom = 0.89 at « = 30° can be observed.
Breitsamter [1] explains the buffet peak shift by an
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expanding cross-section of the burst vortex core with
increasing distance to the vortex breakdown location
and thus with increasing angle of attack and the as-
sociated forward movement of the vortex breakdown
position. The wavelength of the helical mode insta-
bility (HMI) increases downstream due to the expan-
sion of the vortex cross section and the corresponding
dominant frequency decreases. In the higher angle-
of-attack range from a = 30°, the pressure spectra
become more broadband for all configurations, shown
in Fig. 11, and no clear buffet peak can be identi-
fied. The broadband spectrum is due to the fact that
in the higher angle-of-attack range, the broadband
vortex core flow also exerts a more substantial influ-
ence in the burst vortex wake [19]. In Fig. 11a, the

10
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peaks in the power spectral densities for the sensor
position 1L can be identified from a = 20° upward
for the flexible and the rigid fin. This is consistent
with the observations regarding the ¢, s values in
Fig. 10 for sensor position 1L (fin inboard), which in-
crease significantly from « = 20° due to vortex burst-
ing. No quantitative differences can be observed in
the pressure spectra between the flexible configura-
tion and the quasi-rigid reference configuration with
regard to the dominant frequencies and the charac-
teristics of the buffet peaks. Starting from a dominant
frequency of k4., = 1.40 for the flexible configuration
and kg4,,, = 1.38 for the rigid configuration for a = 20°,
a shift to lower dominant frequencies with increasing
angle of attack can be observed in both cases. In
Fig. 11b, as in the case of the sensor position 1L,
the buffet peaks in the pressure spectra of the sensor
position 2L for both the flexible and the rigid configu-
ration can be identified especially for angles of attack
higher than o = 20°. The analyzed buffet peaks in
the PSD of the pressure fluctuations act as an aero-
dynamic excitation input and are responsible for the
structural response and the occurring buffeting phe-
nomena.

5.4. Analysis of the vertical tip accelerations

In this section, the dynamic structural response of the
AWTM-F will be analyzed for both the flexible con-
figuration (PLA) and the quasi-rigid reference config-
uration (aluminum). As part of the experimental in-
vestigations, the vertical tip accelerations of the wing,
the HTP and the fin are measured with uniaxial ac-
celerometers, see section 2.2. In Fig. 12, the rms
values of the acceleration a ,s, normalized by the
product of the inverse square freestream velocity U2,
and the wing root chord ¢, , in an angle-of-attack
range from o = 10° to o = 40° are shown. The tip
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accelerations of the wing, HTP and fin show a qual-
itatively similar curve for increasing angle of attack
in the rigid case with qualitative differences between
a = 20° and « = 30°. In this angle-of-attack range,
the largest accelerations occur at the fin, the second
largest at the HTP and the smallest at the wing.

Considering the flexible configuration, significant
differences occur between the individual lifting sur-
faces. As expected, the flexible components react
more sensitively to aerodynamic excitation. For the
flexible wing and HTP, the measured tip accelerations
at o = 15° are slightly higher compared to the rigid
reference case. In contrast, a similar curve between
rigid and flexible configurations can be observed
for the fin for an increasing angle of attack up to
a = 15°. In the angle-of-attack range from o = 15°
to a = 22.5° the rms values of the tip acceleration
at the flexible fin increases strongly. The abrupt
increase in acceleration at @« = 15° is a substantial
indication that buffeting already occurs on the fin at
this angle-of-attack range. This result is consistent
with the evaluation of the lift coefficient C, in section
5.1, where a reduction in the lift gradient can be
observed from o = 16° due to vortex breakdown. The
flowfield of the burst vortex creates a strong impact
on the fins as the annular region of local turbulence
maxima associated with the burst vortex system fully
envelops the surfaces [1]. From a maximum value
of a; rmsn = 0.058 at @ = 25°, a decrease in the
rms values of the vertical tip acceleration occurs at
the fin. Between o = 25° and a = 27.5° a moderate
decrease and between o = 27.5° and o = 30° a
stronger decrease can be observed. At a = 30° the
gradient of the curve changes and a continuous de-
crease is observed up to a value of a, s, = 0.037
in the post-stall region at o = 40°. Compared to the
fin, the rms values of the vertical tip accelerations
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on the wing and HTP increase from a = 20°. At
a = 22.5°, significantly lower values are observed on
the wing and HTP compared to the fin. From an angle
of attack of a = 27.5°, a decrease in the vertical tip
acceleration of the flexible wing can be observed.

It can be summarized that in contrast to the aero-
dynamic excitation, described in section 5.3, clear
differences between the flexible configuration and the
rigid reference configuration can be seen in the struc-
tural response. The flexible components are strongly
excited and react more sensitively to unsteady flow
phenomena in the aerodynamic excitation.

5.5. Analysis of the tip acceleration spectra of the
flexible fins

The pressure fluctuations at the wing, the HTP and
the fin, which are analyzed in section 5.3, lead to an
excitation of vibrations of the aircraft structure. The
flexible configuration is significantly more sensitive to
unsteady aerodynamic flow phenomena in the struc-
tural excitation investigated in section 5.4. For this
reason, this section focuses on evaluating the struc-
tural dynamics response at the flexible configuration,
specifically at the fin. The structural response to the
aerodynamic excitation input (buffet) is investigated
by evaluating the power spectral densities of the mea-
sured accelerations of the fin tip. The structural dy-
namics response can only occur at specific structural
frequencies called eigenmodes. In terms of structural
response, the first bending mode (1st BM) and the
first torsional mode (1st TM) of the fin are relevant [5].
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TAB 5. Results of the ground vibration test at the flex-
ible fin in terms of eigenmodes, eigenfrequen-
cies and damping (damping ratio in %)

Eigenmode Eigenfrequency Damping [%]
k1| flHz]
1st BM (asym.) | 0.83 64.30 2.79
1st BM (sym.) 0.92 71.17 3.45
1st TM (sym.) 2.38 183.90 2.85
1st TM (asym.) | 2.43 187.71 412
2nd BM (asym.) | 3.73 288.56 2.04
2nd BM (sym.) | 3.98 307.08 1.69
2nd TM (sym.) 4.59 346.51 3.04
2nd TM (asym.) | 4.96 354.56 3.77

In contrast to the AWTM [11], the AWTM-F full-span
model can also be used to investigate asymmetric
eigenmodes. Figure 13 shows the PSDs of the fin
tip accelerations a. for the flexible configuration for
a = 10° to @ = 40°. In contrast to the pressure
spectra, simple averaging is used for denoising the
initial averaged noisy signal of the fin tip accelera-
tions in the frequency domain. For the purpose of as-
signing and evaluating the occurring frequency peaks,
the determined BMs and TMs at the fin are drawn as
dashed vertical lines. In order to evaluate the eigen-
modes of the flexible fin, the amplitudes of the fre-
quency response function of the ACC sensor posi-
tion, described in section 4.2, are investigated. The
eigenmodes of the flexible fin with the corresponding
eigenfrequencies and the damping ratio in % (Lehr’s
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damping factor) are given in Table 5. In the angle-
of-attack range between a = 15° and o = 20°, a sig-
nificant increase in the tip acceleration spectra can be
observed over the entire frequency range. This obser-
vation is consistent with the analysis of the rms values
on the flexible fin in Fig. 12. From an angle of attack
of a = 15° a strong increase of the rms values of the
acceleration a .5 can be observed.

In Fig. 13 in the lower frequency range, two spe-
cific peaks occur at a reduced frequency of £ = 0.21
(f =16 Hz) and k£ = 0.31 (f = 24 Hz). These peaks,
which cannot be assigned to any specific eigenmodes
of the fin according to Table 5, also appear in the
tip acceleration spectra of the wing and the fuselage.
The first frequency peak is characterized by an oscil-
lation of the AWTM-F about the lateral axis and the
second peak by a torsional oscillation about the longi-
tudinal axis. The clamp connection between the rigid
rear-sting and the rigid fuselage is suspected to influ-
ence these low-frequency oscillation modes. In Fig.
13, the peak in the acceleration spectra at k£ = 0.55
(f = 42.50 Hz) can be assigned to the first bending
mode of the wing. Due to the fact that the lifting sur-
faces are mounted to the fuselage by a frictional con-
nection without damping, vibrations can be transmit-
ted between the individual components. The peaks
in the acceleration spectra at £ = 0.83 (f = 64.30
Hz) and £ = 0.92 (f = 71.17 Hz) can be associated
with the first bending modes (1st BM) of the flexible
fin, in the form of the symmetrical and asymmetrical
eigenmode. In the frequency range from k£ = 1.50 to
k = 1.80, a frequency peak with a secondary peak
can be observed, which dominates the entire acceler-
ation spectra in terms of magnitude. In this frequency
range, the 1st sym. torsional mode (k = 1.60) and the
1st asym. torsional mode (k = 1.65) occur at the HTP,
as well as the 1st sym. torsional mode (kK = 1.76)
and the 1st asym. torsional mode (k = 1.80) at the
wing. Due to the high magnitude of this peak, it is as-
sumed that the torsional modes influence each other
and mode coupling occurs [20]. In comparison, the
1st sym. torsional mode of the fin occurs at £ = 2.38
(f = 183.90 Hz) and the 1st asym. torsional mode
at k = 2.43 (f = 187.71 Hz). The frequencies of the
higher eigenmodes of the flexible fin, such as the sec-
ond bending mode (2nd BM) and the second torsional
mode (2nd TM), are shown in Table 5.

In Fig. 14, the dominant frequency k4., of the aero-
dynamic excitation of the flexible fin for two different
sensor positions (1L and 2L) is plotted in the angle-
of-attack range from a = 20° to a = 40°. The struc-
tural dynamics response of the flexible configuration
will be maximum when the buffet peak approximately
coincides with an eigenmode of the fin [1]. Due to the
shift of the dominant frequency with increasing angle
of attack, according to section 5.3, the first bending
modes are excited in the investigated angle-of-attack
range. In the range between a = 28° and o = 30°,
the dominant frequency corresponds to the eigenfre-
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FIG 14. Dominant frequencies k., and aerodynamic
excitation of the first bending mode of the flex-
ible fin, & = 20° - @ = 40°, 8 = 0°, Uss = 51m/s,
Reym =3.20-10°1/m

quency of the first symmetric bending mode of the
flexible fin. The first asymmetric bending mode is
aerodynamically excited from o = 30° to o = 32° for
both sensor positions. The eigenfrequency of the first
torsional mode is in a much higher frequency range
than the first bending mode and does not coincide
with the dominant frequency of the aerodynamic exci-
tation.

6. CONCLUSION

Experimental investigations on a modular full-span
aeroelastic wind tunnel model (AWTM-F) with either
rigid or flexible wings and tail planes are performed
at the low-speed TUM-AER wind tunnel A to study
unsteady flow phenomena and buffeting. The AWTM-
F is a generic double-delta wing configuration with
a pivotable horizontal tail plane and a vertical tail.
The double-delta wing has a leading-edge sweep of
pw,1 = 76° at the strake and ¢ ,» = 40° at the main
wing section. Force and moment measurements are
performed with an internal six-component balance
to determine the lift polar and the pitching moment.
In addition, the model was equipped with unsteady
pressure transducers to analyze the aerodynamic
excitation (buffet) and accelerometers to evaluate
the dynamic structural response (buffeting). A GVT
was performed to determine the eigenmodes and the
corresponding eigenfrequencies.

The lift polar of the double-delta wing configuration
investigated in this paper is characterized by an ad-
ditional vortex-induced non-linear lift component from
an angle of attack of « = 8°. The vortex breakdown
over the wing leads to a drop of the lift gradient at
a = 16°. The maximum lift coefficient is reached at
about « = 36° for all configurations studied. The flight
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state is in the post-stall region above a = 38°, charac-
terized by a negative lift gradient. High-pressure fluc-
tuations downstream of the burst vortices are respon-
sible for the potential aerodynamic excitation of the
aircraft structure and the associated dynamic struc-
tural response. In the spectral analysis (PSD) of the
surface pressure fluctuations, quasi-periodic oscilla-
tions occur above a certain angle of attack, which
leads to an excitation of the aircraft structure. At the
vertical tail (fin), distinct buffet peaks can already be
identified at an angle of attack of a = 20° for both
sensor positions (1L and 2L). As expected, a shift of
the dominant frequencies of the buffet peaks to lower
reduced frequencies with increasing angle of attack
can be observed.

In the structural dynamics response, significant dif-
ferences between the flexible and the rigid reference
configuration can be observed. The flexible lifting
surfaces react more sensitively to unsteady flow
phenomena. The wake of the burst vortex creates a
strong impact, especially on the fins, as the annular
region of local turbulence maxima associated with the
burst vortex system fully envelops the fin surfaces. In
the ground vibration test of the AWTM-F, symmetrical
and asymmetrical eigenmodes could be determined.
The frequency peaks occurring in the analysis of the
PSD of the fin tip accelerations correlate with the de-
termined eigenmodes. The dominant frequencies of
the aerodynamic excitation at the flexible fin coincide
with the frequency of the first bending mode in the
higher angle of attack range and a critical excitation
of the first bending mode can be observed.

For a better understanding of the influence of the
flexible components on the vortex topology and the
vortex breakdown behavior, further experimental
investigations have to be performed. Stereo-PIV
measurements are conducted to study the upstream
and downstream effects of the components on the
flow field. For analyzing the unsteady pressures on
the surfaces of the wing and the tail, as well as the
dynamic three-dimensional structural deformation
with a high spatial and temporal resolution, optical
measurements with fast-response pressure-sensitive
paint (PSP) and optical deformation measurements
will be performed simultaneously. In terms of numeri-
cal investigations, a coupled CFD-CSM simulation is
on-going to analyze the flexible configuration.
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