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Abstract

Submitted paper discusses the recent accomplishments in the wind tunnel testing of the W-WING whirl flutter
demonstrator. First, the paper gives an outline on theoretical background on the whirl flutter phenomenon, the
demonstrator itself and past design and development activities. Further, the preparatory experiments including
mass and stiffness measurements, modal tests and engine tests are outlined. The main focus is then paid on
the wind tunnel measurements that include two measurement campaigns. The paper provides a description of
the test equipment and methodology during both campaigns. In addition, the test result assessment
methodology and the examples of results are provided. Finally, the outcome and future activities are outlined.
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1. Introduction

Whirl flutter is a specific type of aeroelastic flutter instability, which may appear on turboprop aircraft
due to the dynamic and aerodynamic effect of rotating parts, such as a propeller or a gas turbine
engine rotor that generate additional forces and moments. In addition, a flow field behind a rotating
propeller causes an aerodynamic interference effect between a nacelle and a wing. Whirl flutter may
lead to an instability that is driven by motion-induced unsteady aerodynamic propeller forces and
moments acting at the propeller plane. As the outcome, whirl flutter instability may cause unstable
vibration and even a failure of an engine installation or an entire wing.

The propeller whirl flutter phenomenon was analytically discovered by Taylor and Browne in 1938
[1]. The basic formulae for the aerodynamic derivatives of propeller forces and moments due to the
motion and velocities in pitch and yaw were set by Ribner in 1945 [2, 3]. The importance of the whirl
flutter phenomenon on practical applications was recognized after the fatal accidents of two
Lockheed L-188 C Electra Il airliners in 1959 and 1960 [4].

Due to the complicated physical principle of the whirl flutter, the experimental validation of analytical
results is required. The main reasons are the unreliable analytical solution of propeller aerodynamic
forces and also a structural damping on which whirl flutter is extremely sensitive. Therefore,
aeroelastic models are used. The comprehensive experimental works were carried out in NASA
LARC by Reed, Bennett, Kvaternik and many others [5 - 10]. Other important works on the subject
are also reported in [11]. A comprehensive description of whirl flutter experimental research activities
during the various periods is provided in [12].
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The activities of the recent past include the experimental works accomplished by VZLU using the W-
WING whirl flutter aeroelastic demonstrator [13]. The demonstrator is based on the aeroelastic model
of a turboprop aircraft that was formerly used for certification purposes and for the research of
nonlinearities [14, 15]. The developed whirl flutter research demonstrator represents the half-wing
and engine of a typical commuter turboprop aircraft structure with a powered rotating propeller. The
previously accomplished experimental works are documented e.g. in [16, 17].

2. Description of W-WING Demonstrator

2.1 Mechanical Concept

Whirl flutter aeroelastic demonstrator (W-WING) was adapted from a half-wing with a span of 2.56 m
with the engine of a former aeroelastic model of the commuter aircraft for 40 passengers. The total
mass of the model (including the simulation of the full fuel load) is approximately 55 kg (wing 30 kg
and nacelle 25 kg). Based on the experience from the past activities accomplished within the past
project in 2014 and 2015, design modifications and further upgrades were proposed [18]. The main
change is the installation of the new motor with sufficient power. Also, additional sensors and
equipment were installed. In addition, the system of steady and unsteady flow field measurement
was designed. Apart from the described configuration, the sting-mounted nacelle variant, i.e.,
propeller-nacelle only (W-STING) intended for the measurements of propeller aerodynamic
derivatives is also available.

The wing and aileron stiffness is modeled by a duralumin spar of variable cross-section. The inertia
characteristics are modeled by lead weights. The aileron is actuated by the electromagnetic shaker
placed at the wing root via a push-pull rod. The nacelle model has two DOFs (engine pitch and yaw)
modeled by means of cross-spring pivots that are independently replaceable to adjust the stiffness
and movable in the direction of the propeller axis to adjust the pivot points of both vibration modes.
The inertia of the engine is modeled by the movable weight. The gyroscopic effect of the rotating
mass is simulated by the mass of the propeller blades. The propeller is powered by an electric motor
with a nominal power of 15 kW. Such power enables to provide the measurement in the thrusted
propeller conditions. Power system is equipped with a servo-amplifier to manage and evaluate
propeller revolutions, torque, and immediate power. In addition, a balance cell for the measurement
of the propeller thrust is installed. Demonstrator is equipped with a system of aerodynamic excitation
by aileron flapping deflection. The demonstrator installed in the wind tunnel is shown in figure 1.

Figure 1 — W-WING research demonstrator.
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2.2 Sensor Instrumentation

Mechanical instrumentation includes strain gauges in the root and half-span sections to measure the
vertical bending, in-plane bending, and torsional stress of the wing. Demonstrator is also equipped
with 18 uniaxial accelerometers. Wing is instrumented at six spanwise sections and two positions
chordwise for the vertical direction and at a single position in the wingtip for the in-plane (longitudinal)
direction. Nacelle is instrumented in two sections (front and rear) for both vertical and horizontal
directions and at the rear section also for the longitudinal direction.

Demonstrator and data control are provided by the in-house LabVIEW-based application. The
application provides control of the propeller rotation; propeller rpom may be set either directly or via
required thrust. The application also manages aerodynamic excitation by the aileron flapping.
Various excitation signals (harmonic constant or sweep, impulse etc.) are available. Measured data
from the sensors are acquired with the sampling frequency of 2000 Hz and depicted in the time
domain as well as pre-processed into the form of power spectral densities. Finally, the application
provides a safeguard preventing the destruction of the demonstrator, provided the response at the
critical points exceeds the preset threshold. Apart from the described application, continuous signals
from all accelerometers and the airflow velocity signal are acquired using the LMS TestLab system
that provides the amplitude evolution and the monitoring of the frequency components corresponding
to the engine whirl motion in real-time. Finally, the acquired data are used for the assessment of the
demonstrator’s vibration response using the methods of FFT and OMA.

3. Ground Tests

Ground tests were aimed at determining the static and dynamic characteristics of the demonstrator
and the operational limits of the power system.

3.1 Nacelle Component Tests

The nacelle component tests included stiffness tests to obtain effective stiffness in pitch and yaw
directions and modal tests to obtain engine pitch and yaw frequencies. These tests included all five
variants of cross spring pivot leaves thickness. A simple system of incremental sensors and loading
by weights was used for the static tests. For the modal test, the modal hammer excitation was used.
Nacelle component tests are documented in figure 2.

Figure 2 — Nacelle component tests, (a) vertical stiffness test, (b) horizontal stiffness test (loading),
(c) modal test (excitation).
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3.2 Complete Model Tests

Complete model tests were aimed at determining the modal characteristics of the complete model,
i.e., including the wing modes for a single (nominal) configuration. The tests included ordinary modal
tests without rotation of the propeller and operational modal analysis (OMA) under the conditions of
the rotating propeller at 1000, 2000 and 3000 rpm with the blades’ angle of attack of 5, 10 and 15
degrees. In addition, the measurement using the mass equivalent disc was performed. The purpose
was to describe the effect of the propeller rotation onto modal parameters and to split the effect of
aerodynamic and dynamic forces. Complete model modal test arrangement is shown in figure 3.
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Figure 3 — Complete model tests, (a) modal tests layout, (b) mass equivalent disc configuration.

Example of the OMA results is presented in figure 4 that represents cross-power spectra at angle of
attack 5 deg and rpom = 1000. Presented curves represent the accelerometer sensors (nacelle or

wing).
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Figure 4 — OMA result example, cross-power spectra, AoA = 5 deg, rpm = 1000, (a) nacelle sensors,
(b) wing sensors.

3.3 Power Plant Operational Tests

Power plant operation tests were performed to check the operational envelope of the power system
and to find the maximal available revolutions for various angles of attack with respect to the available
power. Also, other power plant-related quantities were monitored. The tests included angle of attack
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of 5, 10 and 15 degrees. Figure 5 shows the resulting diagrams of the propeller thrust and immediate
power vs. propeller rpm.
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Figure 5 — Power system operational tests, (a) thrust vs. rpm, (b) immediate power vs. rpm.

Considering the expected time of a measurement run and the heat-related motor limitations, the

maximal applicable operational power was expected at 10 to 11 kW. From this value, the maximal
applicable rpm can be predicted.

4. Wind Tunnel Tests

4.1 Test Arrangement and Methodology

The demonstrator is designed for testing in the VZLU 3-m diameter low-speed wind tunnel. Two
campaigns aimed at dynamic response and whirl flutter measurements were accomplished. The
demonstrator, combined with the splitter plate which prevents the induced effects at the wing root
region, was fixed to the attachment arm inside the wind tunnel test section as shown in figure 6.

Figure 6 — Wind tunnel test arrangement.

The measurement variant was defined by these structural parameters: pitch and yaw attachment

stiffness, pitch and yaw hinge station, balance weight station, choice of propeller (duralumin or steel

blades), and finally, by the propeller blade 75% section angle of attack (o). The measurement of

each variant included the preparatory measurement of the pitch and yaw frequencies without the

airflow. The reason was that the pitch and yaw effective stiffness were influenced also by the
5
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conditions of assembly. Next, the main measurement including the airflow was performed. In the first
phase, the excitation was realized by the flow turbulence only. Provided that no flutter state was
reached, the measurement was repeated with excitation by the aileron harmonic sweep flapping.
The duration of mechanical measurement at a single velocity was approximately 5 minutes, after
steady airflow velocity and the propeller revolutions were reached.

The typical examples of results are shown in the following figures. Figure 7 shows the example of

power spectra results for excitation by the airflow turbulence. The graphs represent g-amplitude
including both backward and forward whirl modes at the airflow velocities ranging from 10 to 40 m/s.

003 05 08 10 13 15 18 20 23 25 28 30 33 35 36 40 43 45 485 003 05 08 10 13 15 18 20 23 25 28 30 33 35 38 40 4

Figure 7 — Power spectra results, turbulence excitation, backward and forward whirl modes, g-
amplitude response: (a) pitch and (b) yaw, airflow velocities 10, 15, 20, 25, 30, 35 and 40 m/s.

Figure 8 presents the waterfall diagram for the measurement with excitation by the aileron flapping.
The diagram shows the g-amplitude response in the pitch direction at the airflow of 20, 30 and 40
m/s. The highlighted sections are those ones in which the maximal response of the backward (blue)
and forward whirl (purple), respectively were reached.

Figure 8 — Waterfall response results, aileron excitation, rpom = 3647, g-amplitude response in pitch
direction, airflow velocities 20, 30 and 40 m/s.

The highlighted sections are further presented in figure 9 that includes the g-response in both pitch

and yaw directions for the cases in which the maximal response of the backward and forward whirl,

respectively were reached. From the figures we can observe the trajectories of both whirl modes.

For the backward whirl the trajectory is almost circular with the slightly dominating pitch direction.
6
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For the forward whirl the trajectory is elliptical with the dominating yaw direction.
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Figure 9 — g-response results, aileron excitation, rpm = 3647, pitch (red) and yaw (green) directions,
airflow velocity 40 m/s, (a) maximal backward whirl response and (b) maximal forward whirl

response.

Vibrational response data were acquired and processed using FFT. The spectra were sorted by the
time and displayed as cascade graphs in the broad frequency range. A detailed assessment in the
frequency domain was focused on the frequency range from 0 to 20 Hz. Further, the averaged Cross
Power and Auto Power spectra of vibrations were evaluated at the measured points. The data of the
runs with the turbulence excitation were the input into the OP Time MDOF algorithm for the
operational modal analysis (OMA). The results included modal parameters (frequency, mode shape,
damping ratio) of the evaluated modes at the airflow velocities. The identified modes included both
backward and forward whirl modes as well as the wing modes, especially 15t bending mode.

4.2 15t Measurement Campaign

During the 1%t campaign, the measurement scenario was defined as the fixed-rpm and variable
airflow. In this scenario, the propeller rpm is maintained constant while the airflow is increased.
However, no flutter state was reached during the measurements. The reason was the influence of
the thrust. For the fixed-rpm scenario, the damping may increase due to the decrease in thrust as
the airflow increased. The example of such result (V-g-f diagram) is shown in figure 10. It can be
observed from the figure the decrease in the damping of backward whirl up to the airflow velocity of
20 m/s. Then, for the higher airflow velocities, the damping starts to increase back due to the
decrease in thrust. Apart of the fixed-rpom thrusted propeller regimes, the windmilling propeller
measurements were realised as well. Tested variants included a single choice of both pitch and yaw
stiffness, two choices of both pitch and yaw pivot stations (front and rear), two choices of the weight
station (front and rear), two choices of the propeller blades (duralumin and steel) and two choices of
the propeller blades’ angle of attack (5 and 10 deg). The described choices of parameters form 16
variants in total. For each variant, the measurements included propeller in the windmilling mode and
in thrusted mode with rpm of 3600, 4000 and 4400. Measurement was performed with excitation by
the airflow turbulence and by the aileron flapping frequency sweep. Thus, 128 measurement runs in
total were done. The typical velocity array for the excitation by the airflow turbulence was 10, 15, 20,
25, 30, 35 and 40 m/s unless the flutter state would have been reached, or the negative thrust was
reached for the thrusted mode. Similarly, the airflow velocity array for the excitation by the aileron
flapping was 20, 30 and 40 m/s. In the case of approaching a flutter state, the velocity step would
have been properly decreased.
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Figure 10 — V-g-f diagram, 15t campaign, fixed-rpm scenario, rpm = 4400, pivots and weight front,
duralumin blades, AoA = 10 deg, backward whirl (red), forward whirl (blue) and 1%t wing bending
(green) modes.

4.3 2" Measurement Campaign

Based on the above-described experience, the measurement scenario was changed to fixed-thrust
and variable airflow during the 2" campaign. In this scenario, the propeller rpm is controlled to reach
the preselected thrust while the airflow is increased. In practice, after the reaching the target thrust,
the rpm was locked, and the measurement was started. In this scenario, the rpm is increasing with
the airflow velocity and the influence of the thrust on the flutter stability is eliminated. Apart of the
fixed-thrust propeller regimes, the windmilling propeller measurements were realised as well. Tested
variants included a single choice of both pitch and yaw stiffness, two choices of pitch and yaw pivot
and weight stations (front and rear), two choices of the propeller blades (duralumin and steel) and
two choices of the propeller blades’ angle of attack. For the fixed-thrust regimes, the measured
variants included the thrust of 50, 100 and 150 N for the blade angle of attack of 10 deg, and 20 and
50 N for the blade angle of attack of 5 deg. The thrust values were determined according to the
values measured during the first campaign to be able to reach the target thrust up to propeller rpm
of 5000 at the reasonable range of the airflow velocities. Another condition was the limit engine
temperature to prevent over-heat considering the duration of a single run including both vibrational
response and aerodynamic flow field measurements (see chapter 4.4) that was approximately 30
mins. Due to this factor, the applicable engine power was limited by the value of approximately 8
kW. Similarly to the first campaign, the excitation included the airflow turbulence and the excitation
by the aileron flapping frequency sweep. Airflow velocity array for the excitation by the airflow
turbulence was 10, 15, 20, 25, 30, 35 and 40 m/s unless the flutter state has been reached or the
required propeller rpm to reach the target thrust exceeded the maximal applicable value of 5000.
Similarly, the airflow velocity array for the excitation by the aileron flapping was 20, 30 (optionally 25)
and possibly also 40 m/s. In the case of approaching a flutter state, the velocity step was properly
decreased. A minimal velocity step of 1 m/s was used. The measurements with the windmilling
propeller were performed similarly. For the fixed-thrust regimes, the measurement run included just
a single velocity to avoid the engine over-heating considering the duration of the measurement that
included both the vibrational response measurement and aerodynamic flow field measurement (see
chapter 4.4). The measurements with the excitation by the aileron and the windmilling regimes were
performed at a single run including the multiple airflow velocities as these cases included the
mechanical measurements only.

Figure 11 shows V-g-f diagram for the case in which the flutter state was reached. Unstable response
was found at V = 29 and 30 m/s. Note that the positive damping was evaluated using OMA while the
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negative damping was evaluated using logarithmic decrement. Also, the reduced velocity step
applied at the flutter-approaching area can be observed.
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Figure 11 — V-g-f diagram, 2"¢ campaign, fixed-thrust scenario, T = 150 N, pivots and weight front,
steel blades, AoA = 10 deg, backward whirl (red), forward whirl (blue) and 1t wing bending (green)
modes.

The influence of thrust on the flutter stability is documented in figures 12 to 14 that show the rpm,
frequency and damping curves of the backward whirl mode over the airflow velocity for three values
of thrust (T = 50, 100 and 150 N). For T = 50 N, flutter state has not been reached up to 40 m/s while
for T = 100 and 150 N, flutter speed was found at V = 35 and 29 m/s, respectively. Note that the
positive damping (green curve) was evaluated using OMA while the negative damping (red curve
and blue symbols) was evaluated using logarithmic decrement. Also, the reduced velocity step
applied at the flutter-approaching area can be observed.
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Figure 12 — Backward whirl mode, (a) rpm, (b) frequency and (c) damping curves over airflow
velocity, fixed-thrust scenario, T = 50 N, pivots and weight front, steel blades, AoA = 10 deg, no
flutter state reached.
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Figure 13 — Backward whirl mode, (a) rpm, (b) frequency and (c) damping curves over airflow
velocity, fixed-thrust scenario, T = 100 N, pivots and weight front, steel blades, AoA = 10 deg,
VF|_ =34 m/s.
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Figure 14 — Backward whirl mode, (a) rpm, (b) frequency and (c) damping curves over airflow
velocity, fixed-thrust scenario, T = 150 N, pivots and weight front, steel blades, AoA = 10 deg,
VeL =29 m/s.

Flutter state was defined using g-response criterion (0.05 g) measured at the nacelle front section.
The value was set to ensure the structural integrity of the demonstrator with respect to the expected
flutter frequency (1.4 to 1.5 Hz). Figure 15 shows the record of the mm-amplitude in pitch and yaw
directions until the flutter criterion was reached.

Figure 15 — Amplitude (mm) at nacelle front sensor section, (a) pitch, (b) yaw, fixed-thrust scenario,
T =100 N, pivots and weight front, steel blades, AocA = 10 deg, V = 34 m/s

Finally, the evolution of the maximal measured g-amplitude at the nacelle front section over the
airflow velocity can be observed from figure 16.
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Figure 16 — Maximal amplitude (g) at nacelle front sensor section, (a) pitch, (b) yaw, fixed-thrust
scenario, T = 100 N, pivots and weight front, steel blades, AoA = 10 deg, parameter — airflow
velocity: red: 10 m/s, 2973 rpm, green: 15 m/s, 3275 rpm, blue: 20 m/s, 3627 rpm, purple: 25 m/s,
4015 rpm, brown: 30 m/s, 4453 rpm and dark-green: 35 m/s, 4640 rpm.
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4.4 Aerodynamic Flow-field Measurement

In addition to the above-described mechanical measurements, the aerodynamic flow-field
measurements were performed during the 2" measurement campaign. Measurements included the
steady measurement using five-hole pressure probe and the unsteady measurement using hot-wire
anemometer probe. Both ones were attached to the common manipulation arm as shown in figure
17.

Measurements were performed at the defined points around the nacelle, propeller and wing as
shown in figure 18. The aerodynamic measurement was realised after the mechanical
measurements with the turbulence excitation sequentially point by point. Obviously, it was not
feasible to make this measurement in the cases of approaching a flutter state. The aerodynamic
measurement was realised only provided that the structural response was considered as stable. As
the results of steady measurements, the velocity magnitudes and pitch and yaw angles were
evaluated. As the results of the unsteady measurements the phase averaged velocities and
turbulence intensities over the propeller azimuth angle were evaluated.

l o2 | Sa

Figure 18 — Grid of measured points for aerodynamic flow-field measurement.
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The example of the steady aerodynamic flow field measurement is shown in figure 19. The figure
represents the velocity profile behind the propeller at the airflow velocity of 10 m/s and three levels
of the propeller rpm (2400, 2940 and 3670). The velocity magnitude increase can be observed
behind the propeller up to r ~ 280 mm while the velocity magnitude decrease can be observed at the
propeller tip part. Also, an increase in the pitch direction angle can be observed at the propeller tip
part. Note that the propeller radius is 350 mm and r = O represents the propeller axis.
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Figure 19 — Steady aerodynamic measurement, velocity profile behind propeller, V = 10 m/s,
parameter: propeller rpm, (a) velocity magnitude, (b) pitch angle.

The example of unsteady aerodynamic measurement results is shown in figure 20. The figure
represents the averaged velocity magnitude and turbulence intensity at a point behind the propeller
over the propeller revolution at the airflow velocity of 10 m/s. Note that the propeller has five blades.
Thus, five velocity magnitude and turbulence intensity peaks can be observed from the figure. These
peaks represent the local increase passing through the propeller blades.
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Figure 20 — Unsteady aerodynamic measurement, velocity behind propeller over a propeller
revolution, V = 10 m/s, (a) velocity magnitude, (b) turbulence intensity.

5. Conclusion and Outlook

Submitted paper discusses the recent accomplishments in the wind tunnel testing of the W-WING
whirl flutter demonstrator. Two experimental campaigns were accomplished within the subject
project. The tests include mechanical measurements (aeroelastic response and flutter states) as well
as aerodynamic flow field measurements (steady and unsteady). The experimental results obtained
will be subsequently utilized for verification of the analytical models and computational tools [20 —
22] that will be used for development of the new power plant system characterized as an open-fan
concept utilized for a new generation short-medium range turboprop aircraft.
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