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AERODYNAMIC RESULTS FROM THE STAR HOVER TEST:
AN EXAMINATION OF ACTIVE TWIST ACTUATION

A. Bauknecht , B. Ewers™, O. Schneider , M. Raffel’

Abstract

Active rotor control concepts, such as active twist actuation, have the potential to effectively reduce the noise and vibrations
of helicopter rotors. Within the STAR (Smart Twisting Active Rotor) hover test, an active twist rotor was tested in the rotor
preparation hall at DLR Braunschweig. The rotor blades were actuated with frequencies of 1/rev —5/rev and peak torsion
amplitudes of up to 2°. This paper describes aerodynamic results from the hover test based on time-resolved stereoscopic
PIV measurements at the forward blade tip position. Continuous time series of flow fields behind the blade tips were
evaluated to investigate the young blade tip vortices between y, = 3.56° and 45.74° of vortex age. For the unactuated
baseline case, the vortex trajectory, blade tip scattering, and temporal development of the peak axial and swirl velocity are
discussed. The effects of the active twist actuation on the blade tip vortices are examined for the 1/rev and 3 /rev actuation
frequencies. The variation of the vortex trajectories is dominated by the blade tip deflection for the 1/rev actuation, and by
the torsion of the blade tip for the 3/rev actuation. The 3/rev actuation reduces the initial peak swirl velocity by up to 35%
compared to the baseline case. The actuation with the control phase angles @3 = 45° — 135° achieves a strong variation
of the vortex trajectories with a vertical deviation of up to 2.6%R below the rotor tip path plane. The present aerodynamic
investigation reveals a high control authority of the actuators — especially for the 3 /rev actuation frequency — on the vortex
trajectories and the vortex strength, thus demonstrating the usefulness of the active twist concept.

NOMENCLATURE A A (Signed) swirling strength, 1/s
Ai Non-dimensional rotor inflow velocity

Velocity fit parameter p Air densn.y,. kg/m3
c Blade chord length, m c Rotor solidity, 6 = Npc/(TR)
Cr  Thrust coefficient, Cr = T /(pmQ2R*) Control phase, rad
k Control frequency Wy Vo.rtex age, deg
L, Measurement resolution, m ¥ Azmgth, ¥ =01, deg
M, Tip Mach number , Vorticity nqrmal to x-y plane, 1/s
" Vatistas swirl shape parameter Q Rotor rotational frequency, rad/s
Np Number of blades
r Radial coordinate, m
Te Vortex core radius, m 1 INTRODUCTION
R Rotor radius, m
t Time, s
T Rotor thrust, N Active rotor control concepts such as HHC [19, 20] (Higher
u,v,w  Velocity components, m/s Harmonic Control), active trailing edge (TE) flaps [17], and
U, Maximum control amplitude, V active twist blades [26] have the potential to effectively re-
Ui Control voltage signal, V duce the noise and vibrations of helicopter rotors caused by
Vip Blade tip speed,Vip = QR, m/s blade-vortex interactions (BVI). In the STAR (Smart Twisting
v, Vortex induced axial velocity, m/s Active Rotor) hover test, an active twist rotor based on the
Vo Vortex induced swirl velocity, m/s design of the 41% Mach-scaled Bo 105 blades was tested

in the rotor preparation hall at DLR Braunschweig. The
test comprised measurements of the rotor forces and mo-
ments, optical and on-blade acquisition of the blade angle
and deformation, on-blade pressure measurements, and a
characterization of young blade tip vortices via high-speed

X, 2 Coordinates in PIV image plane, m
Qliip Blade tip angle, deg

T, Vortex circulation, m? /s

X2,Q  Flow field operators, 1/s>
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stereoscopic Particle Image Velocimetry (PI1V) and the high-
speed Background-Oriented Schlieren (BOS) technique. An
overview of the measurement program including representa-
tive results and a preliminary PIV evaluation was given by
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Hoffmann et al. [7]. In the present paper, these preliminary
PIV results are complemented by a thorough and detailed
analysis of the PIV data corresponding to an unactuated test
case, a thrust variation study, and a series of active twist ac-
tuation cases. The temporal resolution of the PIV recordings
allowed for the analysis of time-resolved vortex trajectories.
Characteristic vortex properties such as the maximum axial
V. and swirl velocity Vy were computed based on individ-
ual velocity fields and consequently phase averaged (see
individual averaging, [12]). With the results of the PIV mea-
surements, an investigation of the effects of the active twist
actuation on the blade tip vortex system of the STAR rotor
under hover condition was performed.

2 EXPERIMENTAL SETUP

In 2013, an aerodynamic hover test of the STAR active twist
rotor blades was conducted in the rotor test chamber at
DLR Braunschweig. The STAR rotor blades were designed
based on a 41% Mach-scaled geometry of the BO 105 rotor
blades, resulting in a radius of R = 2m and a chord length
of ¢ = 0.121m. The blades for the fully articulated rotor
without a pre-cone were designed for a clockwise sense of
rotation with a linear pre-twist of —8°/R starting at a radius
of r = 0.44m. Due to manufacturing complications, the real
pre-twist varied from blade to blade between —10.3° /R and
—11.3°/R. Piezoceramic MFC (Macro Fiber Composite) ac-
tuators [16] were integrated into the upper and lower blade
skin to generate the active blade twist. Details on the man-
ufacturing, build-up, and previous testing of the STAR rotor
blades are given in [25, 6, 7].

2.1 Testrig

The hover test of the STAR program was conducted on the
DLR rotor test rig ROTEST Il [3] inside a test chamber of
12m x 12m x 8m size, as shown in Fig. 1. The ROTEST Il
test rig consists of a six-component rotor balance, a swash
plate actuation system, and a main rotor drive system pow-
ered by a 160kW hydraulic motor. Blade angle measure-
ments were performed at a radial position of r = 0.0375R
by potentiometers at the lead-lag and flap hinges and at the
blade attachment for pitch. Two slip rings were installed on
the test rig: a conventional slip ring for the power supply and
signal transmission for all blade sensors, and a high-voltage
slip ring for the transmission of high-voltage control signals
for the MFC actuators. All rotor data was recorded by a
Transputer-based TEDAS Il computer at a sampling rate of
128 /rev ( 2.22kHz). Data acquisition was synchronized with
the rotor rotation by an azimuth encoder on the rotor shaft
and triggered by a 1/rev reference signal.

The test rig with the STAR rotor was centered in the rotor
preparation hall and placed at a hub height of 1.38 R above
the ground without inclination of the rotor tip path plane.
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Figure 1: STAR hover test setup. The positions of the PIV
and BOS cameras, the PIV field of view (FOV), and the tip
path plane (TPP) are marked
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Figure 2: STAR active twist rotor blades with MFC actuators

Consequently, the rotor was operated in moderate ground
effect and recirculation, and the rotor speed was a nomi-
nal 1041 rpm (Q = 109rad/s), corresponding to a tip Mach
number of M; = 0.63. The anticipated nominal rotor thrust
for the STAR wind tunnel test phase was 7= 3581 N. Due to
increasing unsteadiness of the flow and the rotor dynamics
with increasing thrust, this value had to be reduced to a nom-
inal thrust of T = 2450N for the hover test, corresponding
to a thrust coefficient of Cr = T/ (prQ>R*) = 0.0035 and a
blade loading of Ct/c = 0.045, where ¢ = Nyc/(TR) is the
rotor solidity and Nj, is the number of blades. The reduced
thrust level allowed for a meaningful analysis of the impact
of active twist actuation on the blade tip motion, and the
trajectories and properties of the blade tip vortices.

A picture of the STAR rotor blades is shown in Fig.2. The
blades were equipped with 14 strain gages to measure the
flap-bending, lead lag, and torsion moments, 24 strain gages
for measuring the blade deformation and 186 pressure trans-
ducers integrated into the rotor blades. The majority of the
sensors were distributed on blades 1 and 3, whereas blades
2 and 4 had less sensors and multiple dummy sensors in-
stead for compensating the corresponding structural and
dynamical differences. According to Riemenschneider [15],
this measure did not fully succeed in harmonizing all blades.
Therefore, the blades 1 and 3 with a similar blade stiffness
and axis position were assembled on opposite sides of the
rotor, as were the similar blades 2 and 4.
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In addition to the data acquisition on the test rig and the in-
strumented blades, two optical systems measured the blade
deformation independently. A camera system acquired the
blade tip deformation at an azimuthal position of ¥ = 270°
by tracking two LEDs (Light Emitting Diodes) embedded
in the blade tips. In a second test after the PIV and BOS
measurements, a dual camera SPR (Stereo Pattern Recog-
nition) system measured the blade deformation along the
span at the ¥ = 180° position. A detailed description of both
systems is given in [7].

The two optical deformation measurement systems as well
as the PIV and BOS systems acquired data at certain states
of blade motion. In order to investigate a complete cycle
of the blade motion, the phase of the active twist control
signal was changed in increments of 45°, while keeping
the azimuthal positions of the optical measurement systems
constant. This approach was less time-consuming than the
azimuthal traversing of all measurement systems and as-
sumed to be a good compromise between a high azimuthal
measurement resolution and the number of configurations
that could be tested in the scope of the test.

2.2 Active twist actuation

Each blade featured 12 piezoceramic MFC actuators that
were integrated into the upper and lower blade skin. The
actuators worked in a fiber direction of £45° with respect
to the longitudinal blade axis and depending on upper and
lower side. The maximum voltage range of the actuators
(—500V to +1500V) had to be restricted to a maximum of
4600V to prevent short circuits within the actuators. These
short circuits were caused by cracks in the piezoceramics
of the MFC actuators that increased in number with opera-
tional time. This problem had not occurred for the previous
active twist blades and was counteracted by restricting the
maximum control voltage and repairing short-circuited actu-
ators. Despite these measures, the actuator performance
diminished over time and it was therefore decided that wind
tunnel entry was not reasonable for the project.

The high supply voltage required by the actuators was gen-
erated by three Trek PZD2000A amplifiers per blade. The
MFC actuators were controlled by a Matlab/Simulink-code
running on a real time dSPACE system. The control signal
was triggered by the 1/rev reference signal and simultane-
ously applied to the actuators in all four blades, so that each
blade experienced the same control law at the same rotor
azimuth. The actuators on the lower and upper skin were
controlled in phase and with a phase-shifted cosine signal
for the excitation of higher-harmonic blade torsion oscillation.
With a maximum control amplitude of U, = 600V and no
voltage offset, the control voltage signal U;(y) over the rotor
azimuth y was defined for the i-th blade by Eq. 1 [7]:

(1) Ui(y) = Uri(y) - cos(ky — @; — ¢x)
with @ = (i—1)-90°

where @y is the control phase and k the control frequency
as a multiple integer of the rotational frequency, reaching
values of 0 to 5. Positive voltage amplitude corresponds to a
nose-down moment.

Apart from the active twist test cases, the test program for the
hover experiment included unactuated rotor measurements
of the Figure of Merit with a thrust variation of 500 —3581N
and measurements of the fan diagram with blade speeds of
30% — 100% nominal blade speed.

2.3 High-speed PIV setup

Stereoscopic high-speed PIV and high-speed BOS measure-
ments were conducted during the STAR hover test. Both
measurement systems were focused on the near-field flow
domain behind the rotor blade tip containing the blade tip
vortex. The PIV and BOS measurements were conducted at
a rotor azimuth of ¥ = 180° as the flow field was assumed to
be rotationally symmetrical, and the optical access was best
at the forward blade position. The BOS system consisted
of two PCO Dimax cameras located on the floor in front of
the W = 180° position of the rotor, and on top of the ¥ = 0°
position, as well as two corresponding retro-reflective back-
ground screens that were illuminated by high-power pulsed
LED spots close to the cameras. Comparable BOS mea-
surements of the blade tip vortices of a helicopter model in
forward flight were also described by Heineck et al.[5]. In the
present paper, only the evaluation and analysis of the PIV
data set will be addressed.

The stereoscopic high-speed PIV system also consisted of
two PCO Dimax cameras as well as a high-speed laser. The
cameras were equipped with lenses with a focal length of
300mm and rigidly mounted in a Scheimpflug configuration
at a height of 0.6 m above the ground with an angle of 90°
between the cameras. The vertical measurement region was
located at a radial position between 0.96 R and 1.01 R at the
forward blade position ¥ = 180° with an overall size of about
94mm x 83mm and a resolution of 1152 x 820 pixels. This
corresponds to a measurement resolution of 12.2 pixel/mm
in radial and 9.9 pixel/mm in vertical direction. A two-sided,
two-level calibration target was placed within the field of
view of both cameras at the position of the light sheet to
calibrate the PIV cameras prior to each test sequence. The
height, azimuthal, and radial position of the target were
measured and kept constant throughout the measurement
campaign.

A Litron LDY 300 Nd:YLF high-speed laser with two separate
cavities was used as a light source. The two sequentially
generated laser pulses have a temporal length of Sns and
a frequency-dependent pulse energy of 20 —30mJ. A cylin-
drical lens optic was used to generate a light sheet with a
thickness of approximately 2.5mm and a length of approxi-
mately 300 mm within the measurement region. Two mirrors
behind the optics and above the rotor were used to align the
light sheet with the measurement location at the ¥ = 180°
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position of the rotor plane, ensuring increased particle visibil-
ity by forward scattering and a close to perpendicular inter-
section of the tip vortices. For the measurements, the entire
rotor preparation hall including the measurement region was
densely seeded with an aerosol of Di-Ethyl-Hexyl-Sebacate
(DEHS) droplets of 0.26 um mean diameter’. The particle
images were recorded using the commercial PIV software
Davis 8.1.4. For a single measurement point, 10 — 20 full
revolutions of the rotor were captured with 124 images per
revolution and continuous vortex sequences of up to 20 im-
ages. The size of the combined field of view of the two
cameras enabled the study of the creation and convection
of young vortices between vortex ages of y, = 3.56° and
Y, = 45.74°, as measured from the passage of the quarter
chord line. Phase-locked image acquisition was triggered
with an integer fraction of the rotor encoder signal at a rate
of 128/rev (A¥ = 2.8125°) or 2.22kHz. A time delay of
29.4 us was chosen between the two image acquisitions,
corresponding to a blade rotation of AY = 0.18°.

3 DATA PROCESSING

The commercial PIV software Davis 8.2.0 was used for the
evaluation of the recorded particle images, as shown in Fig. 3.
In an initial step, the particle images — as shown in Fig. 3a
— of both cameras were evaluated with a multi-grid stereo-
scopic cross-correlation algorithm, starting at interrogation
windows of 96 x 96 pixels and refined down to adaptive in-
terrogation windows of 16 x 16 pixels with a window overlap
of 75%. Fig.3b depicts a typical velocity field at nominal
conditions and a vortex age of y, = 28.87°. The graph fea-
tures a contour plot of the out-of-plane velocity component
w and every fourth vector of the in-plane velocities u,v. The
quantitative analysis of the vortex parameters was based on
these highly resolved and unfiltered, two-dimensional, three-
component (2D3C) vector fields. In a second step, the fine
vector fields were post-processed with Gaussian smoothing
and a median filter, and interpolated onto a coarse grid cor-
responding to an interrogation window size of 32 x 32 pixels
with an overlap of 50%. The coarse vector field served as
a basis for the vortex center detection, which was adapted
from the algorithms described by van der Wall & Richard
[21]. In addition, mapped particle images were exported for
the automatic detection of particle voids (shown in Fig. 3a)
and blade tips. Within the following section, the vortex local-
ization and analysis methods are described in detail.

3.1 Vortex detection

Rotor blade tip vortex centers are typically identified based
on flow field operators that take on extreme values in the
vortex core due to the large local flow gradients. Common

' Average diameter according to the probability density function (PDF) of
the distribution of length: 0.26 um. Average diameter according to the PDF
of the distribution of volume (accounts for visibility): 0.77 um.
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Figure 3: a) Particle image and b) velocity field at nominal
conditions and y, = 28.87° with vortex center, void outline,
and blade tip TE position

operators include the vorticity normal to the image plane
., the eigenvalues of the velocity gradient tensor A;, the
swirling strength kgi (discriminant of the characteristic equa-
tion 0,[27]), and variations thereof [8, 1, 21, 18]. Following
the derivations described in these papers for in-plane coordi-
nates x,y, an out-of-plane coordinate z, and the correspond-
ing velocities u, v, w, the following operators and definitions
were used in the present study:

2 W, = a—v—a—u
() A ax ay
2 2
2T 2 dx dy
RS oy
N 4 dxdy dxady
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where A; is the swirling strength with the imaginary parts 3
of the eigenvalues of Q, and A is the signed swirling strength
Aei - \(wTI which includes the sense of rotation of the vortices
[18].

The vortices generated by adequately loaded rotor blades
under hover conditions are well defined and can be local-
ized by identifying the peak value of any of the operators
described in Eqg. 2-6. The vortex detection by a global peak
search of a suitable flow field operator, however, proved to be
unstable, especially for very young vortices and vortices gen-
erated by heavily actuated blades, as sometimes more than
one peak was present in the data set, see e.g. Fig.4b. The
vortex localization was improved by applying a norm shape
function convolution filter to the smoothed and coarse vector
grid, as described by van der Wall & Richard [21]. Fig.4a
shows the 2D Gaussian-distributed curve f used as a norm
shape function for the vorticity and swirling strength filtering.
The parameters of f were adapted to fit the expected vortex
core radius and the peak value of the flow field operator at
the vortex center position. By calculating the convolution
of the vorticity field with the adapted norm shape function,
the peak corresponding to the location of the blade tip vor-
tex is preserved, while secondary peaks, e.g. due to the
vortex sheet behind the blade, are suppressed, see Fig. 4c.
The exact position of the vortex center was determined by
computing the area center around the maximum value of
the filtered operator, based on values above a threshold of
80% of the peak value. A detail of the filtered vorticity field
of Fig. 4c is plotted in Fig. 4d. It shows the vortex center po-
sitions detected by the convolution-filtered area center of the
vorticity field (x.,y.) and the other flow field operators speci-
fied in Eq. 3-6. For a few measurement images, the vortex
detection with the area center of the convolution-filtered vor-
ticity operator produced unphysical results. In these cases,
the vortex position found by one of the other operators was
selected instead.

The above described vortex detection routine was applied
to continuous image series starting at each blade passage.
The found vortex positions were combined into vortex tra-
jectories. Fifth order polynomial curves were fitted to these
trajectories and analytically derived to compute the vortex
convection velocity for each measurement image. The con-
vection velocities were then applied for the correction of the
fine velocity fields, which were used for the detailed analysis
of the vortex parameters.

3.2 Swirl velocity

In a second part of the evaluation, the finer velocity
fields created by the cross-correlation evaluation with the
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Figure 4: a) norm shape function for the convolution filter, b)
unfiltered vorticity field, ¢) convolution-filtered vorticity field,
d) detail of the vorticity field with detected center positions

16 x 16pixel interrogation windows were processed to de-
termine vortex parameters such as the core radius r. and
the swirl velocity Vy around the vortex core. In a first step,
the instantaneous convection velocity of the vortex — as
determined from the vortex trajectories — was subtracted
from the raw velocity fields to transform them into the vortex
coordinate system. The velocity vectors within a radius of
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r = 0.2¢ around the vortex center were interpolated onto
a polar grid of comparable grid size and decomposed into
radial and azimuthal (V) components. A typical swirl velocity
distribution is shown in Fig. 5 for a vortex age of y, = 28.87°.
The blue dots represent the average of the individual radial
cuts through the vortex center with unfilled points marking
masked out velocities within the particle void. The standard
deviation of the radial cuts is shown as a light blue area
around the average data points and a spline fit through the
valid average points is plotted as a solid line. The graph
shows that the particle void influences the detection of the
maximum swirl velocity and core radius. It also demonstrates
that a simple average of the azimuthal profiles underesti-
mates the peak swirl velocities. Therefore, the individual
radial Vy(r) profiles for each azimuthal cut through the vor-
tex were sorted by their peak velocity and the median of
the highest 10% of the curves was computed to obtain a
high level swirl velocity profile. This calculation was chosen
to derive a stable measure for the highest swirl velocities,
which strongly contribute to the generation of noise during
a blade-vortex interaction. The Vatistas vortex model [23]
was fitted to the high level swirl velocity profile. The model is
givenin Eq.7:

I, r

v % )

where I, is the circulation of the vortex at large distances,
r is the radial distance from the vortex center, and n is an
integer parameter. For a value of n = 1 the Vatistas model
corresponds to the Kaufmann or Scully vortex model, n — oo
gives the model of the Rankine vortex, and for n = 2, the
formulation becomes a close approximation of the Lamb-
Oseen model. For the curve fit in the present study, a value
of n = 2 was chosen, which Bhagwat & Leishman [2] found
to be a good match for rotor blade tip vortices. The vortex
core radius r, was determined as the radial position of the
maximum swirl velocity Vy of the Vatistas model fit to the
high level swirl velocity profile.

3.3 Measurement accuracy and averaging

The vortex detection carried out in this study was based
on the velocity field within and around the vortex core. It
was thus influenced by the lack of seeding particles of ade-
quate size within the core (see Fig. 3a). The particle voids
are created by the large centrifugal forces acting on the
tracer particles close to the core boundary, leaving only few
small tracer particles within the core region. Typical high-
speed PIV lasers do not provide sufficient illumination for
the detection of these remaining small particles. In combi-
nation with a large out-of-plane velocity component of up
to 0.25QR = 55m/s at the vortex center, this resulted in an
inaccurate reconstruction of the 2D3C velocity field within
the core. The velocity field was therefore filtered and in-
terpolated prior to the computation of the field operators
used for the vortex detection. Ramasamy et al. [12] found
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Figure 5: Radial cuts of the instantaneous swirl velocity pro-
file at y, = 28.87° including averaged data points, masked
out points within the particle void, and a spline fit

that this filtering had no effect on the center detection for
axisymmetric vortices. For asymmetric vortices however,
they discovered that only a convolution-based area center
method — like the one used in the present study — was able
to recover the true vortex center location. The inclination
of the vortex axis relative to the measurement plane was
determined from BOS measurements to be below 10° for
the present study. Therefore, no correction of the vortex axis
and the velocity components was carried out.

The ratio of the length of the interrogation window L,, and
the vortex core radius r. has to be as small as possible
in order to resolve quantitative vortex parameters such as
the swirl velocity and the core radius [21]. With the current
setup, core radii of between r. = 0.02¢ and r. = 0.05¢ were
measured. Together with a fine interrogation window size of
16 x 16pixels, a corresponding measurement resolution of
Ly /re = 0.44 is determined for r. = 0.05¢, which compares
well with similar rotor blade tip measurements, as listed by
van der Wall & Richard [21]. As shown by Richard & van der
Wall [14], an overlap of the interrogation windows effectively
increases the resolution of PIV. For the present case, this
leads to an oversampling resolution of L, os/r. = 0.11, well
below a critical value of 0.2[4].

Another critical factor for the accurate determination of the
swirl velocity is the time delay. The current delay of Ar =
29.4 us corresponds to a blade rotation of AY = 0.18°, which
is within the range of available results from literature [21].
Martin et al.[11] suggested that the vortex core movement
should be restricted to values below 1% of the core radius:

QRA;

c

(8) At <0.1%,
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where ; is the non-dimensional inflow velocity and a mini-
mum core radius of r. = 5%c is assumed. The time delay in
the present test resulted in a value of 0.26%, thus exceeding
this criterion. Furthermore, the time delay in combination
with the present high out-of-plane velocities near the vortex
core led to locally increased out-of-plane loss-of-pairs. An
estimated region of r < 0.5r, exhibited out-of-plane loss-of-
pairs for at least one third of the particles.

The vortex positions detected in the present study were influ-
enced by meandering effects due to aperiodic movements of
the blades. This in turn was caused by model vibrations, the
elasticity of the support, non-uniform blades, and the opera-
tion of the rotor in moderate ground effect and recirculation.
The vortex positions were therefore determined relative to
the blade tip TE positions.

The sample size at each measurement position was re-
stricted to 40 — 120 images per vortex age due to high num-
ber of test conditions. Although the size of this database still
had an influence on the present results, it was found to be
large enough to reliably and reproducibly demonstrate the
effects of the higher-harmonic control.

Calculating a simple average of meandering vortices pro-
duces smoothed out results with diminished maximum swirl
velocities. This bias is typically removed by centering the ve-
locity fields on the vortex center positions before computing
the mean velocity field, also referred to as conditional aver-
aging [24, 9]. For the present data set, the azimuthal location
of the maximum swirl velocity varied between individual ve-
locity fields of the same vortex age. This resulted in reduced
velocity amplitudes for the conditionally averaged velocity
field. Therefore, the values of r. and Vy were determined
for individual velocity fields and averaged consecutively (see
individual averaging, [12]).

45°
30° 259 o0t
l"v=Q'(t~to)

4 RESULTS & DISCUSSION: BASELINE CASE

At the beginning of each actuation test phase, a base-
line (BL) measurement was acquired at nominal test con-
ditions (T =2450N, Q@ = 109rad/s). This measurement
point serves as a reference for the effects of the active twist
actuation and is analyzed in detail within this section.

4.1 Time-resolved vortex tracking

The high image acquisition rate of the PIV setup allowed for
the time-resolved capturing of the vortex-induced flow field
with azimuthal increments of AW = 2.81°. Fig. 6 depicts a
sequence of instantaneous velocity fields for vortex ages of
Yy, = 3.56° — 45.74°, corresponding to a total observation
time of 6.75 ms relative to the passing of the quarter chord
through the measurement plane at ¢y. For reasons of clarity,
the relatively long observation time, and the corresponding
large azimuthal angle, the measurement planes are assem-
bled parallel to each other rather than with the proper an-
gular offset, and every third velocity plane and fourth vector
within the planes are plotted in the graph. The contour plots
show the vorticity field normalized with the maximum vorticity
®; max in the center of the vortex at y, = 3.56°. Isosurfaces
of the vorticity at discrete levels of 0.15—0.6- ®; max are
computed between the measurement planes.

The most dominant flow feature in Fig. 6 is the blade tip vor-
tex, which is visualized as a slightly curved dark blue tube
that stretches over all measurement planes. The convection
of the vortex is clearly visible in the graph and occurs pre-
dominantly radially inwards and downwards with the rotor
wake. Especially for young vortex ages up to about y, = 15°,
the vertical convection rate is close to zero. In addition to
the main tip vortex, a sheet of distributed vorticity is created

wy/ W z max | .
0 0.5 1

E

15° 90"
10° g5

Figure 6: Temporal development of the tip vortex and a vorticity sheet behind the rotor blade at nominal conditions. Only
selected vorticity isosurfaces, contour planes, and in-plane velocity vectors are shown for reasons of clarity
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in the wake of the passing rotor blade. The vorticity mag-
nitudes that occur within this sheet are small compared to
the maximum vorticity in the main vortex core. The outer
part of the vortex sheet convects with the swirl velocity field
and envelops the vortex core before merging with the tip vor-
tex. The distributed vorticity further away from the tip vortex
quickly diffuses, as visible by the disappearance of most of
the isosurfaces by a vortex age of about y, = 15°. Similarly,
the diffusion of the blade tip vortex causes its vorticity magni-
tude to diminish and its diameter to increase over time. This
effect, however, is not visualized by the constant isosurface
levels, which leads to the appearance of a shrinking vortex.
The maximum swirl velocity Vg simultaneously decreases.
This effect is apparent when comparing the length of the
velocity vectors in the first and last cut plane.

Fig. 6 illustrates the quality of data that can be acquired by
a PIV system with a high spatial and temporal resolution.
Compared to similar 3D vortex visualizations, e.g. presented
by Richard & van der Wall [13], Fig. 6 depicts unaveraged
data of a single vortex convecting through the measurement
domain. Although an even higher temporal resolution would
be desirable for the tracking of small-scale vorticity structures
— especially in the wake of the blade — the present data set
already allows for a detailed analysis of the vorticity field
around the tip vortex. Fig. 6 therefore demonstrates possible
future applications for the study of blade-vortex interaction
effects under simulated forward flight.

4.2 Vortex detection

The detected vortex trajectories of two different measure-
ment runs under nominal conditions and without actuation
are plotted in Fig. 7. All 80 individual and time-resolved vor-
tex trajectories are plotted as light blue lines in front of a gray
blade contour. The blade contour marks the intersection
area between the rotor blades and the PIV measurement
plane. The vortex coordinates are given with respect to the
detected blade tip trailing edge (TE) positions, which are
marked as a red plus and located below the intersection
area due to the blade pitch. The average vortex trajectory is
given as a dark blue line, the blue dots representing the data
points at vortex ages of Yy, = 3.56° — 34.49°. A light blue
band of one standard deviation around the average curve
is added as a measure of the curve scattering. The gen-
eral trend of the vortex convection is similar for all individual
trajectories with a dominant radial convection towards the
rotor mast, which is located to the left of the graph. After
their creation at the blade tip, the vortices exhibit a slight
upward convection against the direction of the down wash
before their direction is reversed. The exact time when this
change occurs varies between y, = 10° — 20° for individual
trajectories. As previously mentioned, the scattering of the
vortex trajectories is a characteristic problem of rotors oper-
ated in ground effect and recirculation. The corresponding
aperiodicity of the blade movement is shown in the inset of
Fig.7. It depicts a zoomed-in view of the detected individ-
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Figure 7: Vortex trajectories of BL case relative to detected
blade tip TE position. Inset: scattering of blade tip position

ual blade tip TE positions relative to the average position,
marked as a red cross. The standard deviation of the vertical
tip scattering is of the order of +£0.17%R. The horizontal
scattering of the blade tip locations results mainly from the
inhomogeneous radius of the individual rotor blades and is
otherwise negligible. The standard deviation of the uncor-
rected aperiodicity at the youngest measured vortex age
of y, = 3.56° takes on similar values as the tip aperiod-
icity with 0.19%R in the vertical and 0.07%R in the radial
direction. The aperiodicity increases with wake age while
the asymmetry of the scattering decreases, resulting in a
standard deviation of 0.25%R in the vertical and 0.14%R in
the horizontal direction at Wy, = 34.49°.

4.3 Vortex characterization

The swirl velocity fields of a sequence of unactuated test
runs were determined around the detected vortex positions.
Representative trends for the temporal development of the
peak swirl and axial velocity components Vg , are shown
in Fig.8. The chart depicts the two velocity components
normalized by the blade tip speed QR and plotted over the
vortex or wake age y,. The dots within the chart repre-
sent the phase-averaged peak velocity values of 80 individ-
ual test sequences. The maximum value for both velocity
components is found at the youngest recorded vortex age
of Yy = 3.56° with Vg maxy = 0.35Vjip and V, max = 0.24 V;p.
Both velocity components decrease substantially by about
18% Vg max and 30% of V max within the first 37.3° of vortex
age. This temporal development is approximated by the
expression Ve ; o« Yy~ ¢ with the fit coefficient a = 0.07 for Vg
and a = 0.16 for V.. Both fit curves are plotted as solid lines
in Fig. 8. The colored bands in Fig. 8 show the standard de-
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Figure 8: Peak swirl and axial velocities, standard deviations,

and simple model fits over vortex age

viation around the phase-averaged velocity values, and thus
provide a measure for their aperiodicity. For the BL, the stan-
dard deviation is of the order of 2.5%V;, for Vg and 5%Vj,
for V., which illustrates the large cycle-to-cycle variations of
the unactuated rotor and the uncertainty in measuring the
peak axial component within the particle void.

The present test data is comparable with results from the
hover tip structure (HOTIS) test, where a conventional rotor
was tested under similar conditions on the same test stand
[22]. The initial peak values of the two velocity components
compare well with the results from the HOTIS test, but the
decrease of the swirl velocity with time is found to be smaller
in the present test. The peak axial velocity component shows
a clear trend in the present results, while no clear trend is
available from the HOTIS data set.

4.4 Thrust variation

In order to determine the Figure of Merit for the BL rotor, a
thrust sweep was conducted without active twist actuation.
The rotor was operated at a nominal speed of Q = 109rad/s
with thrust and blade loading settings as specified in Table 1.
The corresponding blade tip angles measured with SPR at
the W = 270° position are also given in Table 1.

The average vortex trajectories corresponding to blade load-
ings between C1 /6 = 0.019 and Cr/c = 0.045 are shown
in Fig. 9. Consistent with Fig. 7, the vortex trajectories are
plotted relative to the blade tip TE positions. The curve cor-
responding to the highest blade loading of Ct/c = 0.056 is
not shown in Fig. 9 as the aperiodicity at this thrust setting

Thrust T (N) 1000 1356 1897 2450 3004
Blade loading Ct/c  0.019 0.025 0.035 0.045 0.056
Tip angle ayjp (deg) 3.44 424 525 628 7.23

Table 1: Rotor settings for the thrust sweep
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Figure 9: Vortex trajectories for different blade loadings
Cr /0, normalized with the blade tip TE positions

increased by more than a factor of two, which rendered the
resulting average curve meaningless. For the other thrust
levels, the phase-averaged vortex positions are plotted in
the graph, together with fitted polynomial curves as a guide
to the eye. Blade contours are plotted in the background of
the graph for the shown blade loadings with the correspond-
ing edge colors. The contours represent the intersections
between the rotor blades and the PIV measurement plane.
The blade tip TE position can therefore be located outside
the blade contour. All plotted vortex trajectories feature the
same trend of a predominantly radial convection as depicted
in Fig. 7. The maximum height of the curves above the TE tip
increases with blade loading and stagnates for the nominal
thrust case. Simultaneously, the angle of attack and absolute
vertical position of the blade tip increase. The trajectories
for all blade loadings originate from a position above the TE
tip, which suggests that the vortex forms further upstream
on the blade. The average convection velocity of the vortex
increases with the blade loading from 2.4% Vy;, at the lowest
thrust setting to 5.9% V;p at nominal thrust.

The variation of the initial peak swirl velocity Vg max with
blade loading is depicted in Fig. 10. The graph contains re-
sults from the STAR hover test (red symbols), and data from
other rotating- and fixed-wing studies. The present results
show a steady increase of the initial peak swirl velocity with
blade loading. The swirl velocity for the highest blade loading
of Cr/c = 0.056, however, does not follow this trend and
exhibits a decreased value. As mentioned before, the vor-
tex aperiodicity increased significantly at this measurement
point, together with the asymmetry of the young vortices.
These influences, in combination with the large particle dis-
placements due to the less than optimal PIV time delay, led
to an inability of the PIV system to resolve the high swirl
velocity peaks around the vortex.
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Figure 10: Initial peak swirl velocity over blade loading com-
pared with literature values after [10]

Apart from the outlier at the highest blade loading, the
present peak swirl velocity values correlate very well with
results from the comparable HOTIS test [22]. The STAR and
HOTIS data sets show a steeper rise of the peak swirl veloc-
ity over blade loading than the other results from literature.
The overall agreement, however, is still acceptable as the
scales, blade pre-twists, airfoil shapes, and test conditions
vary greatly between these experiments.

5 RESULTS & DISCUSSION: ACTIVE TWIST

The aerodynamic response to a higher-harmonic twist ac-
tuation of the STAR rotor is described within this chapter.
The present evaluation is based on a series of active twist
test cases with 1/rev and 3/rev actuation frequency and
a control amplitude of U = 600V. The control phase was
varied in 45° increments to capture one complete period
of the higher-harmonic blade motion. The present analysis
is based on the 1/rev and 3/rev actuation cases as they
exhibit the maximum flap and torsion response of the rotor
blades, respectively, and therefore the most pronounced ef-
fects of the active twist actuation. A preliminary analysis
of the PIV data acquired during the STAR hover test was
already described in [7]. The earlier analysis, however, was
based on instantaneous data and is complemented by a
comprehensive data analysis within this paper.

In principle, the higher harmonic control of the blades causes
a harmonic change in the elastic torsion and flap bending
with a certain phase delay. As the influence of unsteady
effects on the blade tip angle is small compared to the effects
of elastic torsion, a direct correlation between the blade
torsion and blade tip angle can be assumed. The blade tip
angle thus oscillates harmonically around the unactuated
BL condition. Naturally, the local pitch at the blade tip has a
certain influence on the blade aerodynamics. The strength
of the blade tip vortices, however, also depends on the exact
lift and circulation distribution near the tip, as well as the

effective angle of attack of the airfoil relative to the oncoming
flow field. Therefore, the vertical blade tip motion caused by
the blade flapping also has to be considered, as it induces
an additional change of the effective angle of attack. This
change amounts to up to 0.7° in amplitude — depending on
the actuation frequency — and is proportional to the vertical
tip velocity, which runs —90° ahead of the tip oscillation. The
resulting effective angle of attack is therefore estimated as a
superposition of the BL blade tip angle, the tip torsion angle,
and the induced angle due to the vertical tip movement. The
flapping and torsion response of the blade occurs with two
different and frequency-dependent phase delays.

Hoffmann et al. already discussed the deformation response
of the blade tip to the twist actuation in the current measure-
ment campaign [7]. The relevant SPR results for the present
evaluation are extracted from this earlier paper and summa-
rized in Fig. 11. The graph depicts the measured changes
in the effective angle of attack at the ¥ = 180° blade tip
position due to tip torsion and flap-induced blade motion, as
affected by harmonic twist actuation with 1/rev and 3/rev
frequency. The markers in the graph indicate the measured
data points for the torsion with 45° increments. The thick
solid lines represent the mean trend for the tip torsion of all
four blades, while the colored bands indicate the correspond-
ing standard deviation. The thick dashed lines represent the
flap-induced change of the effective angle of attack.

For the 1/rev actuation frequency, the blade deformation
measurements show moderate torsion angles of around
‘Aatip’efd = 1° with only slight variation between the four
blades. The maximum and minimum blade tip angles are
found at actuation phase angles of ¢; = 160° and 340°,
respectively. These values were determined for a phase
delay in torsion response of about 19°, as measured by the
SPR system. The first flap mode of the rotor blades is located
at 1.03/rev, which is close to the 1/rev actuation, leading to
large blade tip deflections of 17 — 25 mm for the individual
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Figure 11: Change in effective blade tip angle over actuation
phase angle for k/rev actuation at ¥ = 180° rotor azimuth
due to torsion and flap-induced blade motion
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blades with a phase delay in flap response of about 92°.
The corresponding maximum vertical velocity of the blade
tip is of the order of 2.7m/s or 1.2%V;jp and occurs —90°
before the peak vertical blade tip deformation. The resulting
harmonic change of the effective angle of attack has an
amplitude of |Atuip ert| = 0.7°. The flap-induced change of
the effective angle of attack is almost anti-cyclic to the blade
tip torsion and effectively counteracts it. The 1/rev actuation
is therefore expected to have a small effect on the vortex
strength and a large effect on the initial vertical location of
the vortices.

The blade tip variation in Fig. 11 due to the 3/rev blade tor-
sion shows an amplitude of up to |Actiperr| = 2° with peak
blade-to-blade variations of 0.5° in amplitude and 19° in
phase delay. The corresponding phase delay in torsion re-
sponse was quantified as 58° by the SPR measurements.
The large influence of the harmonic torsion is due to the prox-
imity of the 3/rev actuation to the natural torsion frequency
of the blades of 3.5/rev. The maximum and minimum blade
tip angles are located around actuation phase angles of
¢3 = 120° and 300°, respectively. The corresponding ver-
tical blade tip deflection of the 3/rev active twist is of the
order of 5mm, with a phase delay in flap response of 225°.
The corresponding change of the effective angle of attack
is |ACting flap| = 0.2°, which therefore causes no significant
reduction of the amplitude and only a slight phase shift of
the blade tip torsion. The 3/rev actuation is therefore ex-
pected to have a strong effect on the vortex strength, and a
moderate effect on the initial vertical vortex locations.

5.1 Active twist actuation with 1/rev

Fig. 12 depicts the impact of the 1/rev actuation on the
vortex convection. The vortex trajectories are computed
as the average of the individual trajectories with respect to
the instantaneous blade tip TE positions for Fig. 12a, and
with respect to the blade tip TE position of the BL case for
Fig. 12b. The BL trajectory is plotted as a black curve and
indicates the unactuated reference. The average trajectories
of the actuated test cases with different phase angles ¢; are
plotted as colored curves. A blade contour is added in the
background of the graph and marks the average intersection
area between the rotor blades and the PIV measurement
plane. The blade tip TE position is depicted as a red plus
sign and located below the blade contour due to the pitch of
the blade tip. The actuation phase angle was varied between
@1 = 10° and 325° due to a phase offset of 10° in the higher
harmonic actuation control. The vortex trajectory of the ¢; =
55° case was located above the PIV field of view and is thus
not shown in Fig. 12. The trajectories for the phase angles
¢; = 100° and 145° were also located close to the upper
edge of the PIV field of view and are cut off after a vortex age
of about 9.2°. The other vortex trajectories are visible up
to wake ages between y, = 31.7° and 37.3°. For Fig. 12a,
the trajectories exhibit small deviations of less than 0.4%R
from the BL trajectory. Only the trajectory corresponding to
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Figure 12: Vortex trajectories for BL case and 1/rev ac-

tuation with different phase angles @;, normalized with
a) individual and b) BL blade tip TE positions

a phase angle of @1 = 280° displays an increased deviation
of more than 0.5%R, and also the steepest ascent above
the tip path plane of all the curves.

Fig. 12b shows the same vortex trajectories as Fig. 12a, but
entirely normalized with the blade tip TE position of the
BL case. This depiction reveals a strong influence of the
1 /rev actuation on the vertical blade tip locations, which
are plotted as colored plus signs on the right side of the
graph. This blade tip displacement also affects the initial
vortex positions. The maximum deviations of the vertical
blade tip position from the BL case are found for ¢; = 280°
with —0.95%R and for @; = 100° with +-0.55%R. The initial
vortex positions — and therefore the whole vortex trajectories
— also show similar levels of displacement. Consequently,
the alteration of the young vortex trajectories by the 1/rev
actuation is dominated by the blade tip deflection and only
weakly affected by the variation of the blade tip angle.

The influence of the 1/rev active twist actuation on the initial
peak swirl velocity Vg max is shown in Fig. 13 for different
phase angles @;. The maximum swirl velocity of the BL case
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Figure 13: Initial peak swirl velocity relative to BL case for
1/rev actuation with different phase angles @;. The black
dashed curve is a fit proportional to the effective blade tip
angle. Other symbols and colors: see legend in Fig. 12a.

0.4

without actuation is plotted as a black line. The values of
Vo,max for the 1 /rev actuation are plotted over the actuation
phase angle ¢, and relative to the BL case Vg maxpL- The
standard deviation of the velocity values is indicated by verti-
cal bars. The color and symbols correspond to the plot style
in Fig. 12. Again, the value for the phase angle ¢; = 55°
is not available, as the corresponding vortices are located
outside the PIV field of view. A small mean increase in swirl
velocity of 3 — 5% is noted for the phase angles ¢; = 10°,
145°, and 280°. The other phase angles exhibit a decrease
in the initial peak swirl velocity of around 16%. The minimum
value is found for ¢ = 325° with Vg max = 0.26 Vyp and an
average reduction of 18% compared to the BL value.

The dashed sinusoidal curve in the graph represents the
variation of the effective blade tip angle, according to the
SPR measurements shown in Fig.11. lIts is used for the
comparison of the results with the theoretically predicted
vortex strength. The oscillation of the effective angle of attack
for the 1/rev actuation is found to be small in comparison to
the cycle-to-cycle variations of the velocity values. The flap-
induced vertical blade tip motion reduces the impact of the
active twist actuation on the effective tip angle by up to 65%.
For this reason, no clear correlation between the measured
and predicted vortex strength over actuation phase angle
can be found. This deviation between the predicted and
measured vortex strength might also be influenced by the
fact that for some actuation phase angles, the formation of
the initial vortices was not finished at a vortex age of y, =
3.56°. These vortices featured a highly elliptical outline or
two smaller vortex cores in the process of merging, resulting
in a reduced swirl velocity. This complex relation cannot be
described by a simple linear correlation with the blade tip
angle and therefore might also explain the deviations. As
the excitation of flap motion is much less pronounced for
the other actuation frequencies, the 1/rev actuation can be
regarded as an exceptional test case.

Despite the diminished influence of the higher harmonic
1 /rev actuation on the vortex strength, a reduction of the
peak initial swirl velocity of the tip vortex of up to 18% is
detected. The vortex tracking highlights a strong effect of the
actuation on the blade tip vortex trajectories. The detected
peak vertical blade tip deflection of —0.95%R correlates well
with the SPR measurements. Accordingly, the alteration of
the young vortex trajectories by the 1/rev actuation is domi-
nated by the blade tip deflection and only weakly affected by
the variation of the blade tip angle.

5.2 Active twist actuation with 3/rev

The effect of the 3 /rev actuation on the vortex convection is
depicted in Fig. 14, similar to the 1/rev actuation in Fig. 12.
Again, the vortex trajectories are computed as the average of
the individual trajectories with respect to the instantaneous
blade tip TE positions for Fig. 14a, and with respect to the
blade tip TE position of the BL case for Fig. 14b. The actu-
ated test cases are plotted in color for different phase angles
@3 and in black for the BL case. The blade intersection with
the PIV measurement plane is depicted in the background
of Fig. 14a. The blade tip TE position is marked by a red
plus sign and located below the blade contour due to the
pitch of the blade tip. The trajectory corresponding to the
@3 = 315° case is located above the PIV field of view and
therefore not shown in Fig. 14. The other vortex trajectories
are visible up to vortex ages between y, = 34.5° and 45.7°.
For Fig. 14a, the trajectories corresponding to the phase an-
gles @3 = 180° — 360° are located close to the BL trajectory
and differ from it by less than 0.3%R at the maximum visible
vortex age. The vortices corresponding to the phase angles
@3 = 45° —135° form a second group of trajectories, located
below the BL trajectory. The maximum vertical deviation to
the BL trajectory occurs for a phase angle of ¢3 = 45° and
is of the order of 2%R.

Fig. 14b shows a second representation of the same vortex
trajectories that are plotted in Fig. 14a, but entirely normal-
ized with the blade tip TE position of the BL case. The
positions of the blade tip trailing edges corresponding to the
actuated test cases are also given with respect to the BL
blade tip and marked by colored plus signs. The maximum
deviations of the blade tip TE from the BL tip position are of
the order of +0.7%R and —0.2%R, and therefore smaller
than for the 1/rev case. The reduced blade tip scattering is
in accordance with the blade tip deformation measurements
presented in [7]. The separation of the vortex trajectories
into two groups that is found for the first depiction in Fig. 14a
is still present in Fig. 14b. The lower group of trajectories
exhibits a behavior similar to the first graph with only slight
effects of the blade tip deformation. The basic outline of the
upper group of trajectories is also similar to the BL trajec-
tory, but most of the vortex curves within this group are now
situated above the BL case due to the considered blade tip
deformation.
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Figure 14: Vortex trajectories for BL case and 3/rev

actuation with different phase angles @3, normalized with
a) individual and b) BL blade tip TE positions

Both graphs of Fig.14 indicate that — for the current
¥ = 180° measurement position — the influence of the
active twist actuation with a frequency of 3/rev and
actuation phase angles in the range of @3 = 45° — 135°
have the highest potential for the variation of the tip vortex
path. The 3/rev actuation with a phase angle of ¢3 = 45°
achieves a vertical distance of the vortex to the rotor tip
path plane of 2.6%R within the first 45° of wake age. Due
to the increasing vertical convection of the vortices with
wake age, the miss distance to the following rotor blade
— which is a crucial factor for the generation of noise by
blade-vortex interactions — is expected to be of the order of
5.5%R. The results presented in Fig. 14 demonstrate the
effective application of the 3 /rev active twist actuation for
substantially altering the path of the blade tip vortices under
hover conditions.
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Figure 15: Initial peak swirl velocity relative to BL case for
3/rev actuation with different phase angles @3. The black
dashed curve is a fit proportional to the effective blade tip
angle. Other symbols and colors: see legend in Fig. 14a.

Fig. 15 shows the influence of the 3 /rev active twist actua-
tion on the initial peak swirl velocity Vg max for different phase
angles @3 according to the 1/rev case presented in Fig 13.
The peak value of the BL case without actuation is indicated
by a black horizontal line for reference. The initial peak swirl
values Vg max are plotted over the actuation phase angle @3
and relative to the BL case Vg max,gL. The standard deviation
of the velocity values is indicated by vertical bars. The actu-
ated test cases are colored according to Fig. 14. Again, the
value for the phase angle ¢3 = 315° is not available, as the
vortices were located outside the PIV field of view.

The 3/rev actuation with a phase angle of ¢3 = 180° causes
an average increase in swirl velocity of about 15% for the
youngest vortex age. The values for ¢3 = 90° and 135°
are located close to the BL case. The other phase an-
gles exhibit a decrease in initial peak swirl velocity of more
than 10%. The minimum value is found for @3 = 270° with
Vo,max = 0.2 V;p and a reduction of 35% compared to the
BL value. This peak reduction in initial vortex strength is
about twice as pronounced as for the 1/rev actuation, as
expected from the excitation of natural blade frequencies
(see e.g. Fig.11).

The dashed curve in Fig. 15 again represents the variation
of the effective angle of attack at the blade tip, based on
the SPR measurements that were carried out after the PIV
measurements. The effective angle of attack is determined
via superposition of the active twist torsion at the blade tip
with an average phase delay in torsion response of 58°, and
the change of the induced angle of attack by the vertical
blade tip motion, as effected by the blade flap angle with an
average phase delay in flap response of 225°. With the as-
sumption of a linear dependency between the effective blade
tip angle and the vortex strength, this would result in a sinu-
soidal oscillation around the BL value. This, however, does
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not seem to be the case here, as the measured data exhibits
an oscillation around a reduced value of about 0.89 Vg max BL-
The curve with the offset correction shows a good correla-
tion with the initial peak swirl velocity variation. Only the
peak value around the actuation phase angle of @3 = 135°
exhibits a deviation from the curve, which might have to do
with the large time delay of the present PIV setup and the
consequent inability to resolve the large flow velocities and
gradients likely present for this specific test case.

In summary, the 3/rev actuation evokes distinct effects on
the strength and paths of the blade tip vortices shed by a
hovering rotor. The alteration of the young vortex trajectories
is dominated by the harmonic torsion of the blade tip and only
weakly affected by the blade tip deflection. Compared to the
BL case, the peak swirl velocity is reduced by up to 35% and
the vortex trajectories are displaced by up to 2.6%R within
the first 45° of wake age. Judging by the magnitude of these
changes, the active twist actuators are expected to show a
similar performance during forward flight, and therefore to
constitute an effective measure for the reduction of noise
and vibration generated by blade-vortex interactions.

6 CONCLUSIONS

This paper presents results from the hover test of the STAR
active twist model rotor. An aerodynamic analysis was con-
ducted based on time-resolved stereoscopic PIV measure-
ments at vortex ages between Y, = 3.56° and 45.74°. This
analysis is focused on the effects of the active twist actuation
on the trajectories and the strength of the blade tip vortices.
The rotor was operated at a nominal speed of 1041 rpm,
and with a blade loading of Ct/c = 0.045. The rotor blades
were actuated by integrated piezoceramic twist actuators
with actuation frequencies of 1/rev —5/rev. Due to actuator
endurance issues, the rotor was operated with a reduced
active twist control amplitude of 60% of the full control au-
thority. Despite this restriction, a comprehensive test of the
actuated rotor was performed under hover conditions with
peak torsion amplitudes of up to 2°.

A three-dimensional representation of the time-resolved flow
field behind the blade tip was combined from a series of
instantaneous flow fields, including the outline of the vortex
and the sheet of vorticity behind the rotor blade. The BL
case was further described by its average vortex trajectory,
blade tip scattering, and the temporal development of the
peak axial and swirl velocity.

Key results from a thrust variation study were presented for
a range of blade loadings between Ct/c = 0.019 and 0.056.
The vortex trajectories for different blade loadings exhibited
similarity, except for the convection velocity and maximum
height above the tip path plane, which increased with rotor
thrust. The initial peak swirl velocity values showed a good
overall agreement with other experiments and a very high
correlation with results from the HOTIS project.

Active twist actuation cases with 1/rev and 3/rev actuation
frequency were examined to study their effect on the blade
tip vortices. These cases were selected as they show the
maximum flap and torsion response of the rotor blades, and
therefore the most pronounced effects of the active twist
actuation. The 1/rev actuation achieved a reduction of the
initial vortex strength by up to 18% and had a large con-
trol authority over the vertical deformation of the blade tips,
which peaked at —0.95%R with respect to the BL case. The
alteration of the vortex trajectories by the 1/rev actuation
was dominated by the blade tip deflection and only weakly
affected by the blade tip angle variation.

The 3/rev actuation had a strong effect on the initial peak
swirl velocity with a peak reduction of up to 35% compared
to the BL case. The variation of the swirl velocity over the
control phase angle showed a good correlation with the
harmonic variation of the effective angle of attack at the
blade tip. Actuation with the control phase angles @3 =
45° — 135° achieved a large variation of the shape of the
vortex trajectories with a maximum deviation of —2.6%R to
the rotor tip path plane at a vortex age of 45°. The alteration
of the young vortex trajectories by the 3 /rev actuation is thus
dominated by the torsion of the blade tip and only weakly
affected by the blade tip deflection.

The present aerodynamic investigation allowed for a detailed
study of the effects of the active twist actuation on the blade
tip vortices. The results revealed a high control authority of
the actuators — especially for the 3 /rev actuation frequency
— on the shape and vertical offset of the vortex trajectories,
and the vortex strength. The outcome of the STAR hover
tests, therefore, serves as a proof of functionality of the
active twist concept. Judging by the magnitude of the evoked
changes, the active twist actuation is expected to constitute
an effective measure for the reduction of noise and vibrations
generated by blade-vortex interactions.
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