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ABSTRACT

The study presents the aeroelastic behavior of a double-swept rotor blade, that was investigated under climb conditions
on a four-bladed rotor in the rotor test facility at the German Aerospace Center in Gottingen. The results of two
measurement campaigns are combined to obtain a detailed insight in the coupling of blade deformation, integral loads,
aerodynamic behavior and blade tip vortex. Especially the interaction between stall onset and blade tip vortex is in
focus of the investigation. The first measurement campaign considered the underlying aerodynamics, integral blade
loads and blade deformation by means of unsteady pressure-sensitive paint (iPSP), strain gauges at the blade root and
blade tip marker. The blade tip vortex behavior was characterized in a second measurement campaign with particle
image velocimetry (PIV). Different pitch settings were investigated at a rotation frequency of fo = 23.6 Hz, that
corresponds to blade tip Mach and Reynolds numbers of My, = 0.282 - 0.285 and Reyjp = 5.84 - 5.95 x 10°. The results
reveal a detailed insight into a two-step stall behavior and its impact on blade flapping and torsion. The iPSP and PIV
data indicates an interaction between stall onset at the blade tip and a simultaneous inward motion of the blade tip
vortex caused by the backward-swept part of the blade.

NOTATION w  Velocity component in z-direction (m/s)
x  Chordwise distance form leading edge (m)
z  Rotor inflow direction (m)

a Speed of sound (m/s)
b Width of wind tunnel nozzle (m)
c Blade chord length (cgor = 0.072 m)
C,M? Radial pressure coefficient Greek symbols
Cr Thrust coefficient .
EI Bending stiffness (Nmm?) ® Bl.ade p lt,Ch angle §deg)
f Frequency (Hz) p Air den51Fy.(kg/m‘ )
GI Torsional stiffness (Nmm?) o RF)tor solidity (o =0.141)
h Height of wind tunnel nozzle (m) v Tip vortex wake a'gg (deg)
M Mach number (0] Out-of-plane vorticity (1/s)
p Pressure (Pa)
R Rotor blade radius (R= 0.65m)
Re Reynolds number .
r Radial distance (m) Subscripts
T Thrust (N) )
% Flow velocity (m/s) 1.flap First flap mode
\% Blade velocity (m/s) g’ﬂap Second flap mode
i Induced
tip Blade tip
root Root of the blade
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INTRODUCTION same blade tip model reveals a significant interaction between
stall onset and the burst of the blade tip vortex at cyclic pitch

Vibration, noise, and performance characteristics of heli- test cases (Ref. 14). For slow climb condition the coupling
copter rotors can be optimized by innovative blade tip ge-  effects and relation between stall, blade vortex burst and de-
ometries. A well-known example is the BlueEdge rotor blade  formation are unknown. Therefore, in the current study a
geometry that was developed in recent years. The tip shape  double swept rotor blade model was investigated regarding
has been derived from the ONERA-DLR “ERATO” design the aeroelastic behavior in slow climb condition at the RTG.
(Refs. 1,2). The forward-backward swept shape is mainly op-  For a detailed insight into the coupling effects, the results of
timized to improve the rotor acoustics in forward flight. The  two measurement campaigns were combined. The first cam-
backward sweep at the blade tip reduces the effective Mach  paign focused on the blade tip vortex characteristics, the sec-
number and also the drag on the advancing side. The parallel ond campaign investigated the surface pressure distribution in
blade vortex interaction is also reduced and, thus, improves  combination with integral blade loads and blade tip deforma-
the rotor acoustics. Another example of an alternative blade  tion. Both campaigns were conducted with equal test con-
tip geometry is the “paddle tip” from the British Experimen-  ditions. For the blade tip vortex study a high-speed particle
tal Rotor Programme (BERP). This blade tip was aerodynam-  image velocimetry (PIV) system was used. The surface pres-
ically optimized for high-speed flight by using a larger blade  sure distribution was measured with unsteady pressure sensi-
tip area. Both tip designs have individual blade tip vortex, tive paint (iPSP) (Ref. 16). Here, the results of both studies
stall, and aeroelastic characteristics in comparison to common  are combined, with a particular view on aeroelastic topics. Fo-
blade tip designs. The individual characteristics of each new  cus of the aeroelastic analysis was the impact of stalled blade
design have to be investigated in detail. areas on the blade pitching moment, normal forces, and their
The focus of most rotor blade studies in forward flight condi-  position with respect to the elastic axis.
tions is set on individual aspects only, such as aerodynam-
ics (Ref. 3), noise, or blade deformation (Refs. 4,5). The EXPERIMENTAL SETUP
aeroelastic aspect mainly considers mode shape tracking, the
monitoring of mode shape frequency increase, in the rotating  Aeroelastic model properties
system (Refs. 6—8). An additional, relevant aeroelastic topic
is the interaction of blade loads, aerodynamic characteristics  The blade planform, the radial distribution of the stiffness and
and blade deformation. Rather than highlighting a single as-  the center of gravity can be seen in Fig.1 and Tab.1. The
pect of innovative blade tip design, this paper focuses on the  chordwise position of the elastic axis was identified by using
interaction between blade loads, aerodynamic characteristics strain gauges at the blade root. Two full brldge strain gauge
and blade deformation. Recently published studies with two configurations were used to measure the flap and torsion dis-

different double swept rotor blade models (Refs. 9,10) investi-  placements, see Miiller et al. (Ref. 11) for details.

gated the aeroelastic (Ref. | 1) and aerodynamic (Refs. 12—15)

characteristics during dynamic stall in a rotating system. The Table 1: Sectionwise bending and torsional stiffness
aeroelastic behavior in hover and slow climb conditions will

be investigated in the current work. Sections EI, Nmm? GI, Nmm?Z

The aeroelastic behavior impacts blade root forces and blade S1 169.03 89.65
deformation, hence, also hover and forward flight perfor- ) 84.61 3777

mance. An aeroelastic study at the rotor test facility Gottingen S3 66.57 19.47

(RTG) with a double swept subscaled model showed a non-
linear blade flap behavior mainly caused by the stall charac-
teristics on the backward-swept part of the blade at investi- At three different radial positions calibration brackets were
gated cyclic pitch cases. Also, the stall on the forward-swept ~ mounted at the rotor blade. For each mounting position the
part of the blade impacts the strength of the blade flap mo-  chordwise location of the elastic axis was identified, based on
tion (Ref. 11). In addition a blade tip vortex study with the  a decoupling between flap and torsion. Between the blade root
r=0.25R gravit

center of elastic axis

Figure 1: Elastic axis, center of gravity and stiffness distribution for three radial Sections (S1, S2, S3)

Rotor axis
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and the beginning of the forward-swept part, the elastic axis
is at a constant chordwise location of 0.47¢. Further outboard,
the elastic axis is shifted towards the leading edge, reaching
0.25¢ (local chord) at the end of the forward-sweep, and 0.11¢
(local chord) at the end of the backward-sweep. The shift
towards the leading edge at the forward and backward-swept
part are mainly caused by the structural design. The chord
length tapers over the radius from cpoor = 0.072 m at the root
to ¢gip = 0.020 m at the blade tip.

The double swept model has a weight of 236 g and the center
of gravity was determined at 0.43R and 0.42¢. As can be seen
in Tab.1, the model is stiff in comparison to its weight. This
allows the assumption that inertial forces are negligible. Due
to the high stiffness, the eigenmodes of the model are very
high. The first flap was identified at f g, = 44.43 Hz in the
non-rotating system. At a rotation frequency of fyof = 25 Hz
the first flap eigenmode increases to f fap = 53 Hz. Hence, at
a rotation frequency of fio = 23.6 Hz there is no significant
excitation of the first flap motion. The second eigenmode was
identified at f7 g4, = 177.14 Hz and also does not affect the
blade motion.

Unsteady pressure sensitive paint

The experimental setup for the unsteady pressure sensitive
paint measurement in the RTG can be seen in Fig.2. The noz-
zle of the Eiffel type wind tunnel has a cross section of 1.6 m
X 3.4 m (h x b) and an axial inflow of v., = 2 m/s was used
to prevent recirculation of the rotor flow in the test chamber.
The rotor axis is oriented horizontally, and the rotor plane is
located 2.3 m downstream of the wind tunnel nozzle. The
RTG was mainly developed for dynamic stall (Refs. 17-19)

Axial inflow

Optics + laser

and slow climb (Ref. 20) investigations. A fully functional
swashplate allows collective and cyclic pitch cases. The in-
tegrated measurement system of the RTG is a telemetry sys-
tem for sensors built into the rotating system (pitch sensors,
strain gauges, etc.). For the measurements a double-swept ro-
tor blade tip model on a four-bladed rotor with a radius of R
= 0.652 m was used. More information about twist, chord
length distribution, instrumentation and sweep are presented
in (Refs. 10, 11). All presented test cases were measured un-
der the following conditions: for = 23.6 Hz, My, = 0.282
- 0.285 and Regp = 5.84 - 5.95 - 103. The collective pitch
angles were varied from @y = 6° - 38°, with an increment
of 1°. Surface pressure results were obtained by averaging
128 individual results acquired during 256 blade revolutions
for collective test cases. The unsteadiness of the paint was
exploited for the cyclic pitch cases which are discussed else-
where, see (Refs. 11, 16). For the iPSP measurements the
aerodynamic airfoil of one of the rotor blades was coated with
unsteady pressure sensitive paint from 0.35 < r/R < 1. The
iPSP sensor provides unsteady surface pressures with a -3dB
cutoff frequency of 6 kHz (Refs. 21,22). For the iPSP illumi-
nation a laser with corresponding optics was placed under the
wind tunnel nozzle, Fig.2. The image acquisition was done
with a camera (FoxCam4M) (Refs. 23,24), placed almost cen-
trally under the wind tunnel nozzle. For more details about
the iPSP measurement technique and experimental setup, see
Ref.15. The inflow velocity was measured by using a Prandtl-
probe in the nozzle. A six-component piezoelectric balance
measured the rotor thrust. The blade flap displacement was
measured with a blade tip camera, flash LED and retroreflec-
tive blade tip markers. For each collective test case 50 blade
tip images were acquired and averaged. The integral blade

Figure 2: Image of the experimental iPSP setup at the Rotor Test Facility Gottingen (Ref. 11)
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root forces and moments were measured with strain gauges in
two full bridge configurations. More information about mea-
surement technique synchronization, sample rate, image anal-
ysis is presented in Ref. 11, 16.

Particle image velocimetry

Figure 3 displays the experimental setup for the particle im-
age velocimetry (PIV) measurement. A detailed description
of the experimental setup and analysis approach is presented
in (Ref. 14). In the following a short summary is given. The
experiment was conducted in the RTG under nearly the same
conditions as mentioned in the section Unsteady pressure sen-
sitive paint. For the PIV measurement, the rotor frequency
was slightly increased to fio = 24 Hz due to frequency lim-
itations of the phase-locked PIV laser. However, the results
discussed in this paper are normalized to the blade tip veloc-
ity, and the small difference in the Reynolds/Mach numbers
are negligible. The non-dimensional rate of V./Vy, is 0.022.
Due to the role of the blade tip vortex at stall onset, the results
of two collective pitch cases (Oroor = 24° and 26°) were se-
lected to illustrate the structure of the corresponding blade tip
flow.

A PIV system was used to provide the velocity distribution in
an axial-radial slice plane just downstream of the rotor plane
to visualize the rotor wake flow, see Fig.3. For the experiment
a double-pulse laser was used to illuminate the aerosolized oil
droplets. The light sheet was generated with the correspond-
ing optics. Due to non-recirculation inflow and low pulse en-
ergy of the lasers, a large rate of tracer particle generation
is needed to generate a sufficient seeding quality. Therefore,
four seeding devices were placed upstream of the wind tunnel
fan. The seeding devices produce droplets with a diameter be-
tween approx. 1 um and 2 yum. For a reduced size of particle

High-speed laser beam

rRotor axis

/ PIV region
of interest

Swashplate

voids in the tip vortex center due to centrifugal forces, small
droplets are important. The stereoscopic layout was set up
with two double-frame cameras, mounted left and right be-
low the test stand. For the raw image analysis an iterative
PIV cross-correlation algorithm was used. The high-speed
laser and cameras were phase-locked to the rotor and acquire
double-images for a wake age of W = 10° after the passage
of the blade’s trailing edge. For each test condition, 450 flow
samples were recorded.

RESULTS

Figure 4 displays a collective pitch thrust polar of the double-
swept rotor blade (DST) for a rotational frequency of fro =
23.6 Hz (red). In addition, the depicted blue dots represent
the data for the increased rotor frequency of fro =24 Hz. The
collective thrust polar shows the specific blade loading Cr/c
against the blade root pitch angle ®,. The specific blade
loading is defined as

T
Cr/o=|—s—s
T/G (PTCRZVI%I,> /O-

The thrust increases linearly up to @,y = 24°. This indicates
continuously increasing lift over the blade and no evidence
for stall or other non-linear aerodynamic effects in the first
section of the thrust polar, see Fig.4. From label a) to label b)
in Fig.4 a reduced gradient of Cr/c is noted in comparison
to the first section. The maximum thrust is reached at label
b). The two kinks in the thrust slope at labels a) and b)
indicate a two-step stall behavior, with a still increasing thrust
between a) and b), but a decreasing thrust beyond b). The
first part of the stall is caused by tip separation involving
the tip vortex, more details are given in (Refs. 14, 16). This

)

DST rotor blades

‘m inflow with PIV
- seeding particles

Figure 3: Image of experimental PIV setup at the RTG in G6ttingen, modified from Wolf et al. (Ref. 14)
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specific stall behavior also impacts the aeroelastic behavior
regarding pitching moment, blade normal force and defor-
mation. Especially the stall evolution over the suction side
in the backward-swept part is relevant for the blade pitching
moment, due to the distance between low-pressure regions
and the elastic axis.
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Figure 4: Specific blade loading against pitch angle, modified
from Wolf et al. (Ref. 14)

The measured thrust coefficients for the f;o = 24 Hz PIV test
cases are Cr,,, = 0.01615 and Cryo = 0.01792. The resulting
specific blade loading are Cr,,,/0 = 0.11454 and Cr,,/0 =
0.12710, see Fig.4 (blue). The relative thrust deviations be-
tween 23.6 Hz and 24 Hz rotor frequencies are 1% at 24° and
1.5% at 26° root pitch angles. This is within the error margin
of the force balance system, and the comparability of the iPSP
and PIV results is given.

Blade deformation and integral loads

In Fig.5 the elastic blade tip deformation (plot a) and the in-
tegral blade root loads (plot b) are shown. The elastic defor-
mation (plot a) is shown by means of the flap displacement
(blue line) and the elastic torsion angle (green line) against
the blade root pitch angle ®;,;. Both quantities were mea-
sured with the blade tip camera. The right plot (b) in Fig.5

a)
Elastic torsion
Flap displ

\ P~

5 10 15 20 25 30 35 40
[°]

root

Figure 5: Elastic flap and torsion (a) and pitching moment and normal force (b) for @4 = 6° -

shows the integral blade loads by means of the root normal
force (blue line) and the pitching moment (green line) against
blade root pitch angle ®oo. The blade root normal force is de-
fined as the acting force normal to the chord at 0.3R and 0.35¢
due to the strain gauges position. For a better visualization
of the gradient trend, the linear section (@ = 14° - 24° in
Fig.5) of the normal force and flap displacements were extrap-
olated, depicted as red dashed lines in Fig.5. The values for
each test case were averaged over 450 revolutions. The trend
of the blade pitching moment shows three interesting features:
1. slight dip at small pitch angles, 2. strong dip coincidental
with stall onset around @, = 24°, 3. sharp increase shortly
before the second stall at O = 34°.

At Opoor = 8° - 12° a slight dip in the blade root pitching mo-
ment can be seen (Fig.5b). However, the trend of the elastic
torsion (Fig.5a) does not reflect this dip. Due to the high tor-
sional stiffness the acting pitching moment is not sufficient to
generate an elastic torsion. The dip is probably connected to
the change from negative to positive thrust, which depends on
the radial position along the blade and the corresponding local
pitch angle. Also, the trend of the normal force (Fig.5b) and
flap displacement (Fig.5a) indicate a transition process from
negative to positive blade flap and normal force values with a
reduced gradient.

Around stall onset at @, = 24° - 25° a reduced gradient
in the trend of blade normal force and blade flap can be ob-
served, see Fig.5. This also correlates well with results of
Wolf et al. (Ref. 14) and Weiss et al. (Ref. 16) for stall onset.
Thus, the reduced aerodynamic lift force results in a reduced
flap displacement. The rotor blade reacts instantly to chang-
ing acting forces. These are the properties of an ideal stiff
blade (Refs. 25,26). This means the displacement follows the
acting force instantaneously. Another indicator for the stall
onset is the increasing standard deviation of the normal force
due to increasing aerodynamic unsteadiness at @ = 25°.
A further increase of the root pitch angle up to @y = 34°
continuously increases the normal force’s standard deviation,
shown as vertical error bars, underlining an increasing influ-
ence or strength of the developing flow separation, see Fig.5b.
It is noted that the stall behavior in Fig.5 mirrors the behav-
ior of the specific blade loading discussed in Fig.4. The blade
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pitching moment reveals a strong dip around ®yqo = 23° - 27°.
The drop of the blade pitching moment also impacts the elastic
blade torsion. From Opyo; = 24° up to Oy = 31° a slight de-
crease of the pitching moment can be seen, Fig.5b. The elastic
torsion slightly follows the trend of the pitching moment. The
gradient of the elastic torsion almost drops to zero at Oy
= 26° and increases again at ®,o = 32°, see Fig.5a. The
strong changes in the pitching moment only result in small
changes of the elastic torsion, which can be attributed to the
high stiffness of the blade. The increasing standard deviation
of the pitching moment between O,y = 24° - 34° is again
connected to an increasing aerodynamic unsteadiness due to
the stall build-up. The comparably high standard deviation of
the pitching moment even under attached-flow conditions is
caused by the higher fluctuation in the pitching moment.

At high pitch angles around @, = 34° - 35° a second drop
of the blade normal force can be seen, Fig.5b. The second

drop can also be observed in the specific blade loading, see
label b) in Fig.4. Thus, the two-step stall also affects the nor-
mal force. The maximum blade flap displacement is reached
slightly earlier at @, = 32°, see Fig.5a. This is caused by
the high stiffness of the first and second blade section in re-
lation to the third blade section, see Fig.1. A more detailed
explanation is provided in the section on High pitch angles.
A sharp increase can be observed in the pitching moment and
the elastic torsion between @,y = 33° - 36°. This increase is
mainly caused by aerodynamics and will be explained in the
section on High pitch angles.

Small pitch angles

In the following section the aerodynamic results and their im-
pact on the blade behavior are presented. In Figs.6, 8, 9 the
radial surface pressure distributions are depicted as C,M 2. In
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Figure 6: Surface pressure maps as C,M; for Oo = 8° - 12°.
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each figure, five different collective pitch test cases are shown.
In addition, the pressure distributions are compared to the in-
tegral blade loads and deformations in Fig.5. The surface
pressure coefficient is defined as

cm? = L L= )

P2
For small pitch angles, at @, = 8° (Fig.6a) large areas of
the blade show pressure coefficients C,M 2 slightly above zero
(blue). Especially the area around the kink (0.7 < r/R < 0.8)
as well as a part of the straight section 0.43 < r/R < 0.56
(Fig.6a) indicate downforce. In contrast the backward-swept
part (0.8 < r/R < 1.0) and parts of the forward-sweep (0.6
< r/R < 0.7) feature slightly negative CpM2 values. This
results in lift-generating sections, where nose up (positive)
pitching moments are induced and downforce-generating sec-
tions, where nose down (negative) pitching moments are in-
duced. In addition the elastic axis shifts towards the leading
edge in the outer forward-backward swept parts, see Fig.1.
This leads to a decreasing lever arm with respect to the lead-
ing edge with increasing radius. Finally, the nose up and nose
down pitching moments compensate each other, leading to a
near-zero but slightly positive integral blade root pitching mo-
ment, see Fig.5. At O = 9° (Fig.6b) a decrease of CpM2 in
the backward-swept part can be observed (0.88 < r/R < 1.0),
which generates a slightly higher nose up pitching moment
due to the short lever arm with respect to the elastic axis. Ad-
ditionally, C,M 2 increases at the leading edge around the kink
(0.76 < r/R < 0.77). That generates a weak downforce in
combination with a large lever arm. At @yt = 10° (Fig.6c) a
further decrease of C,M' 2 can be seen, near to the leading edge
at the tip (0.93 < r/R < 1.0). In combination with the gen-
erated downforce around the kink (0.76 < r/R < 0.77), this
leads to a plateau of the pitching moment and a reduced gra-
dient of the normal force, see Fig.5b. Furthermore, the acting
normal force affects the flap displacement, which also leads to
a reduced gradient. The acting normal force transmits on the
flap displacement, which leads also to a reduced gradient. The
elastic torsion reveals no effect on the pitching moment due
to the high torsional stiffness in sections S1 and S2, see Figl.
The largest share of the pitching moment is generated at blade
parts with high torsional stiffness. Hence, no significant tor-
sion can be observed. When further increasing the blade pitch
angle to @ = 11° (Fig.6d), the lift generating areas continue
to grow, especially at the leading edge on the backward-swept
part (0.9 < r/R < 1.0) and on the forward-swept part (0.6 <
r/R < 0.7). This results in an increase of pitching moment,
normal force and flap displacement, see Fig.5. The pitch an-
gle of Oyt = 12° is mostly dominated by a nose-up pitching
moment over the entire radius.

Stall onset

As already discussed in Fig.5, the stall onset is characterized
by a drop in the normal force, and discontinuities in the pitch-
ing moment and blade deformation. The difference in con-
trast to small pitch angles is that the blade deformations are

affected by the normal force and the pitching moment. In ad-
dition, for two test cases (@;oor = 24° and for Oy = 26°)
the instantaneous streamwise velocity and the phase-averaged
vorticity of the rotor wake including four blade tip vortices are
depicted in Fig.7. The results were acquired 10° after a blade
has passed the PIV measurement plane, hence, the vortex ages
are ¥, = 10°, 100°, 190°, and 280° (left to right), since they
were produced by a four-bladed rotor. The rotor plane is lo-
cated at x/R=0.

At Oy = 23° (Fig.8a) a pronounced low-pressure region can
be seen on the backward-swept part at the leading edge (0.83
<r/R < 1.0). The C,,M2 value of the low-pressure region de-
creases with increasing radius. The footprint of the blade tip
vortex is a thin, streamwise low-pressure line at the tip. For
this pitch angle there are no indications for stall onset. This is
also reflected in the normal force, pitching moment and blade
deformation, see Fig.5.

When increasing the pitch angle to @,y = 24° (Fig.8b), no
significant changes can be observed in the C,M 2 distribution.
The only change is a slightly more pronounced low-pressure
region at the leading edge between 0.8 < r/R < 1.0. The nor-
mal force and blade deformation reveal no significant changes
in their trend, see Fig.5. The trend of the pitching moment
shows a slightly decreasing gradient between ®;oor = 23° to
Oroot = 24°, suggesting a change in the flowfield around the
blades. Figure 7a shows the phase-averaged flowfield of the
wake at O = 24°. The inflow of the blades is steady and
the flow direction is left to right. The coloring represents the
out of plane velocity component w, for detailed information
see Wolf et. al (Ref. 14). The slipstream boundary divides the
flowfield into the external flow (upper part) and the rotor wake
(lower part). The boundary is curved due to the wake con-
traction. In the slipstream boundary, four clear spatially con-
centrated tip vortices can be seen Fig.7a. In addition, Fig.7c
shows the instantaneous and normalized out-of-plane vortic-
ity @ for @y, = 24°. Four tip vortices can be identified as
circular dots with positive rotation (Ref. 14). As mentioned
in Wolf et. al (Ref. 14), “The youngest (leftmost) tip vortex
blends into the corresponding blade shear layer, which at this
age appears as a straight and vertical structure. The shear layer
gradually transitions from counterclockwise rotation (yellow,
upper part) to clockwise rotation (blue, lower part) in the ra-
dial region of the blade’s thrust maximum, r/R = 0.75 - 0.90”.
These findings correlate very well with the iPSP result in fig-
ure 8b, that also indicates a radial region of the blade’s maxi-
mum thrust at 7/R = 0.75 - 0.90 (backward-swept part). Addi-
tionally, there is a good correlation with the normal force and
flap displacement. In conclusion all measurement techniques
verify the assumption of fully attached flow for this pitch an-
gle.

If the pitch angle increases to @0 = 25° (Fig.8c) first indi-
cations of stall onset can be seen near the blade tip. The foot-
print of the blade tip vortex has moved further inboard when
compared to Oyt = 24° and is now represented as a broader,
slanted low-pressure area initiated at the leading edge around
r/R =0.98 (Ref. 14). This stall onset also affects the normal
force, pitching moment and flap displacement, see Fig.5. The
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Figure 7: PIV results of the rotor wake for @0t = 24° and oot = 26°.

gradient of the normal force and flap displacement decreases
from Oroor = 24° to Opper = 25° caused by the loss of lift at
the blade tip due to stall onset. In addition, the backward-
swept part of the rotor blade reacts instantly to the loss of lift
due to low bending stiffness in this area, see Fig.1 and Tab.1.
The situation is different for the pitching moment and elas-
tic torsion. The pitching moment decreases from @0t = 24°
to Oroot = 25°, in contrast to the elastic torsion. The reason
for this is the position of the elastic axis in this blade part.

Due to the short lever arm from the elastic axis to the lead-
ing edge at the parabolic arc, the pitching moment is small
and not sufficient to affect the elastic torsion. A further in-
crease of the blade pitch angle up to @00 = 26° (Fig.8d)
shows a continuous motion of the vortex footprint inboard to-
wards r/R=0.95, also connected to a further development of
the stall in the backward-swept part of the blade tip. This is
also reflected in the PIV results for @ = 26°, see Fig.7b
and Fig.7d. The comparison of the phase-averaged stream-
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Figure 8: Surface pressure maps as C,M» for Oroo = 23° - 27° (Ref. 15).

wise velocity w between oot = 24° and O = 26° reveals
a significant wash-out of the flow structures, see Fig.7a and
Fig.7b. Larger, and spatially less concentrated vortices show
up as well as a higher aperiodicity. Additionally, the instanta-
neous vorticity @ reveals less concentrated tip vortices, with
a beginning vortex bursting at the blade tip for (O yo = 26°),
see Fig.7d. Nevertheless, thrust is still generated at 26° (even
greater thrust than at 24°), so positive vorticity (counterclock-
wise in this figure) is still shed into the wake. The “wash-out”
blade tip vortex structure at ¥ = 10° and the blade shear layer
indicate a slightly shifted blade’s maximum thrust at r/R =
0.75 - 0.95. These findings in the PIV result correlate well
with the iPSP data and indicate stall at the backward-swept

part. The normal force and flap displacement are affected in
the same way like at O = 25°. Due to a loss of lift, the
gradients of the normal force and flap displacement decrease,
see Fig.5. A slight change can be observed in the coupling
between pitching moment and elastic torsion. The pitching
moment decreases between Oyt = 25° and O;pr = 26°. In
parallel, the gradient of the elastic torsion is decreasing due
to the inward motion of the vortex footprint. Both the pitch-
ing moment and the gradient of the elastic torsion decrease
between Opyor = 25° and Opyoy = 26°, due to the tip vortex
movement in inboard direction. In addition to the effect of the
larger area of separated flow, the distance between the lead-
ing edge and the elastic axis increases towards the blade root,



which further intensifies the effect on the pitching moment
loss.

At Oyt = 27° (Fig.8e) a further inboard motion of the vortex
footprint can be seen. This behavior reinforces the coupling of
the normal force to flap displacement and pitching moment to
elastic torsion. The gradient of normal force and flap displace-
ment decreases and the elastic torsion increasingly follows the
pitching moment, see Fig.5.

High pitch angles

At high pitch angles, further coupling effects become appar-
ent. As can be seen at Oy = 33° (Fig.9a) the vortex footprint
extends over a large area of the backward-swept part. The
footprint starts at the leading edge at »/R = 0.86. The inward

motion of the vortex footprint leads to detached flow in the
area of the tip (0.92 < r/R < 1.0). This leads to a loss of lift
in the softest part of the blade with respect in terms of bending
stiffness. The maximum flap displacement is reached around
Oro0t = 32°, see Fig.5a. Furthermore, the gradient of the nor-
mal force decreases in comparison to @ = 32°. A second,
weaker low-pressure region has developed at the leading edge
of the forward-swept part (0.66 < r/R < 0.74). Due to the
longer lever arm from the elastic axis to the low-pressure re-
gion in the kink region the pitching moment starts to increase
again.

This behavior continues when the pitch angle increases up to
Oro0t = 34° (Fig.9b). The vortex footprint continues to move
inward and the low-pressure regions at the forward-swept part
increase. This leads to an increase of the normal force but not
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Figure 9: Surface pressure maps as C,M; for Ooo = 33° - 37°.

10



to an increase flap displacement, see Fig.5. The pitching mo-
ment and elastic torsion also increase due to the high discrete
pitching moment generated from the low-pressure regions at
the leading edge in and outboard of the kink.

If the pitch angle increases to @y = 35° (Fig.9c) the vortex
footprint weakens slightly in the backward-swept part. The
low-pressure regions at the leading edge inboard of the kink
and between 0.58 < r/R < 0.7 generate an increase of the
pitching moment and elastic torsion, due to the increased lever
arm, see Fig.1. The integral normal force decreases simulta-
neously, see Fig.5b.

At Opoor = 36° (Fig.9d) a further weakening of the vortex foot-
print in the backward-swept part can be observed. Addition-
ally, the suction peak at the leading edge of the kink decreases.
This leads to a further decrease of the normal force and a con-
stant flap displacement. Also, the gradient of the pitching mo-
ment decreases with a parallel drop of the elastic torsion.

The pressure distribution at @y, = 37° (Fig.9¢) reveals an
even weaker vortex footprint (with larger pressures) across the
backward-swept part of the blade. Moreover, large areas of
the forward and backward-swept parts show detached flow.

CONCLUSIONS

The aeroelastic behavior of a four-bladed rotor with an inno-
vative double-swept rotor blade model was investigated under
slow climb conditions, close to hover conditions, in the rotor
test facility Gottingen. The results of two measurement cam-
paigns were combined for a detailed insight in the areoelastic
behavior. For this purpose, the blade deformation, integral
blade loads, surface pressure distribution and velocity fields
of the blade tip vortices were investigated. Especially the in-
teraction between stall onset and inward motion of the blade
tip vortex were in focus. The main result of the study can be
summarized as follows:

1. The double-swept planform shows a two-step stall be-
havior which is reflected in the polars of the integral
blade normal force, flap displacement, pitching moment
and elastic torsion. The rotor blade can be assumed as
ideally stiff.

In the trends of the pitching moment and the normal
force, three different pitch-dependent intervals with dif-
ferent phenomena can be identified: 1. at small pitch
angles, 2. at stall onset, 3. at high pitch angles:

3. At small pitch angles a slight dip in the pitching mo-
ment and a reduced slope of the normal force and flap
displacement can be observed. Due to the location of
the elastic axis close to the blade tip, the change in

pitching moment does not affects the elastic torsion.

During the stall onset a strong dip in the pitching mo-
ment and the elastic torsion can be identified. The
resulting integral pitching moment depends on the lo-
cation of the elastic axis to corresponding low pres-
sure areas. Additionally, the normal force and flap
displacement show a continuously decreasing slope
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which goes along with an inboard motion of the de-
tached blade tip vortex footprint.

The section at high pitch angles reveals that the maxi-
mum flap displacement is reached prior to the max-
imum normal force. This is due to the flexible
backward-swept part of the blade in combination with
flow separation in the same region. The pitching mo-
ment as well as elastic torsion increases shortly be-
fore complete stall at the forward and backward-swept
part.
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