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ABSTRACT

Experimental investigations of three-dimensional dynamic stall on a four-bladed Mach-scaled semi-elastic rotor with
an innovative double-swept rotor blade planform are presented. The study focuses on the coupling between the aeroe-
lastic behavior of the blade and the underlying aerodynamics. Blade bending moment and flap displacement mea-
surements were conducted using strain gauges and optical tracking of blade tip markers. The aerodynamic behavior
was characterized by means of unsteady surface pressure measurements using unsteady pressure-sensitive paint (iPSP)
across the outer 65 % of the blade span and fast response pressure transducers at discrete locations. Different cyclic-
pitch settings were investigated at a rotation frequency of fioor = 23.6 Hz, that corresponds to blade tip Mach and
Reynolds numbers of My, = 0.282 - 0.285 and Regp = 5.84 - 5.95 x 10°. The findings reveal a detailed insight into
the non-linear behavior in the flap movement during downstroke. iPSP and pressure transducer data indicates that this
non-linear flap behavior is caused by a radially phase-shifted dynamic stall process at the forward and backward swept

part of the blade.

NOTATION

Speed of sound (m/s)

Width of wind tunnel nozzel (m)
Blade chord length (¢, = 0.072 m)
Pressure coefficient

Radial pressure coefficient

Marker distance (mm)

Frequency (Hz)

Height of wind tunnel nozzel (m)
Mach number

Pressure (Pa)

Rotor blade radius (R= 0.65m)
Reynolds number

Radial distance (m)

Time (s)

Rotation speed (m/s)

Flow velocity (m/s)

Chordwise distance form leading edge (m)
Blade pitch angle (°)

Angular frequency

Air density (kg/m®)

BT Blade tip camera exposure time(us)
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Subscripts

tip Blade tip

root Root of the blade

rotor Relate to rotor

) Axial inflow

T During upstroke motion

i During downstroke motion
6 Cyclic-pitch amplitude
®,000 Collective-pitch angle

INTRODUCTION

A key limitation of the helicopter flight envelope is the dy-
namic stall phenomenon which causes noise and design-
critical fluctuations of the associated lift, drag and pitching
moment (Refs. 1,2). Dynamic stall occurs on the retreat-
ing side of the rotor disk during forward and maneuver flight.
Considering innovative blade geometries in the design phase
of a helicopter rotor bears a great potential to improve these
limitations. In order to understand the influence of alternative
blade geometries, the interaction of the resulting aerodynam-
ics, aeroelasticity and structural behavior need to be carefully
studied.

Previous 2D and 2.5D aeroelastic experiments in the Tran-
sonic Wind Tunnel Géttingen (TWG) exhibited the complex-



ity of these kind of experiments, where combined measure-
ments of model deformation, integral blade bending moment
and surface pressure distribution were conducted (Refs. 3—
8). In addition, numerical (Refs. 9, 10) and experimental
(Refs. 11, 12) studies show the aerodynamic complexity of
the dynamic stall phenomenon. According to the current state
of research, the mechanism in 2D is extensively researched
and well understood (Ref. 13). In 3D, a significantly in-
creased complexity from an aerodynamic point of view has
been shown (Ref. 14). In particular, radial effects are added
during the transfer into a rotating system (Ref. 15). From
experimental investigations on helicopter rotors it is known
that the aerodynamic (Refs. 16, 17) and aeroelastic (Ref. 18)
behavior of rotor blades with respect to stability, dynamic
stall (Ref. 19) or flutter can only be determined by a com-
bination of different measurement techniques.

The Rotor Test Facility Géttingen (RTG) at the German
Aerospace Center (DLR) was designed for dynamic stall ex-
periments in a rotating system with up to four rotor blades
(Ref. 20). The phenomenon was studied using conven-
tional rotor blades with a parabolic tip, both numerically
(Refs. 21,22) and experimentally (Refs. 23, 24), using lo-
cal pressure transducers, tufts and Particle Image Velocime-
try (PIV) measurements of the near wake. In a next step, an
innovative double-swept rotor blade model for dynamic stall
investigations at the RTG was developed and built at the DLR-
Institute of Aeroelasticity (AE) (Ref. 25). First numerical in-
vestigations on the double-swept rotor blade indicated a dif-
ferent stall behavior when compared to a conventional plan-
form (Ref. 26) .

Axial inflow

Optics + laser

Moreover, unsteady surface pressure measurements by means
of pressure-sensitive paint (iPSP) revealed first insights into
the global pressure footprint of the innovative blade geometry
while undergoing dynamic stall showing excellent agreement
to numerical computations (Ref. 27). The focus of all previ-
ous dynamic stall investigations at the RTG was mainly with
respect to rotor aerodynamics.

In the current study, the innovative double-swept rotor blade
geometry was tested at the RTG under dynamic stall condi-
tions using combined measurements of the aeroelastic and
aerodynamic behavior. The flap displacement, the integral
blade bending moment and the surface pressures were mea-
sured simultaneously. Selected iPSP results were presented
previously in Ref.27 with a focus on a comparison to numeri-
cal simulations. In this study, different iPSP results are shown
and presented the context of aeroelastic measurements. Sur-
face pressures were additionally recorded using fast response
pressure transducers. Strain gauges were used to measure the
integral blade bending moment as well as the flap displace-
ment. The latter was also measured optically by tracking
retro-reflective markers on the blade tip.

EXPERIMENTAL SETUP AND
MEASUREMENT TECHNIQUES

Wind tunnel setup

The experiment was carried out at the RTG. An image of the
experimental setup is depicted in Fig.1. The vertical rotor
plane was situated 2.3 m in front of the nozzle of the Eif-
fel type wind tunnel. The nozzle had a cross section of 1.6

Rotor with
iPSP and strain
gauges

Figure 1. Image of experimental setup at the RTG in Gottingen
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m X 3.4 m (height x width). The entire measurement was
carried out at an axial inflow velocity of v, = 2 m/s. The ax-
ial inflow is intended to prevent blade vortex interaction and
the recirculation of blade tip vortices. In the RTG, a generic
test case comparable to climb is represented. Additionally,
dynamic stall can be investigated in isolation from all other
main rotor effects, like lateral flow, compression shocks und
blade vortex interaction (BVI). The double-swept rotor blades
were developed and designed at DLR-AE by Miiller (Ref. 25)
and inspired by the ERATO-blade (Refs. 29, 30). The aero-
dynamic airfoil of the rotor blades are in a range from 0.25
< 1/R < 1. The two parallel outer surfaces of the rotor blade
clamping are referred to as the blade root, see Fig.3. The rotor
has a radius of R = 0.652 m and the chord length tapers over
the radius from coot = 0.072 m at the root to ¢, = 0.020 m
at the blade tip. This consequently leads to a blade tip that is
much softer in bending and torsion. The radial torsion runs
from -1.20 at the root to -10.5° at the blade tip.For more in-
formation about radial sweep and twist distribution as well as
aerodynamic and structure design, see Ref.

In this experimental setup, the laser and the corresponding
optics for the exposure of the iPSP-coated rotor blade were
placed right below the wind tunnel nozzle (Fig.1). The cam-
era required for the iPSP (FoxCam4M) was placed below the
wind tunnel nozzle, approximately aligned with the blade in
measurement position and orthogonally facing the blade suc-
tion side at approximately the median angle of incidence. For
more information about the iPSP setup, see Ref.27. The axial
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inflow was measured using a Prandtl-probe in the nozzle.
The blade tip camera as well as the flash LED were placed
with a horizontal view on the blade tip as seen in Fig.l.
The RTG has a swashplate which allows both collective and
cyclic pitch settings. Additionally, the RTG has a mechanism
to rotate the usually stationary part of the swashplate 360°
during operation. This allows to scan an entire pitch cycle at
a fixed azimuthal position. For more information about the
swashplate mechanism, see Ref.20,23. The pitch angle of the
blade root can be described by

Orpor = @mot -0 COS(Zﬂtfrotor)7 (D

where 0, is the collective-pitch angle of all rotor blades and
© is the cyclic-pitch amplitude. The blade root pitch angle is
measured via Hall sensors in the blade mounts. The investi-
gated cyclic pitch cases are listed in Tab.1. All test cases were
measured under the following conditions: fyotor = 23.6 Hz, Voo
= 2.0 m/s, Myjp = 0.282 - 0.285 and Reg;p = 5.84 - 5.95 x 10°.

Table 1. Cyclic test cases

Test Case  Oppr,° ©.°
Cl 17 8
C2 27 6
C3 30 6

In Fig.2 it can be seen that each blade is equipped with a dif-
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Figure 2. Overview of the applied measurement techniques on the rotor blades

3



ferent measurement technique. For the comparison of the dif-
ferent techniques (e.g. blade tip camera, iPSP, strain gauges
and pressure sensors) with each other, it is assumed that the
aerodynamic behavior as well as the flap displacement are the
same for the corresponding blades. In order to compare the re-
sults from the different measurement techniques, all data were
recorded simultaneously and synchronized using the pitch set-
ting recordings of the respective blades.

Strain gauges

Strain gauges were used to measure the integral blade bending
moment as well as the flap displacement. For the measure-
ment of the integral blade bending moment at the root, strain
gauges were glued at 0.3R and 0.35c (related to the center
of the strain gauges) on the surface of the rotor blade, see
Fig.3. The two strain gauges were positioned on the upper
and lower side at the same radial and chordwise location, see
Fig.3. The measuring grids were parallel to the leading edge
at the blade root. The coordinate system shown in Fig.3 de-
fines the exact reference point at the blade root in radial and
chord direction with respect to the bending moment. In rela-
tion to the rotor blade cross-section, the bending moment acts
lateral to the chord in z-direction, see Fig.5. As measurement
type a half bridge with added equivalent resistors at one of
the blades was used. Sensors of type 1 —LY 11 —6/350 from
HBM were used as strain gauges, with a nominal resistance of
350 Q. For the equivalent resistors a SMD precision resistor
with a deviation tolerance of 0.01% was used. The adhesive
was the X60 from HBM due to its low thermal conductivity,
in order to keep the temperature influence on the measuring
bridge low, since a half bridge is not temperature compensat-
ing. However, due to the bridge circuit principle, a half bridge
is the best opportunity to measure the blade bending moment,
since this is dependent on the absolute strain. For the posi-
tioning of the strain gauges, finite element (FE) calculations
were performed in advance to determine the strain flow close
to the blade root. The optimum position for the measuring
bridge was then derived from these calculations.

For the calibration procedure according to Ref.28, defined
loads were applied at defined radial positions. The integral
blade bending moment was calibrated from 58 Nm to -58 Nm.
For this purpose, three calibration brackets were mounted to
the rotor blade at different radial positions in order to apply

0.35c

a line load, see Fig.6. The calibration of the strain gauges
was carried out with mounted blades at the rotor. Since the
rotor plane is aligned vertically, the calibration weights were
applied to the calibration brackets with ropes and guided over
aligned pulleys. The point of force application can de adjusted
in chord direction on the calibration brackets for each radial
position. In order to be able to apply a bending moment with-
out any blade torsion at each combination of radial line loads,
it is necessary to place the force application point in the shear
centers at the three radial positions of the airfoil profile molds,
see Fig.6. To achieve this, the force application point in the
chord direction for the bending moment was set for each ra-
dial section in such a way that there was no blade tip torsion.
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Figure 4. Bending moment over digital telemetry counts

This made it possible to apply decoupled line loads for the
bending moment on the elastic axis. For coupled line loads,
the force application point was shifted out of the elastic axis
for each radial section. This procedure provides the calibra-
tion function of the strain gauge measuring bridge. In Fig.4,
the bending moment is plotted as a function over the digi-
tal telemetry counts. The designation Upgepaqing in the plotted
legend defines
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Figure 3. Rotor blade planform and position of strain gauges and blade tip marker
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Figure 5. Crosssection A-A of Fig.4

a bending up of the rotor blade in z-direction (Fig.5) at posi-
tive bending moment and negative digital counts. Conversely,
Downgepgine defines a downward bending of the rotor blade
(negative z-direction) at negative bending moment and posi-
tive digital counts. The different colors define several calibra-
tion series with the same load combination to ensure repro-
ducibility. A linear strain behavior over the measuring range
must be ensured for the strain gauges. The calibration curve
was approximated using the denoted second order polynomial
in Fig.4. The narrow bandwidth (+/- 2 Nm) of the 95 % con-
fidence interval of the quadratic fit shows a good repeatability
of the calibration. In addition to calibrating the bending mo-
ment, the displacement of the blade tip was measured for all
applied load combinations, coupled and uncoupled. In this
way, the blade root strain gauges were additionally calibrated
for displacement. The calibration curve for the flap displace-
ment via the strain gauges have a similarly good accuracy of
the approximation ploynom as the integral bending moment.
The telemetry used to sample the strain gauges has a signal
bandwidth of 19 kHz. For the evaluation of the cyclic pitch
cases, phase averaged values over approx. 3600 periods are
used.

Blade tip marker

The blade tip markers are used for measuring flap displace-
ment. For this purpose, two retroreflective markers are glued
to the face of the blade tip (see Fig.3) and images are recorded
using a PCO Sensicam camera and a flash LED. All blade tip
marker images are taken at a fixed azimuthal position of the

rotor blade. To achieve sufficient image sharpness of the rotat-
ing blade tip, the image is illuminated by a LED flash for Ty,
= 7us. The two markers have a distance of d = 7.6 mm from
each other. For the calibration of the blade tip images, a cali-
bration target with defined geometry was held into the image
to determine the magnification factor. The displacement of the
marker images under loads is evaluated with respect to a refer-
ence image to derive the flap displacement. For this purpose,
the centroid of the markers is determined with a algorithm. In
order to shift the entire period of a pitch oscillation through
the fixed azimuthal measurement window, the stationary part
of the swash plate is rotated by 360° and thus one oscillation
period is shifted through the fixed measurement window, see
Ref.23 for more details. One image is recorded every second
revolution. In total, an entire cyclic-pitch period is resolved
with 1300 blade tip images. Thus, the period of a pitch cycle
can be resolved with 0.28° azimuth.

Pressure-transducer and pressure-sensitive paint

The surface pressure distribution was measured by two differ-
ent techniques. The surface pressure distribution is measured
at discrete positions on the suction side of the airfoil using
pressure-transducers. On the other hand, unsteady pressure-
sensitive paint is used for the measurement of the spatially
resolved pressure distribution. For the surface pressure mea-
surement by means of pressure-transducers, one rotor blade is
equipped with 15 sealed gauge unsteady pressure transducers
of the type Kulite LQ — 062. The pressure transducers are ra-
dially divided into six different sections. The exact position
can be found in Tab. 2. 1/R indicates the radial position and
x/c the chord-wise position from the leading-edge. The pres-
sure transducers are relatively encapsulated at 76.5 kPa and
have a pressure range of +70 kPa. The maximum static ac-
celeration that can be sustained is 1000 g. For calibration, the
rotor blade was enclosed pressure-tight from the blade tip to
the root by two planform-milled half-shells made of acrylic
glass. The half-shells were pressed together by several screw
connections. The root area was sealed using plasticine and an

Strain gauges

Figure 6. Rotor blade with radial mounted calibration brackets
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elastomer (see Fig.7). The pressure sensors were calibrated
from 140 kPa to 6.5 kPa in 5 kPa increments.

Table 2. Positioning of the pressure-transducers

/R 040 052 0.71 0.77 0.83  0.90

x/c  0.251 0.042 0.049 0.0251 0.094 0.251
0.192  0.124 0.178
0.321 0.195 0.261
0.545 0.337 0.571

All pressure sensors were measured using a telemetry system,
which has a signal bandwidth of 19 kHz. For the evaluation
of the cyclic pitch cases, phase averaged values over approx.
3600 periods are used.
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Figure 7. Calibration mold for pressure transducers

A different blade, not instrumented with Kulites, was
equipped with unsteady pressure sensitive paint in the range
between 0.35 < 1/R < 1, see Fig.2. A detailed explanation of
the measurement technique, the applied iPSP sensor, the ex-
perimental setup and the data reduction is presented in Ref.27.
Therefore, only a brief summary is given here. The employed
iPSP sensor provides unsteady surface pressures with a -3dB
cutoff frequency of 6kHz (Refs. 31,32). At the tested rotat-
ing frequency of 23.6 Hz, the time response corresponds to
an averaging across an equivalent azimuthal angle of 1.4°.
The iPSP was excited at 532 nm by a laser system (Quan-
tel Evergreen 200) providing 400 mJ/pulse. Pressures were
obtained using the so-called “single-shot lifetime” method,
see (Refs. 33, 34), where the unsteady surface pressure, i.e.
the luminescent decay of the iPSP sensor, is captured by two
successively acquired images after excitation using a single-
shot of laser light. For image acquisition, an inhouse devel-

oped camera (FoxCam4M) was used (Refs. 35, 36) which al-
lows the acquisition of two images in direct succession with
both exposures limited to several microseconds only. That
way, rotational image blur was reduced to less than 2 % of
the root chord at a blade tip speed of 96.7 m/s. Due to the
limited repetition rate for laser (15 Hz) and camera (20 Hz
for double frame acquisition), the rotation speed of the swash
plate was adopted that a total of 1600 double frames were
recorded every second blade revolution during the entire pitch
cycle. The resulting phase resolution of iPSP data was 1/1600,
i.e. 0.225° azimuth. The iPSP results presented in this paper
display phase-consecutive averages of 50 single-shot results,
which corresponds to an average across 11.25° azimuth.

RESULTS

In the following, aeroelastic and aerodynamic results are pre-
sented for the three test cases representing attached flow, light
and deep dynamic stall, respectively. The surface pressures
are expressed as CpM2 according to

2 D~ P
C,M* = 02 a2 2)
where p., is defined as air density of the axial inflow. a. is
the speed of sound of the axial inflow, p., is the pressure of
the axial inflow and p is the local measured pressure on the
surface. The pressure coefficient C, and Mach number M are
defined as

P— P u
Pz and M = o 3)
> oo

here u is the rotation speed at the respective radial position.
The aeroelastic results are presented as flap displacement,
blade pitch angle ®,,, and integral blade bending moment
against the pitch phase and flap displacement against blade
pitch angle (e.g. Fig.9 a and b). For the cyclic cases @,y =
27° + 6° (Fig.11) and ©®,, = 32° £ 6° (Fig.13), the repre-
sentations of flap displacement, blade pitch angle (0,,,,) and
bending moment is analogous to Fig.9. The blade pitch an-
gle ®,,, represents the blade pitch oscillation, the integral
blade bending moment represents the excitation moment, and
the flap deformation represents the blade response. The phase
positions of the depicted surface pressure (Fig.10, 12, 14) se-
lected on the basis of significant points in the evolution of
the tip displacement and integral bending moment (e.g. max-
imum flap displacement).

Flap displacement

In Fig.8 the flap displacement calculated from the strain
gauges is compared to the result of the flap displacement from
the blade tip camera against the pitch phase for C1, C2, and
C3. For all test cases, both measurement techniques yield sim-
ilar results with only minor differences. These are mainly seen
during downstroke of the test cases C2 and C3 when the flap
displacement increases again, see Fig.8 (0.6 < tfyy0r < 0.75).
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Figure 8. Flap displacement (strain gauges and blade tip camera) and pitch angles against the pitch phase for all cyclic

test cases

The maximum deviation for C3 is 0.8 mm between both mea-
surement techniques at tf,,, = 0.62 during downstroke. For
C2 the maximum deviation is 0.5 mm also during downstroke
at tf,5r0 = 0.72. C1 has a maximum deviation of 0.3 mm dur-
ing upstroke at tf,, = 0.36. Thus, the deviation between
both measurement techniques increases only slightly with in-
creasing strength of the dynamic stall. A clear deviation in
the flap displacement between C1 and C2, C3 can be seen.
With increasing collective-pitch the development of a non-
linear behavior in the flap displacement with respect to the
pitch oscillation over phase can be recognized. This behavior
increases with increasing strength of the dynamic stall. The
causes of this flap displacement behavior in terms of global
surface pressures and integral blade bending moments are dis-
cussed below.

Test case C1

In Fig.9 a, the flap displacement, blade pitch angle ®,,,, (red)
and integral bending moment (green) are plotted against the
pitch phase. For the flap displacement the raw data (dotted
blue) as well as smoothed curves using a Savitzky-Golay fil-
ter (cyan) are depicted. Fig.9 b shows the flap displacement
(blue) against the blade pitch angle. For the cyclic-pitch case
C1, the flap displacement qualitatively follows the pitch oscil-
lation. The maximum flap displacement of 15 mm is reached
at the maximum root pitch angle of ®,,, = 24.8°. Only a
slight hysteresis effect of the flap displacement against the
blade pitch angle between upstroke and downstroke can be

recognized (Fig.9 b). An almost identical behavior can be
seen in the evolution of the integral bending moment at the
blade root, see Fig.9 a. The bending moment corresponds
well with the flap displacement over the phase. Both, excita-
tion moment (i.e. the integral bending moment) and the blade
response (flap displacement), reach their maximum at approx-
imately the phase corresponding to the maximum pitch angle
(®,00r =25°). This indicates a linear behavior between the ex-
citation moment and the blade response for C1. Thus, blade
pitch oscillation (0,,,,), excitation moment (integral bending
moment) and blade response (flap displacement) corresponds
with each other. The flap displacement follows the blade pitch
oscillation without delay and deviation in evolution. Further-
more, no significant phase shift between the excitation mo-
ment (bending moment) to blade response (flap displacement)
over phase indicates an ideally stiff rotor blade (Refs. 37, 38).
In Fig.10 (left), the surface pressures measured with iPSP are
shown for five different pitch angles during the pitch cycle C1
with @,,,; = 17° &= 8°. Corresponding chord-wise cuts at four
radial positions are plotted on the right hand side of Fig.10,
where the pressure transducer data are compared against the
iPSP results. For C1, at ®,,,; = 13° (Fig.10 a) in the upstroke,
a slight suction peak close to the blade tip at the leading edge
can be seen in iPSP (left) and pressure sensor data (right).
With increasing pitch angle an decrease of the pressure coef-
ficients (iPSP and pressure sensors), on the backward swept
part of the rotor blade at /R = 0.83 and /R = 0.90 can be seen
(Fig.10 b and ¢).
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Along the leading edge of the backward swept part of the ro-
tor blade the growth of a suction peak can be observed. This
suction peak between blade tip and apex grows with increas-
ing pitch angle (Fig.10 a - c¢). For the displayed pitch an-
gles, the pressure coefficients reach their minimum at ®,,,
= 25°. As expected, the phase corresponding to maximum
lift roughly coincides with the phases of maximum integral
bending moment and flap displacement (see Fig.9 a). This is
also evident in the case of integral bending moment and flap
displacement, see Fig.9 (right). Thus, all measured data (in-
tegral bending moment, flap displacement and pressure data)
show a good qualitative evolution over phase at the point of
maximum lift force. When reaching ®,,,, = 25°, there are no
regions showing stall characteristics, neither on the forward
nor on the backward swept part of the rotor blade. During
downstroke, there are only slight deviations from the upstroke
in the pressure data (Fig.9 b). At ©,,, = 20.7, slightly higher
pressure coefficients (Fig.10 d right) can be seen at the for-
ward and backward swept part of the rotor blade than at ®,,,,
= 20.7° during the upstroke (Fig.10 b right). At ®,,,; = 14.5°
during downstroke (Fig.10 e), the pressure distribution shows
a very similar distribution to ®,,,; = 13° (Fig.10 a) during up-
stroke.

Test case C2

For test case C2, a significant deviation between the blade
pitch oscillation (®,,,) and flap displacement can be seen
(Fig.11 a). The flap displacement and integral bending mo-
ment reveal a strongly non-linear behavior compared to the
blade pitch oscillation (®,,,). This is represented by the
formation of a saddle point during downstroke in the flap
displacement and integral bending moment (Fig.11 a). The
curves of flap displacement and integral bending moment are
again in phase (Fig.11 a). Thus, there is no phase shift be-
tween the excitation moment (integral bending moment) and
the blade response (flap displacement), which supports the as-
sumption of an ideally stiff rotor blade. In addition, it can be
seen that, unlike in test case C1, the maximum flap displace-
ment (23.6 mm) and the maximum integral bending moment
(21.7 Nm) are already reached before the maximum pitch an-
gle. When the maximum pitch angle (®,,,, = 33°) is reached,
the flap displacement and the integral bending moment al-
ready sharply drop (Fig.11 a). From tf,,,, = 0.74, however,
there is a turning point in the drop of flap displacement and
integral bending moment. Here, a renewed increase of both
quantities can be seen, which reaches its maximum at tf,;,,
=0.74 (Fig.11 b). In the range of ®,,,; = 23.2°, a slightly in-
creased fluctuation in the raw data of the blade tip camera is
observed, which may indicate a detachment or reattachment
process. After @,y = 23.2° (0.9 < tf,0r < 1.0), the flap dis-
placement and the integral bending moment decrease again.
The saddle point in the flap displacement is also apparent in
Fig.11 b as a stronger expression of the hysteresis against the
blade pitch angle. In addition, Fig.11 b shows a light stall be-
havior in the flap displacement.

Analogous to Fig.10, the surface pressure data are shown in

Fig.12. On closer inspection, these data provide an explana-
tion for the non-linear behavior of the flapping motion. For
®,00r = 24.1°, a pronounced suction peak can be seen at the
backward swept part of the rotor blade, from the blade tip to
the apex. In addition, a suction peak in the area of the forward
swept part can be seen in Fig.12 a. When the maximum flap
displacement and integral bending moment at ®,,,, = 29.8°
are reached, the first stall phenomena appear in the C pM2 dis-
tribution in the area of the blade tip (Fig.12 b). This incipi-
ent stall is initiated by the inward migration of detaching the
blade tip vortex, see (Ref. 27). However, when looking at the
pressure coefficients in chord direction, strong suction peaks
at /R = 0.71, r/R = 0.83 and 1/R = 0.90 can be seen (Fig.12
b right). When the maximum pitch angle is reached, it can be
seen that a large part (0.9 < /R > 1) of the backward swept
area of the rotor blade already shows flow separation (Fig.12
c left). This can also be seen in the drop of the flap displace-
ment and integral bending moment (Fig.11 a) as well as in the
breakdown of the suction peak at r/R = 0.90 in Fig.12 c. At
®p0r = 24.6° during downstroke, the flap displacement and
the integral bending moment start to increase again. At this
blade pitch angle, both the global CpM2 distribution and the
CpM 2 distribution in chord direction reveal a reattachment of
the flow up to the blade tip (Fig.12 d and e). This again results
in strong suction peaks, especially on the backward swept part
of the rotor blade, which leads to an increase in lift and thus
to a renewed increase in the flap displacement. A comparison
of the CpM2 distribution during upstroke (Fig.12 a and b) and
downstroke (Fig.12 d and e) indicates that the detachment and
reattachment processes take place at different pitch angles and
thus with a time lag. At ®,,, = 23.2° (downstroke), the for-
ward and backward swept parts of the rotor blade again reveal
a fully attached flow, with similarly strong suction peaks as at
®,00r = 26.4° (downstroke). For this cyclic-pitch case C2 it
can be seen that during the whole pitching oscillation no stall
characteristics appear on the forward swept part of the rotor
blade. The detachment and reattachment processes affect the
backward swept part of the rotor blade only.

Test case C3

The cyclic-pitch case C3 reveals a very similar behavior to C2
with respect to the flap displacement and the integral bend-
ing moment, see Fig.13 a. As with C2, a renewed increase in
flap displacement and integral bending moment can be seen,
see Fig.13 at (0.78 < tf,pr0r < 1.0). In this case, however,
the renewed increase of the flap displacement during down-
stroke is much more pronounced than for C2 (Fig.11 a). The
evolution of the flap displacement rather approaches a 2/rev
oscillation with a significantly lower second increase of the
flap displacement for C3. The deviation from blade pitch os-
cillation (®,,,,) to flap displacement already described for C2
also becomes clear (Fig.13 a). The 2/rev oscillation with a
significantly lower second increase of the flap displacement is
also depicted in Fig.13 b by a much stronger expression of the
hysteresis against the blade pitch angle than for C2.
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In addition, Fig.13 b shows a typical deep stall behavior in the
flap displacement. The CPM2 results, both the global distri-
bution and the chord-wise cuts, reveal significant differences
between the test cases C2 and C3 (Fig.12 and Fig.14). For C3,
already at the beginning of the upstroke at ®,,,, = 29°, first
stall phenomena appear in the area of the blade tip, but there
are still strong suction peaks both inboard and outboard of the
apex, see Fig.14 a. When reaching the maximum flap dis-
placement (25.5 mm) and the maximum integral bending mo-
ment (27.2 Nm) at tf,, = 0.37, a region of detached flow can
be recognized between 0.88 < r/R < 1.0 (Fig.14 b). At this
pitch angle phase, flow detachment is also indicated by the
collapsing suction peak of CpM2 at /R = 0.9 in Fig.14 b. The
surface pressure results at the maximum pitch angle (®,,, =
37.8°) indicate a broad flow separation, both inboard and out-
board of the apex. The resulting decrease in lift is also repre-
sented by the decreasing flap displacement and integral bend-
ing moment in Fig.13 a. At tf,,, = 0.74, the flap displace-
ment and the integral bending moment increase again (Fig.13
a). This is also reflected in the C,,M2 distribution at ®,,, =
32.5°, which indicates reattached flow at the forward swept
area and partial reattachment in the backward swept part of
the blade, see Fig.14 d. At ©,,, = 26.1°, the flow is com-
pletely reattached in the backward swept part (Fig.14 e). As
opposed to the case C2, flow separation can also be detected
inboard of the apex in the forward swept part of the blade for
case C3. This eventually leads to a “deep dynamic stall” be-
havior, which is characterized by a stronger increase of the
renewed rise of the flap displacement during downstroke.

CONCLUSIONS

The study presents the first investigation of dynamic stall on
a four-bladed rotor with an innovative double-swept blade tip
with a focus on both the aeroelastic behavior and the underly-
ing aerodynamics. Integral blade bending moment and blade
flapping were measured using strain gauges. The flap dis-
placement was also measured optically by tracking blade tip
markers. Unsteady surface pressures were recorded using un-
steady PSP across the outer 65% of the blade span and fast re-
sponse pressure transducers. The major outcomes of the study
can be summarized as follows:

1. The blade bending moment shows a good qualitative
agreement over phase with the flap displacement. The
blades can assumed to be ideally stiff since no relevant
phase shift between maximum flap displacement and
maximum bending moment could be detected.

For two of the examined test cases (C2 and C3), the
flap displacement and blade bending moment experience
strong non-linearity with respect to the pitch angle oscil-
lation. During downstroke, a saddle point (C2) or a 2/rev
oscillation with a significantly lower second increase of
the flap displacement (C3) is seen.

The non-linearity in the flap displacement and bend-
ing moment during downstroke increases with increasing
strength of the dynamic stall.
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4. The surface pressure results indicate a phase-shifted sep-
aration and reattachment of the flow between the forward
and backward swept part of the rotor blade. The flow
separation starts first at the blade tip on the backward
swept part of the rotor blade.

The iPSP results for case C3 indicate a larger stalled flow
area on the rotor blade as opposed to C2 with flow sepa-
ration not only outboard, but also inboard of the apex. A
direct link could be established between the increased ex-
tent of flow separation and the resulting amplification of
the non-linear behavior between integral blade bending
moment and flap displacement with respect to the pitch
oscillation.
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