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Abstract: This study aims to experimentally investigate the effects of parallel blade–vortex interaction
(BVI) on the aerodynamic performances of an airfoil, in particular as a possible cause of blade stall,
since similar effects have been observed in literature in the case of perpendicular BVI. A wind tunnel
test campaign was conducted reproducing parallel BVI on a NACA 23012 blade model at a Reynolds
number of 300,000. The vortex was generated by impulsively pitching a second airfoil model, placed
upstream. Measurements of the aerodynamic loads acting on the blade were performed by means
of unsteady Kulite pressure transducers, while particle image velocimetry (PIV) techniques were
employed to study the flow field over the blade model. After a first phase of vortex characterisation,
different test cases were investigated with the blade model both kept fixed at different incidences
and oscillating sinusoidally in pitch, with the latter case, a novelty in available research on parallel
BVI, representing the pitching motion of a helicopter main rotor blade. The results show that parallel
BVI produces a thickening of the boundary layer and can induce local flow separation at incidences
close to the stall condition of the airfoil. The aerodynamic loads, both lift and drag, suffer important
impulsive variations, in agreement with literature on BVI, the effects of which are extended in time.
In the case of the oscillating airfoil, BVI introduces hysteresis cycles in the loads, which are generally
reduced. In conclusion, parallel BVI can have a detrimental impact on the aerodynamic performances
of the blade and even cause flow separation, which, while not being as catastrophic as in the case of
dynamic stall, has relatively long-lasting effects.

Keywords: blade–vortex interaction; BVI; fluid–structure interaction; rotorcraft; wind tunnel; PIV;
oscillating airfoil

1. Introduction

Blade–vortex interaction (BVI), which can broadly be defined as the interaction be-
tween a rotor blade and a coherent vortical structure, is an unsteady phenomenon charac-
teristic of the complex aerodynamic environment of rotary-wing aircraft [1]. While many
of the early works regarded helicopter flight—and in particular, powered descent with
the main rotor essentially passing through its own wake—as the main example of BVI
occurrence, nowadays, the range of interest has greatly increased given the wide variety of
vehicle configurations featuring multiple rotors, from tilt-rotors to compound helicopters,
drones, micro aerial vehicles (MAVs), and multi-copter configurations typical of electric
vertical take-off and landing (eVTOL) machines. Part of this interest in BVI has classically
been associated with its relevance concerning noise production [2,3] (e.g., blade slap sound),
but in the literature, the effect of the interaction on the blade aerodynamic loads, in terms
of unsteady impulsive variations, often very significant, has always been recognised [4].

Typically, different typologies of BVI are identified based on the relative orientation
between the impacting vortex and the blade, resulting in three main categories: parallel
BVI, perpendicular BVI, and normal (i.e., out-of-plane) BVI, each with its own peculiar
behaviour. An overview of the associated phenomena can be found in [5]. Naturally, in a
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real-case rotor environment, any interaction will generally be a combination of the three;
nonetheless, this subdivision is useful for a more fundamental study of the behaviour
of BVI.

In recent times, particular attention has been brought to the topic of perpendicular
BVI, as several studies, both experimental and numerical [6–9], on oscillating blades
reported that an interaction of this kind can be the triggering source of dynamic stall of
the blade, with a significant detrimental effect on the performances of the airfoil. On the
other hand, the research on parallel BVI has mostly been limited to static airfoil models,
and highlighted issues with flow separation only in the case of an airfoil at a very high
incidence [10–13]; studies of vortex interaction with oscillating bodies have been focused
on leading edge impingement or on the behaviour of periodic vortex patterns [5], rather
than on the loads generated.

In the last few years, moreover, research in parallel BVI has been performed also out-
side of the field of rotary-wing aerodynamics, for example, investigating the improvement
effect of streamwise vortices on airfoil efficiency [14] or, concerning parallel BVI, studying
the interaction of an airfoil or wing with a vortical gust. In the latter case, the literature
includes high-fidelity CFD simulations [15,16] and wind tunnel experiments [17,18], albeit
at low Reynolds number, and reports on the impulsive changes in the aerodynamic loads
during BVI. In particular, the work by [15] studied the viscous effects associated with the
vortex–airfoil interaction, showing boundary layer instability and separation.

The aim of the present study is to assess the behaviour of parallel BVI in terms of the
influence on the airfoil aerodynamic performances, with a particular focus on macroscopic
features of flow separation and stall, to investigate whether effects similar to those observed
for perpendicular BVI can occur. By considering a static airfoil at different incidences,
the dependence on the blade loading of the BVI effects can be characterised. Finally,
the interaction is also tested on a periodically oscillating blade, the study of which extends
the literature on the topic of parallel BVI and is of key importance to the application to
helicopter aerodynamics.

For these purposes, an experimental test rig was developed for the generation of a
suitable vortex and the following study of its interaction with an airfoil model, and an
extensive wind tunnel test campaign was conducted including both unsteady pressure
measurements to evaluate the loads on the blade and two-dimensional, two-component
particle image velocimetry (2D-2C PIV) techniques to investigate the flow field resulting
from the interaction. For the vortex generation, the strategy of having an impulsively
pitched upstream airfoil was employed, which is common in the literature on parallel
BVI [19–21]: the generated vortex is essentially the starting vortex which is released at the
trailing edge of the airfoil as a consequence of this sharp motion, resulting from the rolling
up of the wake; the vortex is then convected downstream by the wind tunnel flow.

This relatively simple, two-dimensional, test case was chosen to focus on the funda-
mental behaviour of the vortex–airfoil interaction; taking into account the limitations of
the available literature to the interaction with low-incidence airfoils, for the present work,
relatively high-load conditions were chosen, which could be representative of those en-
countered by a helicopter rotor retreating blade, particularly susceptible to stall behaviour.

In the following, the experimental setup will be described together with the data
analysis and reduction techniques; then, the results of the campaign will be presented and
discussed. For the sake of brevity, throughout the text, the generic term “vortex” will be
used in place of the appropriated scientific term “vortical structure”, when referring to the
main structure generated to produce the interaction.

2. Materials and Methods

The tests were conducted in the “S. De Ponte” subsonic wind tunnel at Politecnico di
Milano, a closed-loop wind tunnel with a 1 by 1.6 m test chamber, a maximum speed of
55 m/s, and a maximum turbulence level of 0.1%.



Fluids 2024, 9, 111 3 of 24

As previously mentioned, the setup consisted of two airfoil models in a tandem
configuration, with one (the vortex generator) placed upstream of the other (the blade
model) in the wind tunnel test chamber, as shown in Figure 1.

(a) (b)
Figure 1. Schematic view (a) and picture (b) of the test rig assembly in the wind tunnel; in the latter,
the blade model is visible in the foreground, while the vortex generator is in the background.

The blade model is a pre-existing aluminum machined assembly composed of two
lateral sections and a narrower middle section, attached to an internal metallic frame of
four airfoil ribs connected by three wing boxes. Two different middle sections can be
interchanged: a plain one, and one with a series of holes spanning the section chord,
on both the upper and lower surfaces, to be used as taps for pressure measurements. The
model chord is c = 0.3 m with a uniform span-wise distribution, while the span is b = 0.9 m.
The NACA 23012 airfoil section was used, as is typical of helicopter blades. Tubular shafts,
connected to the ribs at each extremity in correspondence of the quarter-chord axis, allow
the model to be mounted on self-aligning bearings and pivoted around that axis. More
details on the blade model characteristics, including locations of the pressure taps and
structural analysis, are available in [22].

The blade model is placed horizontally in the wind tunnel test section by means of an
external supporting structure of aluminum profiles. In order to control the rotation of the
model around the pitch axis, a Parker SME115 brushless electrical motor (Parker Hannifin
Corp., Cleveland, OH, USA) is connected to one of the shafts through a double-cardanic
steel laminae coupling, to account for angular and axial displacements, and through a
12:1 planetary gear. The control of the pitching motion was exploited to easily set the
geometrical incidence of the model during the static interaction study, and then employed
to realise the oscillating motion of the model.

The vortex generator model is composed of a steel spar, with a square section of 3 cm
side, around which a carbon fibre skin was laminated. To allow for the presence of the
spar, a custom airfoil section shape was employed, joining the leading edge portion of
a NACA 0018 to the trailing edge section of a NACA 0016, with the spar in the quarter-
chord position. A styrofoam filler was shaped accordingly and used as a reference for the
lamination process. The resulting model has a chord cg = 0.2 m and a span bg = 0.9 m.
An assembly of tubular shafts, bearings, laminae coupling, and supporting structure,
similar to that used for the blade model, allows one to mount the vortex generator in the
wind tunnel test section, 1.2 m upstream of the blade model quarter-chord axis; the vertical
position was manually adjustable by sliding the support braces along vertical struts. The
vortex generator is attached on one end to a Parker SME170 brushless electrical motor
(Parker Hannifin Corp., Cleveland, OH, USA), with a nominal torque of 35 Nm and a peak
torque of 100 Nm, which is used to control its pitching motion.

A programmable logic controller (PLC), commanded via a LabView (v. 2018) graphical
interface, is used to control both motors. To measure their angular position, the signal from
the internal Heidenhain SinCos EnDat absolute encoders (Dr. Johannes Heidenhain GmbH,
Traunreut, Germany), with an accuracy of ±400′′, is acquired; any mechanical backlash or
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model deformation is neglected in the following study. The initial angular positioning in
pitch with respect to the wind tunnel centreline was measured by a digital inclinometer,
with an accuracy of 0.01◦. The motion of the vortex generator was of fundamental impor-
tance: in order for a single, well-defined, concentrated vortex to be released, the pitching
motion has to be fast compared to a time scale relative to the free-stream velocity and the
generator chord; in particular, the rotation should be completed in a time interval smaller
than cg/V∞ [20]. This relation poses an upper limit to the free-stream velocity, and therefore
to the flow Reynolds number, depending on the speed achievable by the motion system.
The amplitude of the rotation was chosen to be of ∆αg = 10◦ and a trial-and-error proce-
dure was conducted to fine-tune the parameters of the motor drive internal PID controller
and obtain the fastest possible motion without overshoot or oscillations; the result was a
time interval to complete the motion of ∆t = 11 ms. Based on this result, a wind tunnel
free-stream velocity of V∞ = 15 m s−1 was selected, in compliance with the aforementioned
constraint, corresponding to a Reynolds number of Re = (cV∞)/ν = 300,000, relative to the
airfoil chord; this value of the Reynolds number is in the range of the ones found in the
literature for similar studies [19,20].

The pitching motion of the generator was realised by feeding the PLC a sawtooth-like
input signal, with a comparatively slow ramp to set the airfoil at the incidence of αg = 0◦

followed by an impulsive rotation to αg = 10◦, which causes the release of the vortex.
These values were chosen in order to have a high value of lift, and thus circulation, of the
vortex generator and to have a counter-clockwise vortex. Both before and after the ramp,
i.e., before and after the vortex interaction, a waiting period is added to allow the flow to
reach steady conditions. The final input signal has a total period of 2 s. More details on the
mechanism of vortex generation can be found in [23].

The same motion of the generator was employed also for the tests with the oscillating
blade model, while the latter was pitched according to a sine wave with amplitude 10◦

given by the law α = α0 + 10◦ sin 2π f t, where α0 is the starting airfoil incidence and f is
the frequency of the motion; for the former, different values were chosen, ranging from 5◦

to 7◦, to study the differences in BVI as the blade incidence increases, while the latter was
chosen as to achieve a reduced frequency k = π f c/V∞ = 0.1, resulting in a motion with a
period of 0.628 s. These values are typical of “light” dynamic stall tests. The motion of the
generator was adjusted in order to have a vortex interaction every three periods of the blade
model, i.e., every 1.884 s, while keeping the duration of the impulsive pitching equal to that
of the previous static tests so that the two kinds of interactions could be compared. This
condition is different from that experienced by a rotor blade in a real-case scenario, where
the BVI would occur at each cycle, assuming periodic conditions, but the results showed
that the effects of the interaction exhaust themselves well before a full cycle, which leads to
the hypothesis that the BVI behaviour would be closely similar in the two cases. Finally,
the commanded time histories of the motion of the two models were shifted with respect
to each other in order to have the interaction happening at two different positions during
the airfoil oscillation, both in the descending portion, one right after the peak incidence is
reached (“high incidence interaction”, HII) and one when the airfoil is at an incidence 5◦

lower than the peak one, approximately (“low incidence interaction” LII); the relative time
shift between the HII and LII oscillation time histories is of 30 ms.

Concerning the vortex generator, particular care is needed in taking into account
its presence in the wind tunnel in order to correctly interpret the actual test conditions
and the subsequent results. As previously mentioned, after the vortex release, the vortex
generator is at an incidence of αg = 10◦; therefore, its induction on the blade model has to
be included in the reference condition (“baseline”) against which to evaluate the effects
of the interaction; on the other hand, the conditions before the vortex generation will be
different from the baseline: in fact, the process of vortex generation can be interpreted by
substituting the generator model with the vortex itself, held fixed in the same position,
and then allowed to be convected by the free-stream flow.
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2.1. PIV Measurements

The PIV setup is composed of a dual Nd-YAG Evergreen laser (LUMIBIRD SA, Lan-
nion, France), with an energy of 200 mJ per pulse, and two ILA sCMOS cameras (ILA_5150
GmbH, Aachen, Germany), with a resolution of 2560 × 2160 pixel. The laser was placed
below the floor of the wind tunnel test section, in which a mid-span optic window allowed
the light to illuminate the flow; because of this positioning, the blade model was installed
with the suction side facing the floor when α = 0◦. Oil droplets, with diameter in the range
of 1–2 µm, generated by a Laskin-nozzle particle generator, were employed as tracer parti-
cles. An ILA synchroniser (ILA_5150 GmbH, Aachen, Germany) was used to control the
acquisition timing, managing the laser and the cameras; an Hall-effect sensor was mounted
on one of the vortex generator support shafts, and its signal, corresponding to αg = 0◦,
was used as a trigger. The PIV images were processed with a multi-pass method over a
32 × 32 pixel grid, with no previous filtering but with outlier detection and interpolation,
and finally phase-averaged; the PIVTEC PIVview2C [24] software (v. 3.9) was used for the
task. Considering a 0.2 px sub-pixel interpolation accuracy [25], the error on the velocity
field can be estimated to be below 2% of the free-stream velocity.

A first phase of PIV measurement was conducted in order to characterise the generated
vortex velocity profile; for this phase, the blade model was not installed in the wind tunnel.

Secondly, the blade model was inserted, and its vertical position was adjusted in such
a way that the vortex would impinge approximately at the leading edge of the airfoil,
with an upward trajectory going over the suction side. This procedure was executed for a
geometrical incidence of the blade model of 14◦ and was not repeated for different angles
as it was seen that the change in position due to the rotation was offset by the change in
circulation around the airfoil, resulting in a similar vortex relative trajectory over a range of
incidences 10◦–16◦.

For the study of the interaction, PIV measurements were taken at different time
instants by adding a time delay to the triggering signal; a range of times starting from the
vortex approaching the blade model leading edge and up to the vortex having travelled
downstream of the trailing edge was considered. Measurements with no vortex interaction
were also performed, with the vortex generator fixed at αg = 0◦ and 10◦; in those cases,
the acquisition sequence was manually triggered.

2.2. Pressure Measurements

For the pressure measurement phase, the mid-span section of the blade model was
swapped with the appropriate one, instrumented with 21 pressure taps distributed chord-
wise in the middle of the section; details on the positions of the taps can be found in [22].
The taps were fitted with nylon pipes in which Kulite XCS-093-2D (Kulite Semiconductor
Products, Inc., Leonia, NJ, USA) unsteady pressure transducers were inserted, with sealing
rubber O-rings; the combined non-linearity, hysteresis, and repeatability error is indicated
to be typically within 0.1% of the full scale output. The signals from the transducers
were acquired by a NI cDAQ-9172 with NI 9237 bridge modules (National Instruments
Corporation, Austin, TX, USA) at a sampling rate of 10 kHz; simultaneously, the angular
positions of the vortex generator and of the blade model were acquired by a NI 9215 module
(National Instruments Corporation, Austin, TX, USA) on the same cDAQ. It is to be noticed
that during the test campaign, five transducers suffered a failure, which therefore reduced
the number of available data points.

The pressure measurements during the vortex interaction study were acquired for 20 s,
starting from the same trigger signal used for the PIV acquisition. Given the periodicity of
the motion, 10 cycles were included in this period; each acquisition was repeated 10 times,
for a total of 100 cycles of vortex generation and interaction acquired for each test condition;
the time histories were finally phase-averaged, and a moving average filter with a ten-point
kernel was applied to reduce noise. Measurements with no vortex interaction were also
acquired at different incidences in order to characterise the airfoil polar, with the vortex
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generator fixed at αg = 0◦ and 10◦; in those cases, the acquisition sequence was manually
triggered and the data were time-averaged and filtered to obtain the steady values.

The data from the pressure measurements were postprocessed by a custom Python
(v. 3.10) script, performing the computation of the pressure coefficient and the integration
to obtain the lift and drag acting on the blade model; in particular, the airfoil section
was divided into straight panels, over which the pressure was obtained from the values
measured at the taps through linear interpolation based on the curvilinear abscissa. The lift
Cl and drag Cd coefficients were then computed as

Cl =
L

1
2

ρV2
∞c

Cd =
D

1
2

ρV2
∞c

, (1)

where L and D are, respectively, the lift and drag per unit span obtained by the integration
of the pressure data and ρ is the air density. Finally, the two-dimensional boundary
corrections from [26] were applied to the data, in particular concerning wake blockage and
solid blockage, especially relevant for the higher incidences tested. It is to be noticed that
no attempt was made to extend these corrections to the trajectory of the vortex itself, that
is, to determine the influence of the test being conducted in the wind tunnel rather than in
free air on the convection and evolution of the vortex.

In the case of the unsteady measurements during vortex interaction, the processing
method was applied to the time history of the pressure distribution, obtaining the cor-
responding time histories of the aerodynamic coefficients. The same corrective factors
computed for the stationary case were used for the whole time history.

The same procedure was also applied to the analysis of the data recorded from the
interaction on the oscillating airfoil; in this case, however, no corrective factors were applied.
Measurements were taken of the oscillating airfoil with no vortex interaction to serve as
the baseline reference.

3. Results and Discussion

In the analysis of the following results, a reference frame placed at the quarter-chord
point of the blade model and aligned with the free-stream velocity is employed, as shown
in Figure 2.

Figure 2. Schematics of the setup and reference frame employed. The vortex generator is on the left,
and the blade model on the right.

The non-dimensional time τ = tV∞/c is also introduced, where t is the time in seconds
and t = 0 is chosen as the instant at which the impulsive motion of the vortex generator
ends. One time unit, therefore, corresponds to the time it takes for the vortex, assumed to
be convected by the free-stream velocity, to travel over the blade model chord.

3.1. Vortex Characterisation

The averaged PIV measurements of the isolated vortex (Figure 3) show that the vortex
core, defined as the flow region delimited by the local extrema in the velocity profile,
presents a circular shape, with a radius of rcore/c = 0.0328. The circulation, computed
by integrating along the core perimeter, is Γ/(cV∞) = 0.066, corresponding to a vortex
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Reynolds number ReΓ = Γ/ν = Γ/(cV∞)Re = 19,800. By comparing with literature data
from experiments on tip vortices released by helicopter rotor models [27], the size of the
present vortex fits very well in the typical range for tip vortices, while its core circulation is
consistent with newly released vortices. Concerning the vortex Reynolds number, which is
related to turbulent diffusion and vortex growth rate [28], the present value falls within
the range of measurements for model-scale rotors [29]. The induced tangential velocity uθ

profile is also reported in Figure 3 and compared to a Vatistas model [30]:

uθ =
r

(1 + r2n)
1/n , (2)

where r is the distance from the vortex centre, normalised to have a core size of r = 1; it
can be seen that a close fit to the experimental data is obtained by setting n = 1.

To characterise the dispersion associated with vortex meandering and the repeatability
of the generation process, a statistics analysis over all the PIV image couples was performed
by considering each couple separately and identifying the vortex centre position through
the λ2 criterion [31]: the results showed that the data from the averaged PIV measurements
overestimate the vortex size by less than 1%, with respect to the size determined by
statistical analysis on the separate image couples. Therefore, no specific procedure was
adopted to align the position of the vortex across all the images prior to the averaging
process; such a procedure, moreover, would not have been applicable to the following
measurements with the blade model.

In conclusion, the vortex generation process was deemed suitable for the parallel
BVI study, being able to reliably produce an isolated, coherent vortex with adequate size
and strength.
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Figure 3. Vorticity contour (a) and tangential velocity uθ profile (b) for the averaged vortex,
from PIV measurements.

3.2. Airfoil Polar

The aerodynamic coefficients computed from the pressure measurements on the
stationary airfoil (Figure 4), considering the case with αg = 0◦, show a behaviour of
the lift curve that is consistent with the literature work on NACA 23012 at a similarly
low Reynolds number [32–34]. In particular, the maximum lift coefficient has a value of
1.163, which is found in correspondence of α = 14.6◦. It is to be noticed that no evident
laminar separation bubble, which is a common feature in airfoils of this type, was visible
from the experimental data; while this might be ascribed to the relatively low number of
pressure taps in the relevant portion of the airfoil, it could also hint to three-dimensional
flow behaviour influencing boundary layer transition and separation. Wind tunnel data
from [35] also show a limited presence, if any, of a laminar separation bubble, which could
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confirm a sensibility of the phenomenon to experimental conditions. The lift curve in the
condition with αg = 10◦, i.e., the baseline condition, shows a less abrupt stall behaviour
with a slightly lower maximum lift coefficient of 1.133 for α = 15.6◦; this increase in the
stall geometric incidence is expected due to the effect of the upstream vortex generator,
which decreases the effective incidence of the blade model by about 1◦. During the tests,
a hysteresis of the stall behaviour was observed. It should be noticed that the reported drag
values include only pressure drag, being obtained from the pressure measurements.
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Figure 4. Lift (a) and drag (b) coefficients from integration of pressure measurements for the baseline
condition αg = 10◦ and for αg = 0◦.

3.3. Vortex Interaction—Static Airfoil

The measurements of the interaction between the vortex and the blade model show the
vortex approaching with a trajectory impinging on the leading edge of the airfoil, and then
moving towards the suction side and along it. During the interaction, the vortex remains
coherent, with a core region which is clearly identifiable, although distorted into a more
oval shape; the dimensions of the core also increase slightly.

In Figure 5 the sequence of the interaction with the airfoil at incidence α = 14◦

shows how the main effect of the vortex passage is a very noticeable thickening of the
boundary layer along the suction side of the airfoil, as indicated by the vorticity contours.
At first, the thickening is more severe at the chord-wise positions corresponding to and
immediately downstream of the vortex position, while it reduces drastically immediately
upstream: this behaviour is expected given the counter-clockwise rotation of the vortex,
as the induced velocity field tends to displace the flow away from the airfoil surface ahead
of the vortex, and towards the surface behind it. Once at approximately the mid-chord
position, the upstream edge of the increased thickness region appears to lag behind the
vortex, while its downstream edge continues to correspond to the vortex position: this
results in the widening of the region and, at later times, in the formation of two almost
separate “bubbles” of increased vorticity; in this region, moreover, the vorticity has opposite
sign to that of the airfoil and is comparable in magnitude. As the vortex gets closer to
the trailing edge, a portion of recirculating flow can be identified as associated with the
vorticity bubble. This viscous behaviour is consistent with the observations by [36] and
the analysis of [37,38], concerning the vortex interaction with a wall: these authors report
the formation of a similar vorticity bubble and indicate its cause in the adverse pressure
gradient produced by the presence of the vortex, which induces a suction peak beneath
the core. The fact that no “eruption” of this bubble can be seen may be attributed to the
different flow conditions of the present case, with an airfoil at incidence, with respect to a
plane wall.

Similarities can also be found with the results of the LES computations of [15], which
report thickening of the boundary layer, with laminar separation and the formation of a
counter-rotating vortical disturbance. While detailed comparisons are difficult to make,
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given the lower incidence of the airfoil and the much larger interacting vortex that they used
in the work, the mechanism of flow separation presently observed is likely to be similar.
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Figure 5. Vorticity contours from PIV measurements of the flow field during the vortex interaction
with the static airfoil at 14◦ and comparison with baseline: (a) baseline, (b) τ = 3.65, (c) τ = 3.75,
(d) τ = 3.85, (e) τ = 3.95, (f) τ = 4.05, (g) τ = 4.15, (h) τ = 4.25.
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The description just presented can be applied to the behaviour of the interaction with
the airfoil at α = 15◦, as shown in Figure 6, with the main differences being that in the latter
case, the thickness increase does not reduce downstream, thus not forming a bubble as
definite as in the former case; and that recirculating flow regions are clearly visible, starting
from earlier interaction times. In particular, the boundary layer is more severely displaced
and the separated region extends from around 50% of the chord, persisting well after the
vortex has passed the trailing edge of the blade. This behaviour could be expected given
that the incidence is closer to the stall condition and the boundary layer would be more
prone to separating under disturbances. While the appearance of separated flow regions,
both for α = 14◦ and α = 15◦, could be explained in terms of the essentially inviscid effect
of the vortex induced velocity increasing the effective incidence of the airfoil, viscous effects
also play a significant role, as shown by the vorticity distribution in the boundary layer
being heavily influenced by the passage of the vortex, with the appearance of secondary
structures and their subsequent evolution.
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Figure 6. Cont.
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Figure 6. Vorticity contours from PIV measurements of the flow field during the vortex interaction
with the static airfoil at 15◦ and comparison with baseline: (a) baseline, (b) τ = 3.65, (c) τ = 3.75,
(d) τ = 3.85, (e) τ = 3.95, (f) τ = 4.05, (g) τ = 4.15, (h) τ = 4.25, (i) τ = 4.35, (j) τ = 4.85.

The measurements of the interaction in the case with the airfoil at α = 10◦, presented
in Figure 7, show that the above reasoning can still be applied, but the effect of the vortex
is much reduced, with the vorticity bubble being smaller and more localised, and no
separation of the flow being evident.

From the PIV measurements, therefore, it can be concluded that the interaction pro-
duces a thickening of the airfoil boundary layer, with the development of a vorticity bubble;
this effect is local, limited to a region which moves downstream approximately following
the vortex chordwise position. The magnitude of this effect, both in terms of the increase
in thickness and the size of the affected region, is greater for the higher incidences of the
airfoil, particularly for those close to the stall condition. The transiency of the observed
phenomenon—that is, the fact that upstream of the vortex, the flow field tends to return to
the undisturbed conditions—is to be expected by the nature of the interaction, as explained
above. In conclusion, trailing-edge stall-like separation is observed as a result of the par-
allel blade–vortex interaction for high incidences of the airfoil, close to the maximum lift
conditions. This is consistent with the interpretation of the effect of the vortex as inducing
an increase in incidence, given also the comparatively smooth stall behaviour observed
from the airfoil polar. This reasoning, however, is too simplistic since the behaviour cannot
be reduced to a mere variation of incidence in unperturbed conditions, but the unsteadiness
of the phenomenon must be taken into account. By projecting the results shown here,
moreover, it could be argued that a vortex of higher circulation could disrupt more severely
the boundary layer downstream of it in such a way that even the restoring influence of
the upstream induced velocity is not able to reattach the flow, which would produce a
separated condition all over the airfoil chord. This hypothesis could not be tested with
the present test rig, as the strength of the vortex is limited by the pitching motion of the
vortex generator.
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Other works in the literature [10,11,13] presented flow separation as a result of parallel
BVI, also in the case of highly loaded airfoil only, already close to the stall conditions.
The behaviour of the interaction in those cases, however, differed from the present as it
triggered a separation bubble in the leading edge region, which then propagated down-
stream. This difference could be explained by the overall blade model behaviour, which,
as already mentioned, did not feature a definite laminar separation bubble, suggesting a
more turbulent flow; three-dimensional effects could also modify the flow conditions.
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Figure 7. Vorticity contours from PIV measurements of the flow field during the vortex interaction
with the static airfoil at 10◦ and comparison with baseline: (a) baseline, (b) τ = 3.55, (c) τ = 3.75,
(d) τ = 3.95, (e) τ = 4.25.

More insight on the effects of the interaction can be gained from the time histories of
the aerodynamic coefficient computed from the pressure measurements. To better show
this, the variation ∆Cl in the lift coefficient is introduced as

∆Cl =
Cl − Cl

Cl
, (3)
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where Cl is the lift coefficient in the baseline condition; the same reasoning leads to the
definition of the variation in the drag coefficient ∆Cd. Of course, the above definitions are
meaningful only where Cl ≫ 0 (and similarly for the Cd), which is always the case in the
proximity of the maximum vortex interaction, as shown below.

Concerning the lift coefficient Cl during the blade–vortex interaction, as seen in
Figure 8 and from Table 1, a substantial impulsive increase is evident for all the inci-
dences. This effect is consistent with the behaviour of BVI as described in the literature,
and it is usually explained in terms of the induced upwash of the approaching vortex, fol-
lowed by a corresponding downwash effect, as already mentioned above. Comparison with
the PIV measurements shows that the peak in the lift coefficient is found in correspondence
with the vortex reaching the leading edge portion of the airfoil, which is also in accord with
the findings of similar works [10,20]. The time τpeak of the peak occurrence is also very
similar for all three incidences, with the slight differences accounting for the variations in
position of the airfoil and in induced flow. The lift increase is inversely proportional to
the blade incidence, with the highest variation being +38% for α = 10◦. This effect can be
expected as the vortex strength is the same for all three cases, while the magnitude of the
induced velocity field of the airfoil increases with its incidence, so that the influence of the
vortex, in terms of its induced velocity, is proportionally smaller.

Immediately after the peak, the lift falls briskly to values below the baseline: it can be
noticed that this difference with respect to the baseline is greater for α = 15◦, which reaches
∆Cl = −14.2%, while it is similar, although smaller in magnitude, for the two other cases.
This trend, which contrasts with the interpretation given above for the lift peak, can be
explained by the occurrence of flow separation as observed from the PIV measurements,
which differentiates the behaviour at the highest incidence.

The return to the baseline Cl values, for all cases, is noticeably slower than the sharp
peak, taking several time units before reaching a steady state; it can also be noticed how
in the case of α = 15◦, the lift coefficient remains very slightly higher than its baseline
value. This persistence of the disturbance following the interaction could be attributed
to the relatively slow evolution and eventual disappearance of the secondary vortical
structures in the boundary layer of the airfoil. To compute an estimate of this settling time,
the following approach was chosen: firstly, the difference ∆Cl between the lift measured
during the interaction and its baseline value is computed for all times; then, starting from
the time instant corresponding to the peak induced by the interaction, the settling time ∆τ
is determined as the time interval after which the maximum variation in ∆Cl keeps under
2% of the maximum value of the baseline Cl :

∆τ = τ2% − τpeak, (4)

where τ2% is the time value such that

max ∆Cl − min ∆Cl

max Cl
< 2% (5)

for all τ > τ2%, up to a suitably large time. This strategy allows for a comparison of the
settling times between the static airfoil interactions and the following oscillating airfoil
interactions, while also accounting for any discrepancies between the steady state and the
baseline values.

The computed settling times for the static airfoil interaction cases are reported in the
last column of Table 1. The largest value of ∆τ is found in correspondence of α = 10◦,
which might reflect the greater perturbing effect induced by the interaction at this lower
incidence. The difference between the settling times in the other two cases can be accounted
for by considering the larger flow separation occurring for α = 15◦. Despite the different
behaviours among the three cases, as shown by the PIV measurements, the values of ∆τ
are relatively similar and the time histories show a comparable trend.
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Concerning the drag coefficient Cd, a greater variation in the magnitude of the be-
haviour can be seen among the three cases. In particular, in the case α = 10◦ the interaction
has the first effect of reducing the drag value, with a downward peak which exactly corre-
sponds in time to the lift peak, representing the same impulsive variation typical of BVI.
Drag falls significantly, to almost ∆Cd = −60%. This behaviour can be explained as a
suction effect of the low-pressure field associated to the vortex approaching the leading
edge of the airfoil. After this peak, the value of Cd rises sharply with a quick succession of
two peaks at around ∆Cd = +16.5%, before returning to the baseline value. This trend is
qualitatively similar in the other two cases: at first the drag is reduced, more briskly, but to
a lesser extent with respect to the previous case, which again indicates the greater relative
influence of the interaction at low incidences. Then, the drag rises abruptly in a much
more significant way: in particular, for α = 15◦, the variation is as high as ∆Cl = +34%.
This increase in drag, and its dependence on the incidence, can be associated with the
occurrence of separated flow, as also indicated by the PIV measurements, as well as with
the suction effect mentioned above. It is to be noticed that the appearance of two definite
peaks can be attributed to the relative coarse chord-wise spacing between the pressure taps,
which causes a loss of spatial resolution when dealing with a very localised phenomenon
such as the vortex passage. Nonetheless, it is interesting to point out that the second peak
occurs at around τ = 4.25, that is, after the vortex has passed the trailing edge: the load
variation can therefore be attributed to the downstream convection of the vorticity bubble
or, in general, to secondary structures generated by the vortex interaction.

In conclusion, by examining the pressure data, the effect of the parallel BVI is con-
firmed as impulsive variations in the aerodynamic loads, with drag being particularly
affected. A comparison of the aerodynamic loads time history during the interaction can be
made with the results by [15] for the case of the higher relative encounter between vortex
and airfoil: the results, for both lift and drag, are in good agreement, at least qualitatively,
while a quantitative comparison is difficult to make, given the differences in the test con-
ditions already mentioned above. From their analysis, moreover, secondary spikes in the
loads are found to be associated with the vortical structures generated in the boundary
layer because of the BVI, which supports the observations made earlier.

Table 1. Vortex interaction with static airfoil at incidence α: minimum and maximum lift ∆Cl and
drag ∆Cd variation, time of lift peak occurrence τpeak and settling time ∆τ.

α [deg] ∆Cl [%] ∆Cd [%] τpeak ∆τ

10 −10.3 +38.0 −59.2 +16.5 3.18 9.33
14 −10.6 +29.0 −26.9 +22.0 3.17 7.19
15 −14.2 +27.1 −25.3 +34.3 3.20 8.23
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Figure 8. Cl (left) and Cd (right) time histories during the vortex interaction with the static airfoil at
different incidences: (a,b) α = 10◦, (c,d) α = 14◦, (e,f) α = 15◦.

3.4. Vortex Interaction—Oscillating Airfoil

From a qualitative point of view, the flow behaviour during the interaction with the
oscillating airfoil shows a similarity with the interaction in the case of the static airfoil
discussed above. Figures 9–11 present the results from the PIV measurements of the
HII cases, showing the thickening of the boundary layer, resulting from the passage of
the vortex, with respect to the baseline conditions. A region of separated flow near the
trailing edge can be identified, especially for α0 = 7◦, but its extent does not appear to
be significantly different when compared to the static airfoil cases at the corresponding
incidences α; in particular, there is no indication of large separations or other phenomena
related to dynamic stall.

Similar remarks can be made for the LII cases, of which Figure 12 shows the one with
α0 = 7◦: the perturbation induced by the vortex appears to be less significant than the
corresponding HII case at the same α0, which is consistent with the fact that the interaction
is occurring at a lower incidence, although, at the same time, by comparing with the static
case at α = 10◦ a slightly larger trailing edge separation can be seen.

The results of the unsteady pressure measurements during the interaction with the
oscillating airfoil are reported in Figures 13 and 14 in terms of lift coefficient values as a
function of blade model incidence. It can be noticed how the data show a small hysteresis
cycle for all baseline cases tested (dashed lines in figure); moreover, the fact that a gap is
visible in the BVI graph is to be attributed to the different position of the vortex generator
during the blade model oscillation cycle, as discussed above.
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Figure 9. PIV measurements of the flow field during the HII vortex interaction with the oscillating airfoil
at α0 = 5◦ and comparison with baseline. The actual airfoil incidence α is reported for each time τ:
(a) baseline, (b) τ = 3.85, (c) τ = 4.05, (d) τ = 4.35.
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Figure 10. Vorticity contours from PIV measurements of the flow field during the HII vortex interac-
tion with the oscillating airfoil at α0 = 6◦ and comparison with baseline. The actual airfoil incidence
α is reported for each time τ: (a) baseline, (b) τ = 3.85, (c) τ = 4.35.
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Figure 11. Vorticity contours from PIV measurements of the flow field during the HII vortex interac-
tion with the oscillating airfoil at α0 = 7◦ and comparison with baseline. The actual airfoil incidence
α is reported for each time τ: (a) baseline, (b) τ = 3.65, (c) τ = 3.85, (d) τ = 4.05, (e) τ = 4.25.
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Figure 12. Cont.
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Figure 12. Vorticity contours from PIV measurements of the flow field during the LII vortex interaction
with the oscillating airfoil at α0 = 7◦ and comparison with baseline. The actual airfoil incidence α is
reported for each time τ: (a) baseline, (b) τ = 3.85, (c) τ = 4.05, (d) τ = 4.25, (e) τ = 4.35.

By looking at the measurements for the HII, a sharp peak in Cl can be seen, as expected,
followed by an interval where the lift is lower than the baseline values, effectively widening
the hysteresis cycle in correspondence of the downstroke motion. This effect is similar to,
although not as severe as, dynamic stall behaviour, and it is more evident the higher the
incidence. Table 2 reports the relative variations in Cl and Cd along with information on
the time of occurrence of the lift peak and the settling time. By comparing with the data
in Table 1 the same trends are generally found: τpeak is very similar for all three HII cases,
and the maximum Cl increase in correspondence of the peak is inversely proportional to the
airfoil incidence; the minimum ∆Cl , however, shows a much greater variation at the highest
incidences with respect to the static interaction cases, dropping to almost ∆Cl = −26%
for α0 = 7◦, which is also the case exhibiting a larger hysteresis cycle. Concerning the
drag values, the decrease in Cd is similar to the static α = 14◦ and 15◦ cases, while there
is a much more significant increase in drag, reaching +75.5% for α0 = 7◦; this behaviour
can be related to the insurgence of flow separation, as the highest values are recorded in
correspondence of the vortex passing over the region close to the trailing edge of the airfoil.
In terms of the settling time ∆τ, very little difference is found among the three HII cases;
comparing to Table 1, moreover, it can be seen that these cases present a ∆τ lower than in
the static interactions.

Table 2 also reports the data from the measurements in the LII cases, while the corre-
sponding trends in Cl are shown in Figure 14. Concerning the airfoil lift, the variations for
α0 = 5◦ and 6◦ are similar, and slightly larger in magnitude than the previously described
cases, which is expected since the interaction is occurring at lower incidences. The case
α0 = 7◦ shows a much more detrimental effect, which, again, can be tied to the trailing edge
flow separation as shown by the PIV measurements. By looking at the Cd variations, it can
be seen that a very large drop is recorded for all LII cases, as low as ∆Cd = −82.5%; while
such values are comparable to the ∆Cd for the α = 10◦ static airfoil case, the following peak
is considerably higher than the corresponding case. The settling times are significantly
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larger than in the HII cases, also affecting part of the upstroke motion of the blade model;
this difference could hint to a possible restoring effect by the down-stroke motion dynamics
itself. For both kinds of interaction, however, the trends confirm that the effects of BVI can
be considered to have vanished in less than a period of oscillation, justifying the choice of
the motion history for the vortex generator.
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Figure 13. Lift coefficient Cl (left) and drag coefficient Cd (right) as function of blade model incidence
α, comparison between HII and baseline for different base incidence α0: (a,b) α0 = 5◦, (c,d) α0 = 6◦,
(e,f) α0 = 7◦.



Fluids 2024, 9, 111 20 of 24

By extrapolating the trends described above in the case of the interactions with the static
airfoil, it can be suggested that the BVI behaviour is not fundamentally different from that seen
in the case of the oscillating blade model when compared at a similar incidence at the moment
of interaction. The most noticeable difference, a general increase in drag, can be associated
with the insurgence of flow separation at lower incidences than would be the case if the airfoil
were static, although the pitching motion seems to affect only weakly the overall effects.
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Figure 14. Lift coefficient Cl (left) and drag coefficient Cd (right) as function of blade model incidence
α, comparison between LII and baseline for different base incidence α0: (a,b) α0 = 5◦, (c,d) α0 = 6◦,
(e,f) α0 = 7◦.
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Table 2. Vortex interaction with oscillating airfoil with base incidence α0: minimum and maximum
lift ∆Cl and drag ∆Cd variation, time of lift peak occurrence τpeak and settling time ∆τ.

Case α0 [deg] ∆Cl [%] ∆Cd [%] τpeak ∆τ

HII
5 −11.5 +30.3 −29.0 +48.8 3.08 7.45
6 −15.5 +28.9 −20.9 +53.6 3.08 7.03
7 −25.9 +26.0 −28.6 +75.5 3.09 7.07

LII
5 −22.5 +39.5 −82.5 +38.9 3.08 10.50
6 −14.8 +31.9 −59.0 +37.1 3.08 12.51
7 −34.2 +13.1 −66.3 +47.2 3.09 13.58

4. Conclusions

The aim of this study was to afford an experimental insight into the mechanism of
parallel blade–vortex interaction and its effects, in particular in terms of the blade’s overall
aerodynamic performance, both in the case of interaction with a static airfoil and in the
case of interaction with a sinusoidally pitched airfoil. Unsteady pressure measurements
on the blade model were performed, as well as PIV measurements of the flow field in the
suction side region of the airfoil. The design of the experimental test rig, with an upstream
pitching airfoil model acting as vortex generator, allowed one to obtain a well-developed
vortex with the desirable qualities of a reduced size with respect to the blade model and
ease and repeatability of the process of generation, which was a key factor for the intensive
test campaign.

The results of the measurements concerning the static interaction confirmed the ex-
pectations from the literature on the subject, with the blade being subjected to impulsive
variation in the aerodynamic loads, which can be related to the upwash and downwash
effect of the flow induced by the vortex downstream and upstream of its position, respec-
tively. This unsteady effect is very clearly visible, especially in the comparisons between
the baseline values and time history of the lift coefficient, with peaks up to +38%, and of
the drag coefficient, which reduces by −59.2% in the most affected case. These variations
show a dependence on the blade airfoil incidence, with lower ∆Cl and higher ∆Cd val-
ues measured in correspondence with the highest incidences, which can be explained
by BVI-induced flow separation and also by considering that the perturbing effect of the
vortex would be proportionally lower the higher the incidence. The corresponding PIV
data showed a perturbation of the boundary layer over the suction side of the blade airfoil,
which thickens as vorticity accumulates in a bubble in correspondence of the passage of
the vortex and moves along the suction side following it at a slower speed. For the cases
α = 14◦ and 15◦, the vortex passage was seen to trigger trailing-edge flow separation over
the aft portion of the airfoil, up to about 0.5 c. Similar flow behaviour is in agreement with
the description found in the literature on vortex–airfoil interaction, and vortex–surface
interaction in general. Moreover, a significant delay in the return to baseline, undisturbed
conditions was recorded, up to ∆τ = 9.33, which corresponds to several chord lengths
after the vortex has passed the blade trailing edge; this could indicate that the unsteady
perturbation of the boundary layer dissipates slowly.

The analysis of the interactional behaviour for the case of the oscillating blade model,
which represents the main novelty of the present work, showed similarities with the static
interaction case. In particular, the variation of the aerodynamic loads with respect to the
airfoil incidence presents hysteresis cycles, with a reduction of the lift which affects most
of the downstroke phase. This effect is particularly evident for the highest incidence of
pitching motion and, for the same incidence, it is greater when the interaction happens
as the airfoil downstroke motion has just begun. An increase in the settling time was
recorded for the LII cases, with respect to the interaction in the static case. The flow field
analysis of the PIV data showed that the BVI behaviour resembles qualitatively the one
for the static case, but a region of separated flow can also be seen at low airfoil incidences.
In the tested conditions, there was no evidence of dynamic stall behaviour induced by the
vortex interaction.
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In conclusion, the wind tunnel test campaign confirmed that parallel BVI is an impor-
tant source of transient aerodynamic loads, which can lead to strong vibrations and impact
on the generated noise. From the tested conditions, this kind of interaction does not appear
to be able to produce catastrophic flow separation and stall, although, in the case of the
oscillating airfoil, a significant hysteresis behaviour with a reduction in the lift coefficient
was measured. Ultimately, this behaviour could be explained by the inherent transiency
of the parallel interaction, as the potentially detrimental effect of the vortex induced ve-
locity is more limited in time during the interaction, with respect to other conditions such
as perpendicular BVI. Nonetheless, the observed effects of the interaction on the airfoil
boundary layer and the formation of secondary vortical structures highlight the importance
of viscous effects in parallel BVI, which should be taken into account when studying and
modelling this kind of interaction.

It is to be noticed that, in the present study, neither the effect of surface roughness
nor the influence of vortex strength as a parameter were considered. With respect to the
former, no significant variation is expected in the mechanism of the vortex interaction itself,
provided that any difference in the stalling behaviour of the airfoil, depending on surface
roughness, is taken into account. As to the latter, the strength of the generated vortex was
less than ideal for the comparison with BVI in a helicopter rotor environment. It cannot
be excluded, therefore, that a stronger vortex could trigger the stall of the blade at low
incidences, or induce more severely stalled conditions. The limitation on the strength of
the produced vortex is imposed by the current experimental setup, as it depends on the
execution time of the impulsive pitching motion of the vortex generator: to overcome it,
therefore, the test rig should be updated, e.g., with a more powerful motor, a different
vortex generator model, or an altogether different actuation method. Alternatively, a com-
putational approach could be followed, for example, employing high-fidelity LES, which
would allow to arbitrarily modify the vortex characteristics and would afford a detailed
description of the boundary layer behaviour during the interaction.
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Abbreviations
The following abbreviations are used in this manuscript:

BVI Blade–Vortex Interaction
PIV Particle Image Velocimetry
MAV Micro Aerial Vehicle
eVTOL electric Vertical Take-Off and Landing
c blade model chord
cg vortex generator chord
V∞ wind-tunnel free-stream speed
ρ air density
ωz z-component of the vorticity vector
L airfoil lift per unit span
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D airfoil drag per unit span
α blade model incidence
αg vortex generator incidence
Cl airfoil lift coefficient
Cd airfoil drag coefficient
f pitch oscillation frequency
k pitch oscillation reduced frequency
α0 mean pitch for oscillating airfoil
HII high-incidence interaction
LII low-incidence interaction
τ non-dimensional time
τpeak time of lift peak
∆τ settling time
· baseline value
∆· relative variation with respect to baseline value
τ2% threshold time value
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