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Abstract The aerodynamic interaction of a stream-wise vortex impacting on a NACA 23012 oscillating
airfoil was investigated using stereo particle image velocimetry. The experimental rig enabled the study of
the aerodynamic effects due to the blade pitching motion in the interaction with the vortex.

The experimental study focused on the light dynamic stall regime, which represents a typical condition of
the retreating blade of a helicopter in forward flight. Particle image velocimetry was applied to a measure-
ment volume close to the airfoil upper surface in order to obtain the three-dimensional interacting flow field.
In particular, the experimental results show that during the airfoil downstroke motion, the vortex impact
triggers the stall of the local blade section, indicating that detrimental effects on the blade performance can

be introduced by perpendicular vortex interactions.
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1 Introduction

The aerodynamic interactions between helicopter rotor blades and the vortices produced by the blades
themselves exert important and adverse effects on rotor noise (Schmitz and Yu , 1983; Yu , 2000) as well
as on rotor performance. Moreover, these aerodynamic interactions cause blade vibrations and instability.
Blade-vortex interactions (BVIs) occur mainly when the helicopter is slightly descending (Shockey et al. |
1997) and the tip vortex wake remains in the region of the rotor disk. Depending on the direction of the
vortex axis with respect to the blade span, different typical cases of BVI may be considered (Conlisk , 2001;
Rockwell , 1998): parallel BVI when the vortex and the blade axes are nominally parallel, perpendicular BVI
when the axes are perpendicular and in parallel planes, orthogonal BVI when the axes are in orthogonal

planes and oblique BVI when oblique collisions occur between the vortex and the blade.

In parallel BVI, the resulting interaction is highly unsteady, primarily two-dimensional, and distributed
over a large span-wise portion of the blade. In contrast, the perpendicular interaction is characterised by a
high degree of three-dimensionality as the vortex induces incidence angles anti-symmetrically with respect to
its own axis. Other characteristics of a perpendicular interaction are a narrow localisation essentially limited
to the extension of the vortex section and a low degree of unsteadiness. Owing to its low unsteadiness, the
noise effects of perpendicular BVI are less significant with respect to parallel BVI, as shown by Glegg et
al. (1999) and Yu (2000). In parallel BVI, the sudden pressure fluctuations induced by travelling vortices
result in the propagation of strong impulsive (harmonic) noise. Subsequent perpendicular BVIs produce
a continuous (broadband) noise characterised by a much lower intensity compared to the harmonic noise.
Nevertheless, the locally-induced angles of incidence can trigger dynamic stall in the retreating blade and

produce rotor vibrations.

The present paper describes an experimental study carried out at Politecnico di Milano that investigated
the interacting flow field over an oscillating NACA 23012 airfoil struck by a stream-wise vortex. In particular,

the main focus of this study was to demonstrate the changes in the flow field around the blade due to the
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vortex interactions and consequently, how they influence blade aerodynamic performance. Experiments
reproducing this phenomenon were performed to allow detailed observations and gain physical insight into
it. For instance, the experiments conducted by Wittmer et al. (1995); Wittmer and Devenport (1999)
investigated the turbulent flow field due to the perpendicular interaction of a stream-wise vortex with a
still blade section model. These experimental surveys showed an increase in the extent of the turbulent flow

region and in the turbulent intensity due to the interaction of the vortex with the wake of the still blade.

Particle image velocimetry (PIV) was used to provide quantified visualizations of the flow generated
during BVIs (Green et al. , 2000; Horner et al. , 1996). The rapid development of this technique has helped
gain more detailed insight into the three-dimensional nature of the interacting flow field by using stereo

PIV, such as in the experimental study of orthogonal BVI by Green et al. (2006).

Experimental activities (see, for example, Ham (1975); Rife and Devenport (1992); Wittmer et al.
(1995); Wittmer and Devenport (1999)) have tipically used a still blade section model struck by a perpen-
dicular vortex without taking into account the target model oscillation. Thus, this important contribution
was not considered. The experimental rig employed in this study allowed an investigation of the effects of
the blade pitching motion in the study of perpendicular vortex interactions. The stereo PIV technique was
used to survey the three-dimensional interacting flow field over the upper surface of the oscillating airfoil
at some selected angle of incidence. In particular, the focus of the experiments was to investigate the flow
topology of the aerodynamic interaction over a blade section model oscillating in the light dynamic stall
regime (Leishman , 2006; McCroskey , 1981). This represents the typical flight condition of the retreating
blade of a helicopter in forward flight. Moreover, PIV surveys were also carried out with the target model
under steady conditions at the same selected angles of incidence in order to point out the differences between

the interacting flow behaviour and the importance of the pitching motion in the study of the BVIs.
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2 Experimental method

2.1 Experimental rig set up

The perpendicular BVI tests were carried out at the Aerodynamic Laboratory of the Dipartimento di Scienze
e Tecnologie Aerospaziali (DSTA) of Politecnico di Milano. The wind tunnel had a 1 m x 1.5 m test section.
The maximum wind velocity is 55 m/s, and the freestream turbulence level is less than 0.1%. For the present
experiment, two airfoil models were used, both with a NACA 23012 section (Leishman , 1990) and a 0.3 m
chord length (¢). The upstream model spanned half the test section width and was clamped at 10° angle
of attack («). This airfoil model was used as a vortex generator and was mounted on a vertical traversing

system in order to adjust the required position of the stream-wise vortex for each test condition.

The second airfoil model represented the target of the impacting vortex and was mechanically jointed
with a steel laminae coupling to a driving system that drove the pitch oscillations. The airfoil models were
positioned inside the wind tunnel test section so that the leading edge of the oscillating model was 3.5 ¢ past
the trailing edge of the vortex generator model. The pitching model was pivoted around the axis at 25% of
the airfoil chord. The oscillating model driving system was composed of a brushless servomotor with a 12:1
gear drive. The model pitching motion was controlled by a proportional and a derivative action using an
interface software developed in- house in the Labview (Labview User Manual , 1998) environment. A 2048
imp/rev absolute digital encoder with the EnDat 2.2 protocol, directly mounted on the pitching model,
was used for feedback control and to provide the trigger signal for the acquisition of the PIV images at the
required angle of attack of the target model. Further details on the pitching airfoil experimental rig can be

found in Zanotti et al. (2011) and in Zanotti (2012) doctoral dissertation.

Figure 1 shows the schematic layout of the test set up and the reference system used in the present
study. The coordinate reference system has the x-axis aligned with the target airfoil chord direction (see

Fig. 3) and the origin positioned on the model leading edge.
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Fig. 1 Schematic layout of the perpendicular BVT test set up. The coordinate system is shown in the top view with z-axis

directed out of plane.
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(a) (v,w) velocity field at x/c = 0 (b) vorticity at x/c = 0
Fig. 2 Hot-wire anemometry results for isolated vortex produced by the vortex generator model at o = 10° (Gibertini et

al. , 2014): (a) (v,w) velocity field; (b) stream-wise vorticity contours.

A statistical qualification of the isolated vortex was carried out in a previous study (Gibertini et al. ,
2014) using three-dimensional hot-wire anemometry. Figure 2 shows the results of the hot-wire measurements
carried out on the y-z plane at z/c = 0. In particular, the isolated vortex mean velocity field and the
stream-wise vorticity contours are presented in Figs. 2a and 2b, respectively. A vortex viscous core radius
of approximately 16 mm was evaluated as the radial distance from the vortex core centre of the point
with the maximum value of tangential velocity. A problem that affects the stream-wise vortices generated

”¢

inside a wind-tunnel test chamber is the low-frequency oscillation of the vortex centre-line, called ”‘vortex

wandering”’

(Devenport et al. , 1996; Iungo et al. , 2009), that apparently does not affect free-stream vortices.
Owing to the wandering, the average vortex is more diffused compared to the actual instantaneous one.
The statistical analysis of the hot-wire measurements results demonstrated that in the present experiment,

the wandering amplitude is relatively small, with a standard deviation sensibly less than 20% of the vortex

core in y- and z- direction (17% and 12%, respectively) (Gibertini et al. , 2014).



Stereo PIV measurements of perpendicular BVI over an oscillating airfoil 7

In order to investigate wheter the same wandering instability affecting the isolated vortex is present
in the interacting test conditions, a statistical analysis was performed of the results of 2C PIV surveys
carried out in the region of the target airfoil leading edge on its midspan plane. In particular, the profiles
of the vertical velocity component (w) root-mean-square (RMS) were extracted through the vortex core 30
mm ahead of the target airfoil’s leading edge. For the test configurations with the target airfoil model at
a = 10° and a = 15° in steady conditions, the peak of the w RMS results to be 1.7 m/s and 1.5 m/s,
respectively, with a lower value of 1.2 m/s in the isolated vortex configuration at the same longitudinal
position. Therefore, even if the differences evaluated between the RMS values are quite small, it can be
argued that in the interacting cases, the vortex is oscillating slightly more. This could be due to the flow
curvature caused by the target airfoil at incidence or to disturbances coming from the leading edge area.

Owing to the presence of the target airfoil, the vortex core in the proximity of the airfoil leading edge
is characterised by a valley in the u velocity profile. An evaluation of the vortex oscillation based on the
position of this velocity defect 30 mm ahead of the target airfoil’s leading edge produced a result coherent
with the results of the w RMS. The vortex position had a standard deviation of 2.7 mm and 2.4 mm at

a = 10° and a = 15°, respectively, under steady conditions.

2.2 Stereo PIV set up, methodology, and accuracy

The stereo PIV survey over the oscillating airfoil upper surface was set up so that the three velocity
components (u,v,w) were measured on z-z plane windows at different span-wise locations for -39 mm
<y< 39 mm. The spacing between the measurement planes in the span-wise direction was 3 mm, which
is comparable to the dimensions of the interrogation window used for the correlation of the image pairs.
The area of investigation was 250 mm x 47 mm with its lower side at 26 mm from the leading edge (see
the sketch in Fig. 3). In order to achieve a higher resolution of the image pairs, the measurement area was

composed of two windows with a small overlapping band between them. The PIV system comprised a Litron
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Fig. 3 Sketch of the PIV investigation area on the oscillating airfoil upper surface (dimensions in mm).

NANO-L-200-15 Nd:Yag double pulsed laser with a 200 mJ output energy and a wavelength of 532 nm, and
two Imperx ICL-B1921M CCD cameras with a 12 bit, 1952 x 1112 pixel array. The laser was positioned on
top of the wind tunnel test section (see side view in 1). Each camera was equipped with a Nikkor 50 mm
lens and tilting type lens for correct focusing of the measurement window. The tilting lens mountings were
adjusted in order to achieve the Scheimpflug condition. The camera separation angle could not be higher
than 40° owing to the optical access limitation of the wind tunnel test section. The laser and the cameras
were connected by a metallic arm and mounted to a double axis traversing system in order to simultaneously
move the laser sheet and the measurement window along the oscillating model span-wise and chord-wise
directions. The synchronization of the two laser pulses with the image pair exposure was controlled by
a 6-channel Quantum Composer QC9618 pulse generator. The signal of the digital encoder mounted on
the oscillating model triggered the laser and the cameras with the angle of attack of the oscillating model
required for the test every 1/rev. The digital images were captured using a GigaEthernet EBus connection.
The calibration of the stereo PIV system was performed using a calibration grid coupled with the oscillating
airfoil upper surface in the same position as the laser sheet. A particle generator (PIVpart30 by PIVTEC
with Laskin atomizer nozzles) was used for the seeding. The particles consisted of small oil droplets with a

diameter in the range of 1-2 pm.
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The image pair analysis was carried out by the PIVview 3C software (PIVview User Manual , 2010),
developed by PIVTEC in close cooperation with the PIV-Groups of the German Aerospace Center (DLR)
in Géttingen and Kéln. The first step in the stereo PIV images analysis methodology is the determination
of the image back-projection coefficients used to dewarp the images for each camera view. The software also
determines the view positions of the cameras using the calibration grid images captured by each camera.
The back-projected PIV images pairs are then processed using the two-components (2C) PIV correlation
algorithm. In particular, the multigrid interrogation method (Raffel et al. , 2007) was used starting from a
96 pixels x 96 pixel to a 32 pixel x 32 pixel interrogation window. The resulting 2C PIV data from both
views are then combined to obtain the w,v, and w velocity components using the stereo viewing geometry
previously computed. For more details about the stereo PIV analysis methodology, the reader is referred to
the PIVview User Manual (2010).

All the resulting velocity fields presented in this paper were phase-averaged over 100 image pairs. This
choice was considered a fair compromise between the need to obtain reliable phase averages and an admissible
run time. Indeed, owing to the high number of the span-wise measurement planes performed during the
experiments, a longer run time required by the PIV measurement might have raised fatigue issues on the
model strut. The same number of image pairs was used to perform the phase average of PIV results in the
experimental study of parallel BVI carried out by Rival et al. (2010). However, in order to evaluate the
statistical convergence, also a phase-average-based on over half the number of the acquired image pairs was
also computed and compared with the one based on the full data base. The calculated differences observed
on the three velocity components were very small (the maximum value was significantly lower than 1% of
the free-stream velocity) for all the considered cases except the ones characterised by a highly chaotic flow
(i.e. a = 15° steady and o = 10° downstroke). For these two turbulent cases, differences up to an order of
10% of the free-stream velocity were found in a few data points (less than 1% of the total data set) with
an average value on the order of 2% of the free-stream velocity. Thus, the evaluation was repeated for these

cases for 75 image pairs, which leads to an halving of the maximum differences. Therefore, the experimental
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data-base collected for these test conditions can be considered to illustrate the behaviour of such unsteady
flow fields.

The accuracy of the stereo PIV measurements was verified by means of measurements carried out on
the isolated vortex without the target model, and compared with three-dimensional hot-wire anemometry
measurements for the same test case. The direct comparison of the mean three velocity component profiles
evaluated by the hot-wire survey showed a maximum error that was less than 3% of the free-stream velocity
(corresponding to an error of about 0.1 px). The accuracy of the present measurements is close to the one
found in the Green et al. (2006) experiment for a similar application and in the De Gregorio et al. (2012)

stereo PIV surveys carried out on a helicopter model.

2.3 Test conditions

The light dynamic stall cycle (Zanotti et al. , 2013) corresponds to a sinusoidal pitching motion with a mean
angle of attack (amy,) of 5°, a constant oscillation amplitude (aq) of 10°, and a reduced frequency (k) of 0.1.
The reduced frequency is defined as k = 7w fc¢/Us, where f is the oscillation frequency, and Us the wind
tunnel free-stream velocity. The pitching condition was tested at Uss = 30 m/s corresponding to a Reynolds
number based on airfoil chord of 600000 and a Mach number of 0.09. This regime is characterised by minor
flow separation on the clean airfoil upper surface and consequently a small amount of airload hysteresis, as
shown by the lift coefficient curves measured in steady and oscillating conditions presented in Fig. 5 (see
Zanotti et al. (2013) for the description of the instrumentation set up).

Some particular phases corresponding to particular incidences in the upstroke or downstroke motion of
the airfoil oscillation cycle were chosen to be investigated. For each of these phases, the vortex was made to
impact the target model’s leading edge region. Thus, a specific test with a specific setting of the upstream
wing vertical position was carried out for each considered angle of attack. These same incidences were tested

for comparison with the still model as well (steady conditions). Stereo PIV surveys were also performed for
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Table 1 PIV test conditions.

Case « k Re Ma
1 10° 0 6-10° 0.09
2 10° upstroke 0.1 6-10° 0.09
3 10° downstroke 0.1  6-10%°  0.09
4 15° 0 6-105 0.09
5 15° 0.1 6-10° 0.09

Fig. 4 Particular of the void particle region in a PIV picture used to adjust the position of the vortex generator airfoil.

The contrast of the raw image was increased to enhance the void particle region corresponding to the vortex core attitude.

all the test conditions without the impacting vortex in order to clearly evaluate the influence of the blade
tip vortex on the flow field. A quite two-dimensional flow behaviour was observed from the results of the

tests carried out without vortex interaction.

A summary of the tested incidence angles is presented in Tab. 1. Before the stereo PIV measurements,
PIV pictures focusing the target airfoil leading edge region were acquired using one of the cameras with its
line of sight perpendicular to the laser sheet. Thus, the vertical position of the vortex generator model was
progressively adjusted looking at the void particle region in these preliminary PIV pictures, corresponding
to the vortex core attitude (see Fig. 4) (Gibertini et al. , 2014). In the leading edge area, the vortex loses
its narrow structure as it is deformed by the presence of the obstacle. Therefore, a quantitative localisation

cannot be precisely defined and the impact localisation will therefore be on the order of a few millimetres.
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3 Results and discussion

The PIV results are all presented according to the coordinate system illustrated in Figs. 1 and 3. The three-
dimensional flow field in the measurement volume was obtained by combining the phase-averaged results

obtained from the different span-wise measurement planes.

As shown in Fig. 5, the lift coefficient at a = 10° is essentially the same for the steady case and for the
oscillating case in both the upstroke and downstroke motions. Therefore, the choice of this angle of attack
allows a comparison between three cases that have the same incidence and the same lift. On the other hand,
the test case at @ = 15° under dynamic conditions was studied in the present investigation to observe the
effect of the impacting vortex when the onset of the lift stall of the airfoil is delayed by the contribution of
the oscillation. Owing to the fact that for this angle of attack a comparison of the flow states with the steady
case at equal lift was not possible, the three-dimensional flow fields were compared at the same geometric

angle of attack in steady and oscillating conditions.

Although the boundary layer separation observed in the present experiments were clearly highly three-
dimensional and back-flow is not necessarily associated to three-dimensional separation, the chord-wise
velocity component u was taken as a marker of the flow behaviour. In fact, large regions with low u values,
particularly when also negative values are present, are a clear indication of stalled conditions. Furthermore,

in order to make the vortex structures more visible, vorticity iso-surfaces are presented.

Figure 6 shows the u velocity component contours on y-z planes at different chord-wise locations for
a = 10° under steady and oscillating conditions. The figure also includes the flow field measured for
the same test cases without the impacting vortex. In order to clearly show the differences of the flow
behaviour evaluated with and without the vortex interaction, 3D streamlines are illustrated on the same
figure. For greater detail, the u velocity profiles extracted at three different span-wise positions on the same
measurement planes are presented in Fig. 7 for the test cases with the impacting vortex, and the iso-surfaces

of vorticity magnitude are illustrated in Fig. 8.
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Fig. 5 Comparison of the measured Cj, — « curves for the NACA 23012 airfoil in static and light dynamic stall conditions

(Re = 6 x 10°, Ma = 0.09).

At this angle of attack, the steady condition is very similar to the corresponding upstroke case. The flow
on the airfoil upper surface without vortex interaction is fully attached, as shown by the patterns of the 3D

streamlines.

The main effect introduced by the vertical velocity component induced by the vortex is a local variation of
the target airfoil angle of attack that is decreased for negative y and increased for positive y. Nevertheless,
the measured u velocity profiles do not show back-flow, even in the region when the vortex induces a
conspicuous increase of the local angle of attack. In fact, in both these test cases, the vortex remains quite
coherent all along the airfoil, as shown in the illustration of the 3D streamlines. The rest of the flow is quite
regular and no significant slowdowns are visible. Moreover, it can be observed that the vortex progressively
convects towards the positive y direction according to its rotation, which is typical for a vortex close to
a wall. The vortex core shift is more clearly visible from the velocity fields plotted at different chord-wise

positions in Fig. 9.
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Fig. 6 Stereo PIV results for test cases with the target airfoil at o = 10° in steady and light dynamic stall conditions:
u velocity component contours on y-z planes and three-dimensional (3D) streamlines. The iso-surface of the g-criterion

coloured by the u velocity component(Hunt et al , 1988) is plotted for the test cases 1 and 2 with the impacting vortex.
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Fig. 7 Stereo PIV results for test cases with the vortex impacting on the target airfoil at o = 10° in steady and light

dynamic stall conditions: u velocity component profiles extracted on y-z planes.
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Fig. 8 Stereo PIV results for test cases with the vortex impacting on the target airfoil at o = 10° in steady and light

dynamic stall conditions: vorticity magnitude contours on y-z planes and iso-surface of vorticity.
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Fig. 9 Stereo PIV results for vortex impacting at o = 10° upstroke under the light dynamic stall condition (case 2): (v,w)

velocity fields on y-z planes (vectors are plotted with the same length).

It must be pointed out that this longitudinal vortex structure is not the same vortex impinging on the
airfoil leading edge, but it originates from a part of it. In other words, when the vortex arrives at the airfoil
leading edge, it is split into a portion flowing below the airfoil and a portion flowing over the upper surface.
Therefore, not all the vorticity is convected on the upper region. The vortex locally loses its axi-symmetric
structure, and it is strongly diffused owing to the strong local velocity gradients. Nevertheless, the amount
of vorticity concentrated in that region collapses again in a vortical structure, although this is characterised
by a lower circulation. As shown in Fig. 10, these considerations are supported by the behaviour of the

w velocity component profile measured for the interacting case 2 at x/c = 0.6 compared to the results
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Fig. 10 Comparison of the w velocity component profiles extracted in the span-wise direction in correspondence of the
position of the vorticity maximum (yv,zy), considered as the vortex centre. Stereo PIV results for the interacting case 2

(a0 = 10° upstroke) and hot-wire measurements results for isolated vortex case (Gibertini et al. , 2014).

obtained for the isolated vortex case (hot-wire measurements reported in Gibertini et al. (2014)). In fact,
the w velocity profile for the interacting case presents a lower peak-to-peak value and a lower slope with

respect to the isolated vortex curve.

The test case at @ = 10° in downstroke shows the most interesting features of the interacting flow field.
As expected for the light dynamic stall condition, the results obtained without the impacting vortex shows

a fully attached flow.

For the interacting case, corresponding to the effect of incidence reduction, the u velocity profiles do not
show back-flow for negative y. On the other hand, the PIV survey results show a large back-flow region on
the airfoil upper surface for positive y where the vortex induces an upward velocity component. In particular,

the u velocity profiles extracted at y/c = 0.1 show negative values close to the airfoil surface on the planes
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at /¢ =0.2 and z/c = 0.4 (see Fig. 7c and f). The different behaviour of the interacting flow field compared
to the case at the same angle of attack in upstroke could be explained by the contributory kinematic effect
induced by the rapid negative pitching rate of the airfoil (Leishman , 2006; McCroskey , 1981). This effect,
comparable to a modification of the airfoil camber, promotes the local stall onset in this phase of the
pitching motion. A quantitative analysis of the influence of the pitching rate can be reasonably achieved
under the assumptions of linearised aerodynamics theory. In particular, for the considered light dynamic
stall condition, the induced camber effect due to the pitching rate at o = 10° results in a modification of
the ideal (Theodorsen) angle of attack of +1.5° (Theodorsen , 1932).

The PIV measurements for the present test case show a certain level of noise compared to the previous
test cases owing to the high unsteadiness that characterise the interacting flow field. This feature can be
observed from the phase-averaged data that are presented in Fig. 6e, without the application of any kind
of smoothing.

An indication of the high chaotic behaviour of this interacting flow field is also highlighted by the iso-
surface of vorticity shown in Fig. 8c. In particular, the vorticity magnitude fields on the different y-z planes
do not show traces of the coherent vortex structure observed for the test cases at the same angle attack in
the steady and upstroke conditions.

The 3D streamlines of Fig. 6e give an intuitive representation of the flow behaviour. A strongly three-
dimensional recirculating region is overstepped by the flow coming from the fore region. The internal recir-
culating flow is related to a spiral node on the airfoil upper surface. A ”‘finger print”’ of this structure can
be recognised in the in-plane streamline patterns plotted on the lower face (z-y plane) of the measurement
volume (see Fig. 11).

The interacting flow field measured at @ = 15° under the steady condition shows a completely different
behaviour compared to the one evaluated without the vortex interaction at the same angle of attack. For
the interacting case, a wide back-flow region can be observed on the airfoil upper surface that covers almost

the entire measurement volume past the airfoil half chord (see Fig. 12a). The behaviour of the u velocity
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Fig. 11 Stereo PIV results for vortex impacting at & = 10° downstroke in light dynamic stall condition (case 3): in-plane

streamlines at z/c = 0.09.

component profiles supports this observation (see, in particular, Fig. 13 e and 13g). Corresponding to this
flow behaviour, a chaotic flow structure is demonstrated by the iso-surface of vorticity in Fig. 14a. On
the other hand, an attached flow behaviour is observed for the corresponding test case without the vortex

interaction (see Fig. 12b).

For the same incidence angle of o = 15° in the oscillating condition, the contribution of the oscillation
is still capable of delaying the stall onset just as in the case without vortex interaction (see the flow field
in Fig. 12d). For the interacting case, analogously to test case 2, the u velocity profiles do not show back-
flow, even for positive y where the vortex induces a local increase of angle of attack. The vortex presents a
coherent structure that is clearly visible by the 3D streamlines representation and the vorticity magnitude
fields shown in Fig. 12c and 14b, respectively. In particular, the vortex clearly presents the same progressive

lateral shift effect as that found for the test case at o = 10° in upstroke.
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Fig. 12 Stereo PIV results for test cases with the target airfoil at o = 15° in steady and light dynamic stall conditions:
u velocity component contours on y-z planes and 3D streamlines. The iso-surface of the g-criterion coloured by u velocity

component(Hunt et al , 1988) is plotted for test case 4 with the impacting vortex.

4 Conclusions

The stereo PIV technique was employed to describe the three-dimensional interacting flow field on the upper
surface of an airfoil struck by a perpendicular vortex. The experimental results enabled the comparison of
the effects of the impacting vortex over a still and a pitching airfoil. The main goal of the present study of

perpendicular BVI problems was to investigate the contribution due to the blade pitching motion during a
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Fig. 14 Stereo PIV results for test cases with vortex impacting on the target airfoil at a = 15° in steady and light dynamic

stall conditions: vorticity magnitude contours on y-z planes and iso-surface of vorticity.

rotation cycle. In particular, the experiments were focused on investigating the vortex effects over an airfoil
oscillating in the light dynamic stall regime, which represents a typical condition of the retreating blade of

a helicopter in forward flight.

The analysis of the stereo PIV results demonstrated that the effects of the impacting vortex on the

flow around the target airfoil are significant. The interacting flow field over the oscillating airfoil showed
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strong differences between the test cases with the target model at o = 10° in upstroke and downstroke. In
particular, a coherent longitudinal vortex was observed on the upper surface region that is related to the
impinging vortex structure, although it is characterised by a lower circulation.

In contrast, at the same angle of attack in the downstroke motion, a strong modification of the flow
topology was observed. A back-flow region was observed on the airfoil upper surface where the vortex induces
an upward velocity component. The different behaviour of the interacting flow observed in this phase of
the motion compared to the upstroke is due to the contributory kinematic effect induced by the rapid
negative pitching rate. The presented experimental results indicated that perpendicular vortex interactions
can also introduce detrimental effects on the blade performance. It was shown that the impinging vortex
can trigger local blade stall. This feature can introduce rapid variations of the airload. In particular, the
asymmetry of the interacting flow behaviour observed in upstroke and downstroke motion at the same angle
of attack indicates that the vortex impact can be responsible for an increase in the airload hysteresis under
the dynamic stall condition.

At the top of the pitching motion, o = 15°, the interacting flow field on the target airfoil upper surface
region reproduces similar features compared to the interacting case at o = 10° in upstroke. The same
coherent longitudinal vortex structure was also observed for the interacting case with the target airfoil at
o = 10° under the steady condition. On the other hand, the interacting flow field measured with the target
model at @ = 15° under the steady condition demonstrated a fairly chaotic behaviour characterised by a
wide back-flow region. The different topologies of the interacting flow field observed for the test cases at
the same angle of attack in steady and oscillating conditions demonstrated the importance of the pitching

motion in BVIs.
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