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Abstract

Parallel Blade-Vortex Interaction is studied both via experimental wind-tunnel tests with wing models in a tandem setup
and via LES simulations. A p-adaptive Local Discontinuous Galerkin approach is used, with a physically based refinement
indicator and a dynamic anisotropic eddy viscosity model for subgrid scale turbulent stresses. The results validate the
numerical tool and show its efficacy and efficiency in the simulation of BVI, succesfully extending the range of investigation

of the experimental setup.

List of symbols

Us free-stream speed
c blade model chord
Cq vortex generator chord
u horizontal velocity component
Olgeo blade model geometric angle of incidence
Oleg blade model equivalent angle of incidence
O vortex generator angle of incidence
Ug vortex tangential velocity
r vortex core radius
R, ratio of vortex core radius over blade model chord
r circulation around vortex core perimeter
t non-dimensional time
U vector of filtered variables
p density
e total energy per unit volume
u velocity vector
T temperature
T subgrid stress tensor
subgrid heat flux
subgrid turbulent diffusion flux

space filter operator
Favre filter operator
D;; structure function
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Dil.j.° structure function in isotropic conditions
Indsr structure function indicator
(xy,yy)  vortex initial coordinates

1 INTRODUCTION

Blade-vortex interaction (BVI), is an important aerodynamic
phenomenon for all kinds of rotary-wing aircraft, ranging
from helicopters to more complex eVTOL configurations
and also to drones and other Micro Aerial Veichles (MAVSs).
The study of BVI is therefore of interest, in particular since it

has been shown [1] 12, [3} [4] 5] that this interaction can have
a direct effect on the loads generated by a rotor and also
trigger dynamic stall. While this was observed for the spe-
cific case of perpendicular BVI, this work analyzes the case
of parallel BVI, to investigate if similar effects can occour
and evaluate their severity. Stemming from previous related
studies [6, [7], the approach followed in this work is twofold,
combining both experimental wind-tunnel measurements of
parallel blade-vortex interaction and numerical Large Eddy
Simulation (LES) of the same test case: this allows for a di-
rect comparison of the results, which, to the authors’ knowl-
edge, is not yet available in literature for this kind of anal-
ysis. The benefits of such a comparison are not only the
validation of the numerical tool with the data from the mea-
surements, but also the subsequent possibility of using this
tool to investigate conditions not easily reproduced by ex-
periment.

2 EXPERIMENTAL INVESTIGATION

Following the steps of a previous study [6], a wind-tunnel
test campaign is undertaken to investigate the parallel in-
teraction between an airfoil and a singular vortex and to
obtain data for further comparison with numerical simula-
tions. The experimental setup is composed of two airfoil
models in a tandem configuration (Figure 1), namely the
vortex generator, placed upstream, and the blade model,
downstream of the generator. The vortex generator has a
custom hybrid NACA 0018/ NACA 0025 airfoil section and
a chord of ¢, = 0.2m, while the blade model has the NACA
23012 airfoil section and a chord of ¢ = 0.3m; both mod-
els have a span of 0.96m. The generation of the vortex
was obtained by impulsively pitching the vortex generator by
means of an electrical motor connected to it. The rotation,
about the airfoil quarter-chord, was performed from a geo-
metric angle of incidence of o, = 0°to o, = 10° in about
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11ms. The tests were conducted in the “S. De Ponte” low-
speed, closed-return wind tunnel at Politecnico di Milano,
which has a rectangular test section 1.5m high and 1 m
wide and a maximum wind speed of 55m/s. For the ex-
periments the free-stream speed was U, = 15m/s, corre-
sponding to a Reynolds number based on the blade model
chord of 300000, chosen in relation to the execution time of
the generator’s pitching motion. The vortex generation and
the subsequent interaction with the blade model were mea-
sured with Particle Image Velocimetry (PI1V) techniques, in
order to study the flow field in the region around the airfoil.
Pressure measurements were also performed, both steady
and unsteady, to evaluate the loads on the airfoil and their
variation due to the interaction. Different configurations, in
terms of relative position between the vortex generator and
the blade model, were examined. Given the tandem setup,
particular care was needed in treating the interference effect
of the vortex generator, especially in view of the comparison
with the numerical simulations. To this end, a computation
of the relative corrections and a measure of the turbulence
level via hot-wire anemometry are performed.

Figure 1: Test rig setup in the wind tunnel. The vortex gen-
erator is visible in the foreground, while the blade model is
in the background.

2.1 PIV measurements

Particle Image Velocimetry was chosen as the main tool for
the study of BVI because it allows to readily obtain mea-
surements of whole regions of the flow field, from which to
extract information on the generated vortex, its trajectory
and the effects on the flow around the airfoil. This is funda-
mental especially in setting up the test rig, ensuring that the
position of the vortex generator relative to the airfoil and its
pitching motion are adequate for the desired kind of interac-
tion. For this reason, three main typologies of data acqui-
sition are performed: the first one is devoted to the charac-
terization of the generated vortex, which is measured in the
empty (i.e. without the airfoil model) test section of the wind
tunnel in order to assess its circulation and shape; secondly,

the airfoil model is inserted in the test section and measure-
ments are made of the flow field in the region immediately
upstream of it, at different time instants, with the purpose of
tracking the vortex trajectory with respect to the airfoil and
consequently of adjusting the vertical position of the vor-
tex generator, if needed; finally, the interaction of the vortex
with the flow around the airfoil is studied by measuring the
flow field in the region over the airfoil's suction side at dif-
ferent time instants, thus effectively investigating the event
sequence.

The PIV setup was composed of a dual Nd-YAG Ever-
green laser, with an energy of 200 mJ per pulse and placed
below an optic window in the midspan of the test section
floor, to illuminate the flow field, while images was acquired
by a couple of iLA5150 sCMOS cameras, with a resolution
of 2560x2160 pixel. Subsequent processing of the images
was performed via the PivTec PivView2C software: correla-
tion was performed with a multi-pass method over a 32x32
pixel grid and finally a phase average was computed from
the resulting data. The timing of the acquisition was con-
trolled by means of an iLA5150 Synchronizer, with the se-
quence triggered by a Hall effect magnetic sensor installed
on the vortex generator support structure, such as to emit a
signal when the vortex generator would pass a determined
angular position in its pitching motion; a time delay was then
added and adjusted to obtain measures at different instants
as required. Each single acquisition is composed of a se-
ries of 200 couples of images. As a reference for the un-
certainty of the PIV measurements, a value of 0.1 pixel is
taken, corresponding to 0.13 mm.

2.2 PIV results

shows the vorticity contour computed from PIV
data for the vortex characterization phase. The vortex has
a circular shape, with a core radius, defined as the distance
from the centre at which the tangential velocity ug is max-
imum, of 12.7 mm, while the maximum tangential velocity
itself is of 4.25m/s; the computed circulation around the
core perimeter is 0.331m?/s. The test rig gave fully satis-
factory results for what concerns vortex generation, produc-
ing a well-defined, isolated vortex with good repeatability:
the root mean square of the vortex centre position, consid-
ering all 200 couples of images, was 3.1 mm. However,
comparison with data from experimental measurements of
a rotor tip vortex [8] shows that the strength of such a vor-
tex is around three times that of the vortex generated by the
current setup, while the dimension is comparable. This de-
fect of the experimental tests is addressed and overcome in
the numerical simulations described below (section 3).
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In results are presented of the PIV measure-
ment of the flow region immediately upstream of the blade
model, showing the trajectory of the approaching vortex. It
can be noticed how the vorticity peak gets progressively
lower as the vortex interacts with the flow around the air-
foil.
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Figure 2: Vorticity contour from PIV measurement of the
isolated vortex.
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Figure 3: Vorticity contour from PIV measurement of the vortex approaching the blade model. Time instants ¢ are non-
dimensional for ease of reference with the LES results presented in

Results from the PIV measurements over the full air-
foil suction side are shown in[Figure 4]in terms of contours
of the horizontal component u of the velocity.
represents the flow condition when no BVl is occurring, i.e.
without any vortex having been generated, and is therefore
the reference condition. and onward show in-
stead the effects of the interaction with the vortex: as the
vortex approaches, a region of separated flow can be seen
forming near the trailing edge of the airfoil and with the vor-
tex passing over the airfoil this region extends slightly up-
stream at first, then reduces back to the trailing edge region
as the vortex moves past the airfoil; the return to conditions
comparable to those with no interaction occurs only after
the vortex has further traveled about 1.5¢ downstream of
the leading edge (Figure 4g). The corresponding results in
terms of the vorticity field can be found below in[Figure 15|
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Figure 4: Contours of the horizontal component u of the ve-
locity from PIV measurements of the flow field in the region
around the suction side of the blade model, with no vor-
tex interaction occurring (a), and at different time instants
during blade-vortex interaction (b-g). Time instants ¢ are
non-dimensional for ease of reference with the LES results
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