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ABSTRACT

The interest for pUAVs platforms with VTOL capabilities dramatically rose over the last decade due to the fast-
paced advancements in electronics and control. However, the vortical structures shedded from the rotary wings -and
their interaction-, which are responsible for high power usage and high noise level emissions, are yet to be fully
understood. In this work, an experimental PIV campaign was conducted on a commercially available propeller with
a 230mm diameter. The operating angular velocity was chosen to be 5750RP M, producing a chord Reynolds number
of about Re, 75% ~ 1.1 x 10%, generating 3.42N of thrust while requiring 55W of power. The resolution of the PIV
setup was able to reliably fit 8 measurement points in the vortex core when using the narrowest field-of-view (FOV),
while the widest FOV comprises a measurement area of about 0.5D x 0.57D. Time-averaged as well as phase-averaged
measurements were performed. The evolution and interaction of the blade tip vortices and shear layers shedded in
the flow field is captured with an azimuthal angle step increment of AW = 5°. The thrust produced by the multirotor
configuration was indeed found to be approximately 5% lower than the one produced by the isolated propeller in
hovering conditions. Additionally, the PIV setup successfully met the target spatial accuracy requirements: induced

velocities are accurately captured in every stage of the blade tip vortex evolution.

1. Introduction

In the past few years research on rotary wing (UAVs intensified significantly due to their intrinsic
strengths, such as VTOL capabilities, high manoeuvrability, and relative mechanical simplicity. In
an effort to take advantage of such characteristics, scientists and engineers are trying to optimize
these configurations to tame their weaknesses. At the moment, multi-rotor (UAVs still exhibit
relatively low flight times, under one hour, due to their high electrical power usage. In addition,
aerodynamic noise coming from the rotors has been shown to be particularly annoying for both
humans and animals, as in Ditmer et al. (2015); M Cherney (2018); EASA (2018). These drawbacks
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seriously hinder the range of applications for such devices. The design and optimization of such
configurations still need to face multiple unsolved issues, the effect of rotor-rotor interaction being
one of them. The need for compact frames requires reduced separation distance between rotors
which, in turn, enhances the interaction between the vortical structures shedded from the rotating
wings. The complex aerodynamic interaction has proven to be one of the main causes of UAV
aerodynamic performance deterioration. Both experimental and numerical investigations have
been carried out in recent years to assess the effects of rotor-rotor interaction at low Reynolds
numbers, for different configurations and different flight conditions. The current work will focus
on the experimental analysis of side-by-side rotors in hover. Lee et al. (2021) and Zhou et al. (2017)
have systematically investigated the effects of rotor separation on thrust generation and wake flow
field properties. They both experimentally found that, as the separation distance is reduced, wakes
from the single rotors are attracted to one another, ultimately merging into one single wake: the
thrust produced by the configuration is found to be lower than the thrust produced by the sum
of the isolated rotors. The normalized loss of thrust coefficient, Cr, is then defined as in eq.(1),
with Cr; being the thrust coefficient of the isolated rotor and Cr being the thrust coefficient of the
configuration.
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Lee et al. (2021) found that with four simultaneously operating rotors, C7r peaked at about 8%,
irrespective of the tested Reynolds number. Tests with only two operating rotors showed peak
thrust coefficient reduction values close to 6%. However Zhou et al. (2017) proved that the inter-
action of two rotors was only capable of reducing thrust coefficient values of 2% maximum, at the
lowest separation distance. Nargi et al. (2023) found that depending on the rotational speed, Cr
spanned from 5.5% up to almost 18% at the lowest rotational speed, for a given rotor separation
distance of s/R = 1.02D. Zhou et al. (2017) also found that reduced rotor-rotor distance was asso-
ciated with high force fluctuations, up to 250% of the mean thrust value. Shukla et al. (2017, 2018)
investigated the effects of different Reynolds numbers on rotor-rotor interaction: it was found that
lower Reynolds numbers tend to exacerbate the negative effects induced by the aerodynamic inter-
action. Both Lee et al. (2021) and Zhou et al. (2017) found that reduced rotor-rotor distances were
also responsible for enhanced turbulent kinetic energy, TKE, in the rotor wake. This behaviour of
the turbulent fluctuations in the wake of the rotor is consistent with the accelerated breakdown of
the blade tip vortices found for low rotor separation distances. Current literature has investigated
different configurations, such as coaxial rotors Mortimer et al. (2023), as well as more complex
flight conditions, like forward flight, Shukla et al. (2018), and vertical descent, Chae et al. (2022).
However, all the previously cited works do not provide high enough spatial resolution to accu-
rately estimate induced velocities in the vortex core. De Gregorio et al. (2021) found that for a tip
Reynolds number of Re;;, = 1.47 x 10°, the core radius starts at approximately 5% of the chord, c,
only to grow larger as the vortex is convected downstream. The vortex core radius, r., being de-
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fined as the radial distance from the centre of the vortex to the position of maximum swirl velocity.
Current literature opts for a spatial resolution of the PIV setup of around 1% of the rotor diameter,
D. This means that, depending on the aspect ratio of the blade, in the current state of the art the
PIV spatial resolution ranges from 5% to 21% of the chord. It appears clear that to reliably and
accurately extract velocity and vorticity distributions in the vortex core, higher spatial resolution
is indeed required.

2. Experimental Setup

2.1. PIV Setup

The 2C-PIV setup is made of a CRF400 dual-head Nd-Yag laser with a pulse energy of £ = 200m.J
at a wavelength of A\ = 532nm and a repetition rate of 104z, the ILA.PIV.sSCMOS CLHS camera,
with a frame rate of 25Hz, 2560-2160 pixels, a dynamic range of 16 bits, and a pixel dimension of
6.3um, equipped with a 200mm Canon EOS lens with a maximum aperture of f#2.8. The focal
length has been extend with a 1.7x converter for the narrow field of view, giving an equivalent
focal length of 340mm.

(a) Photo of the PIV setup. (b) CAD of the measurement area.

Figure 1. PIV measurement areas for the isolated propeller mounted on the TYTO ROBOTICS Thrust Stand 1585.

Aaerosolized diethylhexylsebacate (DEHS) oil was chosen as the tracer, to be fed into 20 Laskin
nozzles as seed generators, able to produce oil droplets of less than 1xm in diameter. For further
details the reader is referred to De Gregorio et al. (2023). As previously described, two different
FOVs were selected, figure 1 shows the two different measurement areas: Field of View Num-
ber 1 (FOV1) and Field of View Number 2 (FOV2) are characterized by a magnification factor of
20.1px/mm and 31.5px/mm, respectively.
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2.2. Rotor Rig

The following experimental setup has been developed. The target device is the Intel Aero Ready
to Fly Drone. The quadcopter is equipped with four direct current brushless motors (DCBMs) and
propellers provided by Yuneec. Both the drone and the individual propellers geometry have been
acquired through laser scanning techniques and digitalized. More in-depth information on the
propeller characteristics is provided in figure 2, where both the twist and chord distribution are
shown, as well as airfoils at different radial positions. The drone measures 360mm in hub-to-hub
distance, while the propellers measure 230mm in diameter, D. Two different rotor-rigs have been

implemented to test the isolated propeller and then the four-rotor configuration.
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(a) Chord, ¢, and twist, 6, distributions. (b) Airfoils fitted on the propeller.

Figure 2. A summary of the geometrical characteristics of the Yuneec propeller fitted on the target device.

2.2.1. Isolated Propeller

The TYTO ROBOTICS 1585 Thrust Stand has been acquired to aerodynamically characterise the
isolated propeller. Two sets of load cells integrated within the stand allow for both thrust and
torque measurements. The manufacturer’s data sheet rates the load cells for thrust values of up
to ~ +49N with a precision of 0.5% and for torque values of up to 2Nm with a precision of 0.5%,
both with a sampling rate of up to 80H z. The thrust/torque stand is also fitted with a dedicated
circuit board and software able to acquire the motor’s angular velocity as well as the aerodynamic
loads from the load cells. The TYTO ROOTICS Thrust Stand 1585 has also been fitted with an
additional optical angular velocity sensor (the KY-033 from AZDelivery) to generate the trigger

signal for the PIV synchronization. The signal is acquired through an oscilloscope and then fed to
the synchronizer.
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2.2.2. Four-rotor Configuration

A dedicated rotor rig has been developed for the four-rotor configuration. A 6mm alluminum
plate has been shaped to host the four motors, a six-component load cell, and four optical sensors
to independently measure each motor’s angular velocity (shown in figure 3b). The complete setup
is presented in figure 3a. The chosen six-component load cell is the ATI Mini40, placed underneath
the aluminium plate.
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(a) Rotor rig for the four-rotor configuration. (b) Optical sensors.

Figure 3. Representation of the custom-made rotor rig and angular velocity optical sensors.

The manufacturer’s data sheet rates the load cells for the following full-scale force values: F, =
+120N, F, = F, = £40N, M, = M, = M, = £2Nm, with a 1% full-scale error and a sampling rate
of 1kHz. The chosen optical sensors are the KY-033 from AZDelivery and are deployed by means
of an oscilloscope, which is remotely controlled and enables direct acquisition on a PC. In order
to independently set each motor’s angular velocity, an in-house control software was developed
to override the integrated drone flight controller. The control software has been developed for
an Arduino Uno R3 control board, which is directly connected to four electronic speed controllers
(ESCs), used to operate the motors.
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