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Abstract

To understand the aerodynamic performance and acoustics of a coaxial counter-rotating
con guration, an experimental study was conducted where the rotor-rotor separation
distance was varied in both hover and forward ight conditions. A novel phase control
scheme was utilized to maintain & blade crossover location for acoustic consistency.
As the separation distance is increased from 0.2 rotor radii to 1.1 rotor radii, the higher
harmonic tonal noise decreases by around 10 dB. Conversely, the broadband noise
increases by around 2 dB with increasing separation distance. The peak frequency of
the broadband noise also decreases as separation distance is increased. In hover, the
best aerodynamic e ciency was found at a separation distance of 0.4R while the lowest
noise was found at 0.65R. As the edgewise ight speed increases from hover to 10 m/s,
the total system e ciency decreases on average by #. The upper and lower rotor

are similarly a ected over this speed range. Both higher harmonic tonal noise and
broadband noise are also found to increase with increasing ight speed. Increasing the
separation distance in edgewise ight speeds at 10 m/s shows an increase on average by
around 246 in the overall e ciency of the system. The higher harmonic tonal noise is also
seen to decrease by around 6 dB with separation distance. With increasing separation
distance, the broadband noise becomes the dominant source of noise in forward ight at 10
m/s. By understanding the acoustic interactions and unsteady loading of coaxial rotors,
researchers can devise strategies to maximize e ciency and minimize noise emissions.
The physical mechanisms and trends identi ed in this thesis provide insight to coaxial
rotor system designers regarding the key design trades.
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Chapter 1
Introduction

The transportation industry is on the cusp of a revolutionary transformation, driven by
the rapid advancements in electric vertical take-o and landing (eVTOL) aircraft and
the emergence of the urban air mobility (UAM) infrastructure. These advancements in
technology are important in revolutionizing urban transportation, o ering a new era of

e cient and sustainable aerial mobility. The attraction to eVTOL technology is due

to the ability of being able to take o and land vertically, eliminating the need for
conventional runways which are costly and di cult to site in urban areas. As a result,
eVTOL aircraft o er the potential to alleviate tra ¢ congestion, enhance transportation

e ciency and provide faster and more exible point-to-point travel. Additionally using
electric propulsion systems, these eVTOL aircraft promise lower carbon emissions. The
applications for these eVTOL aircraft include small package delivery aircraft, emergency
services and larger passenger-carrying "air-taxis. In recent years, the eVTOL and UAM
industry have witnessed major growth with numerous companies and startups racing to
develop innovative aircraft designs and infrastructure solutions. These companies have
adapted di erent con gurations and the propeller designs to accomplish their respective
mission and objectives. Figure 1.1 shows four di erent eVTOL con gurations with their
respective propulsive capabilities.

The multicopter con gurations are relatively small wing-less aircraft with a simple
mechanical structure and low disk loading. They boast high e ciency in take-o , landing
and hover modes. However, the overall e ciency, in terms of energy consumption and
ight endurance, decreases greatly when operating in cruise mode due to the lack of a
xed wing. To compensate for this, a larger battery is required which in turn increases the
overall weight of the aircraft. Furthermore, the multicopter con gurations typically have
four or more rotors operating at high rotational speeds in which the coherent addition
of the noise from each of the rotors adds to a higher overall noise as compared to other



Figure 1.1: eVTOL con gurations [1]

con gurations. The Lift+Cruise con guration combines the vertical take-o and landing
capability of a multicopter with the e cient cruise ight of a standard xed wing aircratt.
This combination also allows for a potentially larger payload capacity compared to a
purely multicopter con guration. However, the noise emissions of this con guration are
higher, as compared to the other con gurations, due to higher disk loadings and blade
tip speeds. The tilt wing and tilt rotor con gurations are similar in terms of capability
with the exception that they use slow turning open multi-blade props, which produce less
noise than lift+cruise con gurations. The tilt rotor con guration combines the features

of helicopters and xed-wing aircraft where only the rotors blades mounted on nacelles
are tilted either vertically or horizontally. The tilt wing, however, tilts the entire wing
assembly which includes the main wing and the control surfaces to change the aircraft's
ight characteristics. The tilting feature of these designs is more mechanically complex as
additional control systems are required. Leading eVTOL companies such as Volocopter,
Uber, Joby Aviation and Archer Aviation have adapted these respective con gurations
into their designs of their aircraft as shown in Figure 1.2.

Another important factor in the consideration of these designs is the noise produced
by the aircraft. As these eVTOL aircraft operate around communities, noise has become
one of the main factors that could limit public acceptance and adoption of these systems.
Therefore, there is a need to nd quieter and more e cient rotor and propeller con gu-
rations for use in UAM concepts. The promising results from recent investigations of
multi-rotor con gurations have garnered signi cant attention in the designs of eVTOL
aircraft. One such con guration is the utilization of a coaxial counter-rotating (CCR)
rotor con guration. Several other manufacturing companies other than those mentioned
above have also adopted the coaxial rotor con guration for their eVTOL vehicles, as
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