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Abstract

Contra-rotating coaxial rotor systems are sometimes used as propulsors for small unmanned aerial
vehicles (UAVs) due to their small planform area, high thrust output, and the low torque they impart
on the airframe. However, these propulsion systems generate significant levels of noise which is
primarily due to the multitude of ‘interaction tones’ which they produce. These interaction tones occur
at the sum of harmonics of the blade passing frequencies of each rotor and are produced by the
periodic unsteady loading on the rotor blades caused by their interaction with the periodic unsteady
flow produced by the adjacent rotor. This thesis describes a detailed investigation into these
interaction tones.

This thesis presents two methods for predicting the unsteady periodic loading on the rotor blades. The
first method uses loading data directly taken from computational fluid dynamics (CFD) simulations,
whilst the second method is semi-analytic and predicts the unsteady loading due to the bound
potential field produced by the adjacent rotor interacting with the rotor. A novel frequency-domain
method is also presented for directing calculating the far-field sound radiated from the rotor system.
Predictions made using these methods agree well with experimental measurements made in an
anechoic chamber. The agreement of the predictions made using the CFD and the semi-analytical
model suggests that bound potential field interactions are a significant cause of the interaction tones.

Several methods for attenuating these interaction tones are explored. The effect of skew angle on the
interaction tones is investigated using the prediction methods presented in this thesis. The prediction
methods also correlate well with experimental data for various skew angled blades. It is shown that
skew angle can reduce the level of the interaction tones significantly without compromising
aerodynamic performance. Secondly, the effect of cropping the bottom rotors on the interaction tones
is explored. Cropping the bottom blades can have a minor effect on the radiated noise. Lastly, the
effect of changing the pitch angle of the bottom blades on the interaction tones is explored.
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1. Introduction

1.1 Motivation

Unmanned aerial vehicles (UAVs) using multirotor propulsion systems have become increasingly
popular in recent years due to their affordability and versatility. Colloquially referred to as “drones”,
these vehicles provide a stable platform in the air where a variety of equipment such as cameras and
microphones can be mounted. Due to their utility in many industries, new and useful applications for
drones have developed rapidly. The rotors used to provide thrust to the UAVs can be arranged in a
variety of configurations. Typically, vertical take-off and landing (VTOL), multirotor UAVs use 4, 6
or 8§ rotors mounted in the same plane and distributed around the UAV. A drone typically uses several
single rotors as its propulsion system. An alternative or perhaps a better rotor arrangement to this is
the contra-rotating coaxial rotor configuration. This arrangement uses two rotors which are mounted
coaxially, but which rotate in opposite directions.

The main benefit of using contra-rotating rotors on UAVs is the additional thrust that they provide
without increasing the planform area of the rotor system. An additional benefit is that the net torque
imparted on the airframe by a contra-rotating rotor system is typically significantly lower than an
equivalent single rotor, which provides more stability. The additional rotor can also provide
redundancy in case of the failure of one rotor.

A potential disadvantage of contra-rotating rotor systems is the generally higher levels of noise which
they produce in comparison to equivalent single rotors. This is attributed to the interaction tones
produced by the periodic loading on the rotor blades caused by their interaction with the unsteady
periodic flow from the adjacent, contra-rotating rotor. Prior to the start of the work described in this
thesis, there had been little work done investigating the physical mechanisms responsible for the noise
produced by contra-rotating rotor systems for use on small UAVs.

The noise produced by a subsonic UAV rotor is primarily due to the thickness and loading noise
sources on the surface of the rotor blades. The interaction tones produced by a contra-rotating system
are caused by the periodic unsteady loading on the rotor blades due to their interaction with the flow
field produced by the adjacent contra-rotating rotor. Therefore, this work focusses on analysing the
unsteady aerodynamics which generates this unsteady loading in order to explain how these
interaction tones are produced. Although previous work has been done on contra-rotating rotors for
aeroplanes and helicopters, the rotors used on UAVs are relatively small and slow moving compared
to those used on larger aircraft — which makes this problem unique.

1.2 Background

This chapter presents a review of previous research work relevant to the tonal noise produced by
contra-rotating UAV rotor systems. This includes a brief review of work investigating the
acroacoustics and aerodynamics of small UAV propellers as well as work done on the aeroacoustics
of other contra-rotating propulsion systems such as helicopter rotor systems and the contra-rotating
propeller designs intended for use on large, fixed wing aircraft (which are often referred to as “contra-
rotating open rotors”, “advanced open rotors”, or ‘“contra-rotating unducted fans”). Section 1.2.4
presents a review of recent work done by other investigators on the noise produced by contra-rotating
UAV rotor systems and sections 1.2.5 and 1.2.6 present an overview of the experimental and
numerical methods which can be used to investigate UAV rotor noise.

It should be noted that there are similarities and differences between contra-rotating rotors used on
aircraft, helicopters, and multi-rotor UAVs. In particular, the differences in the size of the rotors and
the speeds at which they operate means that the aerodynamics and resulting noise produced by small



UAYV propellers are somewhat different to those of large acronautical propulsors (with these typically
operating at much higher Reynolds and Mach numbers). The solidity and number of blades used on a
UAV propeller are also typically much lower than those of a contra-rotating open rotor design. The
Reynolds number of a helicopter rotor based on blade chord-length and speed at a radius equal to 75%
of the tip radius is typically in the order of 10° compared to 10* for the equivalent location on small
UAV rotor blades at a typical operating condition. It is therefore expected that the boundary layer on
the surface of the helicopter blades will be turbulent, while the boundary layer on the surface of a
UAYV rotor blade may be laminar or transitional during operation. In addition, helicopter rotors
commonly operate with tip Mach numbers of 0.7 — 0.8 which means that the compressibility of the
flow must be considered. On the other hand, UAV rotors typically operate with tip Mach numbers
less than 0.3 and thus the flow can be treated as being incompressible for the purposes of
aerodynamic analysis. Lastly, typical UAV propellers have 2 or 3 thin blades with small chord-
lengths and thus these propellers typically have low solidity, whereas modern rotor designs for fixed
wing aircraft can have 10 blades or more and relatively high solidity. It is therefore expected that
there will be some differences between the aerodynamics and noise generation mechanisms which
are important for the different propulsor types. Nevertheless, these examples should provide some
insight.

1.2.1 Noise produced by single subsonic rotors

The sources of noise produced by a propeller can be divided into tonal (deterministic) and broadband
(non-deterministic) components [1]. For a subsonic propeller, the tonal components can include
thickness noise, steady loading noise, and periodic loading noise. The non-linear quadrupole sources
in the flow around transonic and supersonic propellers also produce significant levels of noise for
those cases. However, that noise source is not relevant to UAV propellers and is not discussed further
here.

Thickness noise is caused by the displacement of the surrounding air by the rotor blade. Steady and
unsteady loading noise is due to the steady and unsteady stresses exerted on the fluid by the rotor
blade surface. In the case of a single helicopter rotor in forward flight, periodic loading occurs due to
the change in velocity of the blade relative to the air as it simultancously rotates and translates
through the air and because of interaction of each propeller blade with the tip vortex from the
preceding blade. The former source can become impulsive in nature when the tip speed of the blade
is transonic in which case it is referred to as high-speed impulsive noise.

Zawodny et al. [1] investigated the thickness and steady loading noise produced by a single
conventional UAV propeller using computational methods. This investigation included the use of an
unsteady Reynolds-averaged Navier Stokes (URANS) computational fluid dynamics (CFD) code to
estimate the steady loading on the blade surfaces. This loading data was fed into an acoustical
analogy method [4] based on the Ffowcs-Williams and Hawkings equation which was used to
compute the acoustic pressure time histories at defined observer locations due to the steady loading
and thickness noise sources. Predictions were also made using loading data calculated from a blade
element theory code. Sound pressure level predictions made using the two methods were in good
agreement with experimental data for the first and second harmonics of the blade passing frequencies
of the propellers at observer locations close to the plane of the propeller.

Broadband noise is caused by the unsteady stresses on the blade surface due to turbulent flow. This
turbulent flow can come from different sources including turbulence in the atmosphere, turbulence
from the wake of the preceding rotor blade, and turbulence in the boundary layer and near-wake
adjacent to the rotor blades. Noise produced by these mechanisms is often referred to as turbulence
ingestion noise, blade-wake interaction noise, and blade self-noise, respectively.



Nardari et al. [2] have found that turbulence ingestion noise produces a significant number of ‘quasi-
tonal’ peaks in the sound pressure level spectrum which occur at harmonics of the BPF. The ingested
turbulent structures are tilted, stretched, and elongated in the axial direction. This means that a single
turbulent eddy can be ‘chopped’ multiple times by the propeller causing unsteady blade loading
which is correlated over several blade passages. Nardari et al. [2] predicted the noise produced by a
UAV propeller installed in an anechoic chamber using a computational method and drew
comparisons with experimental results. They identified that flow confinement effects within the
anechoic chamber could be significant and lead to high levels of turbulence ingestion noise. If the
turbulent eddies ingested by the propeller are not sufficiently long in the axial direction to be chopped
multiple times by the propeller blades, then turbulence ingestion will produce broadband noise [3,4].
Glegg et al. [4] have developed a theoretical model for the prediction of turbulent inflow noise using
a time domain approach. The comparison between measured and predicted spectra showed good
agreement and they claim that the time domain calculations were much faster than the equivalent
computations based on a frequency domain method.

A number of methods have been developed for predicting blade-wake interaction noise. In particular,
Glegg [5] developed a model which utilised a turbulent vortex model to represent the wake of the
preceding blade and then implemented a method similar to that used for theoretical turbulent inflow
noise prediction methods to calculate the radiated noise field.

Aerofoil self-noise is generated by the pressure fluctuations in the turbulent boundary layer and wake
of the aerofoil being scattered by the acrofoil surface (principally the surface close to the trailing
edge). Types of self-noise include turbulent boundary layer trailing edge noise, separation-stall noise,
laminar boundary layer vortex shedding noise, tip vortex formation noise, and trailing edge bluntness
vortex shedding noise. Brooks, Pope and Marcolini [6] present an empirical model for predicting the
self-noise produced by a NACA0012 aerofoil operating at different angles of attack and Reynolds
numbers. This model was developed using a comprehensive dataset obtained from wind tunnel
experiments. They also describe how the model can be applied to predict the noise from a rotor and
present comparisons of the predictions made using this approach with experimental data. Zawodny et
al. [1] have used this approach to calculate the self-noise produced by a single UAV propeller. It is
important to note, however, that the method assumes that the rotor blade sections produce similar
levels of self-noise in comparison to those produced by a NACA0012 aerofoil — which is likely to be
a poor assumption. Nevertheless, this prediction method provides insight to the prominent broadband
noise source mechanisms of UAV propellers. Zawodny et al. were able to use this method to show
that the turbulent boundary layer trailing edge noise was the prominent broadband noise source for
single UAV propellers at high frequencies.

1.2.2 Noise produced by horizontal-axis contra-rotating propellers

Contra-rotating propellers will also produce interaction tones caused by the periodic unsteady loading
on the rotor blades due to their interaction with the flow field from the adjacent propeller. The
unsteady loading on the rear propeller is caused by its interaction with the wakes, tip vortex and
bound potential field of the front propeller. The unsteady loading on the front propeller is due only to
its interaction with the bound potential field of the rear propeller [7].

Hanson [8] and Parry [11] present frequency-domain methods for calculating the sound pressure of
particular interaction tones. Parry presents methods for calculating the unsteady loading caused by
the viscous wake interaction with the rear propeller and the bound potential field interactions for both
propellers. Magijji et al. [9], Kingan and Self [10], and others (e.g., [11-14]) have presented methods
for calculating the unsteady loading due to the tip vortex from the front propeller interacting with the
rear propeller.

Blandeau and Joseph [15] investigated the broadband noise due to the interaction of the turbulence in
the front propeller wake with the rear propeller of a contra-rotating open rotor. They conducted a
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parameter study investigating the effect of blade number, rotor-rotor gap and rotor speeds on the
broadband noise level. Based on the theoretical model developed by Blandeau and Joseph, Kingan
[16] developed an extended model which could be applied to calculate the noise produced by the
interaction of the turbulent wake from an upstream pylon with a propeller.

Parry et al. [17] investigated the relative importance of the tonal and broadband noise produced by a
model-scale contra-rotating open rotor. They found that the broadband noise was an important
contributor to the total noise level for the particular design and operating conditions they investigated.
Kingan et al. [18] compared predictions of the noise produced by the same model-scale open rotor
with measurements. The predictions were made using an analytical method in which the radiated
noise was calculated using a frequency domain method similar to that of Hanson and Parry, with the
blade loading calculated using unsteady 2D aerofoil theory. The method required estimates of the
steady loading (lift and drag) on the propeller blades and the induced flow (swirl and induced axial
velocity) produced by the propellers. These were estimated by both a “strip-theory” method and
steady Reynolds-averaged Navier Stokes (RANS) CFD simulations. The predictions showed modest
agreement with the measurements. This was attributed to errors in the unsteady loading predictions
either due to the accuracy of the steady aerodynamic predictions or inaccuracies of the analytical
prediction methods.

Noise can also be predicted by using unsteady CFD simulations to directly predict the periodic
unsteady loading on the blades of the propellers and an acoustic analogy approach to calculate the
radiated noise field. Such an approach is computationally intensive but has been used by a number of
researchers e.g. refs. [19-21]. An intermediate approach is described in ref. [19] in which unsteady
CFD is used to calculate the unsteady flow field produced by the front propeller and then analytical
methods are used to calculate the resulting unsteady loading on the rear propeller blades and the
radiated sound pressure field.

A number of recent theoretical studies [20-24] on the interaction tones produced by large horizontal-
axis contra-rotating propeller systems, suggest that significant reductions in noise may be produced
by using curved — or ‘swept!” — blades. For example, Kingan & Parry [22] presented asymptotic
formulae for predicting the sound pressure level of the interaction tones produced by the unsteady
loading on the downstream propeller due to its interaction with the wake from the upstream propeller
(which is assumed to be the dominant noise source for these engines). These formulae are simple
algebraic expressions which can be calculated with little computational expense, and which explicitly
show the dependence of the radiated noise on the geometry of the propellers and the operating
condition. In a subsequent paper, Kingan & Parry [23] used the asymptotic formulae to investigate
the effect of sweeping the downstream propeller blades and showed that as the sweep increases past a
critical point, the level of an interaction tone decreases very significantly. Kingan & Parry [24]
investigated this effect further using a time-domain analysis. They showed that ‘sweeping’ the
downstream propeller blades caused a lag between the times that the wake from an upstream
propeller blade impacted on the leading-edge of a downstream propeller blade and that this in turn
could produce a lag between the times at which the impulsive noise generated at different radii
reached an observer location. This ‘de-phasing’ could result in a total acoustic pressure impulse of
much lower amplitude compared with that produced by a propeller system with straight blades. They
noted that in order to obtain noise reductions at all observer locations, the leading-edge sweep must
be large enough so that the trace velocity of the wake centreline across the leading edge of the
downstream rotor blades is subsonic. This ensures that the peak acoustic pressure of the impulses
generated at different radii never occur at the same time at any observer location.

' Sweep is defined as the distance the mid-chord location of a blade section is offset from the pitch-change axis
along the helical path of the blade.



Although the aerodynamics of horizontal contra-rotating propellers for an aircraft differs from a UAV
contra-rotating propeller, the noise generation mechanisms described here should be similar. The
challenge for the work presented in this thesis was to correctly identify which sources are important
for contra-rotating UAV propellers and to develop methods for predicting the unsteady loading
caused by them and the resulting interaction tones.

1.2.3 Noise produced by coaxial helicopter rotor systems
In this section, a review of studies investigating the noise produced by coaxial helicopter rotors is
presented.

Walsh et al. [25] investigated the noise produced by a coaxial, contra-rotating helicopter rotor system
in highspeed forward flight. Loading noise was found to be dominant for observer locations away
from the rotor plane. This loading noise included the noise produced by the impulsive loading caused
by blade vortex interaction within each rotor, rotor-wake interaction between the two rotors or
“aerodynamic interference” caused when the rotors crossed each other.

Kim et al. [26] numerically computed the loading and thickness noise produced by the blades of a
contra-rotating helicopter rotor system using Farassat’s formulation 1A. They found that the noise
level produced by the lower rotor was significantly higher than that from the upper rotor over the
entire frequency range. They attributed this to the strong unsteady loading on the blades of the lower
rotor due to their interaction with the tip vortices of the upper rotor. In a separate study [27], they
investigated the effect of changing the axial gap between the two rotors and found that increasing the
gap by 30% resulted in a marginal decrease (3dB) in the noise produced by the rotor system. This
was expected as the tip vortex strength remains relatively unchanged as it propagates downstream
over the different separation distances investigated. A similar study was reported in Kim et al. [28].
Yoon et al. [29] conducted a URANS simulations of the contra-rotating rotors used on an XV-15
helicopter. They found that the fuselage beneath the rotors distorted the trajectory of the tip vortices
from the rotors and that the vortices from the upper rotor convects radially inwards before impinging
on the lower rotor. This vortex interaction produced unsteady loading on the lower rotor which
produced impulsive noise.

Barbely et al. [30] investigated the aerodynamic interactions of coaxial rotors using CFD simulations.
In order to understand the aerodynamic interactions occurring at a particular radius, they also
considered a simplified two-dimensional case in which two aerofoils translate past each other in
opposite directions. Simulations of the simple case clearly demonstrated the impulsive loading which
occurred on each blade as it passed the other. As the distance between the aerofoils increased, the
magnitude of this impulsive loading on both rotors decreased significantly — which suggests that
bound potential field interactions were the significant cause of this loading.

The studies described above investigating the noise produced by contra-rotating helicopter systems
all used numerical approaches to investigate the noise. These investigations typically use Farassat’s
formulation 1A to calculate the radiated noise source using the unsteady loading from a CFD solution
as input. These studies were able to identify the contribution the loading on each rotor made to the
total noise level. A similar approach can be used to study the aerodynamics and noise produced by a
contra-rotating UAV rotor system. Although, the Mach number and Reynolds number characterising
the flow through a UAV rotor system are significantly different to those of a helicopter rotor system,
the underlying fundamental aerodynamic characteristics such as the bound potential field and tip-
vortex are present for both systems. The importance of the bound potential field interactions could be
investigated by considering the simplified 2D aerofoil interaction case similar to that simulated by
Barbely et al. [30].



1.2.4 Noise produced by contra-rotating UAV rotor systems

The cause of the periodic unsteady loading on the blades of a contra-rotating UAV rotor system has
been investigated by Lakshminarayan and Baeda [31] who report an experimental and numerical
study on the aerodynamics of a micro-scale contra-rotating UAV rotor system operating at different
rotational speeds and with different rotor spacings. They found that an impulsive force occurred on
both rotors when the blades were close to being aligned, but that the impulsive force on the bottom
rotor had slightly different characteristics to that acting on the top rotor which they attributed to the
impingement of the wake and tip vortex from the top rotor. They also observed that the magnitude of
the fluctuating force on the top rotor decreased with increasing rotor spacing. However, the magnitude
of the fluctuating force on the bottom rotor initially decreased with increasing rotor spacing, but then
increased at larger spacings which was also attributed to the interaction of the bottom rotor with the
tip vortex and wake from the top rotor. Shukla and Komerath [32] have experimentally investigated
the low Reynolds number coaxial rotor flow field including aerodynamic interactions and their effect
on the performance. They used high-speed stereo particle image velocimetry (SPIV) to capture the
evolution of the wake. Through this, they found that the wake from the upstream propeller impinges
on the downstream propeller.

A recent study by McKay et al. [33] experimentally investigated the noise produced by a contra-
rotating UAV rotor system and presented a simple theoretical model for predicting the radiated
acoustic pressure (based on previous work by Hanson [8]) which was used to interpret the results
obtained from their experiments. It was observed that the amplitude of the interaction tones generally
decreased when the spacing between the rotors increased — although the rate of decay was dependent
on frequency. The far-field acoustic pressure measured at a position on the axis of rotation of the
rotors was used to estimate the total unsteady loading on the rotor blades, the magnitude of which was
also observed to generally decrease with increasing rotor spacing. Although the exact causes of this
unsteady loading were not investigated in detail, they suggested that the rapid decay of the unsteady
loading and tone amplitudes with increasing rotor spacing indicated that the unsteady loading was
primarily caused by bound potential field interactions. Chaitanya et al. [34] conducted a study
investigating the effect of rotor separation distance on the noise produced by a contra-rotating rotor
system. Similar to McKay et al. [33] they found that interaction tones dominated the noise spectrum.
Additionally, they showed that the bound potential field interactions are the dominant source of tonal
noise when the axial gap between the contra-rotating rotors was small. At much larger spacings, the
interaction of the tip vortex and wake with the lower rotor becomes the dominant source of tonal noise.
Torija et al.[35] made use of the same experimental data set as that reported in Chaitanya et al. [34] to
investigate the variation in various psychoacoustic metrics with rotor spacing. Zhong et al. [36]
presented a noise prediction method for contra-rotating UAV rotors. The steady aerodynamics of both
rotors was calculated using a blade element and momentum theory approach and this was used as
input to an analytical method for calculating the unsteady loading on the rotor blades due to their
interaction with the bound potential field produced by the adjacent rotor. This analytical method
modelled the bound potential field of each rotor at a given radius using a series of point vortices. A
time-domain method was then used to calculate the radiated acoustic pressure. The model produced
predictions which compared well with experimental measurements.

1.2.5 Experimental methods

In this section, references which report experimental measurements of the noise from UAV propellers
are reviewed. There are three different methods which researchers have used to measure the noise of
UAVs: outdoor flight testing, testing the UAV in an anechoic chamber, and testing a single propeller
in an anechoic chamber.



Outdoor flight testing of UAV noise has been reported in Cabell et al. [37], Kloet et al. [38] and
Hioka et al. [39]. Flight testing outdoors allowed these researchers to measure the sound level emitted
by a UAV in operation. Although these studies all used test locations which were well away from
residential areas to avoid any disturbances to noise measurements, they found that not all flights
produced quality acoustic data [37,38]. Kloet et al. [38] encountered high background noise levels
from wildlife (birds made noise with peak levels of approximately 80 dBA) whereas Cabell et al. [37]
found that repeatability was an issue due to unsteadiness and errors in the flight path of the UAV
(which were operated by a human pilot).

A number of researchers have measured the noise from UAVs either flying in an anechoic chamber
or mounted on a pole with multiple rotors operating in an anechoic chamber. Such studies are
reported in Intaratep et al. [40], Lu et al. [41], Feight [42] and Tinney et al. [43]. The common
motivation of these studies was to investigate the effect of multi-rotor interactions and the
relationship between the number of rotors and the noise which was produced. These studies did not
solely focus on the fundamental noise sources but rather investigated the characteristics of the overall
noise produced from multirotor UAVs and aerodynamic parameters such as thrust. Intaratep et al. [40]
observed that as the number of propellers operating at once doubled, the sound pressure level at most
observer locations increased more than 3 dB. This non-linear increase suggested that the interactions
between the propellers must have been significant.

Researchers have also measured noise from a single UAV propeller mounted in an anechoic chamber.
These investigations provide detailed measurements of the noise produced by UAV propellers
operating in a hover condition. Zawodny et al. [1], Vieira et al. [44], Stephenson et al. [45], and
McKay et al. [46] all present such measurements. Vieira et al. [44] notes that noise from the electric
motors which drive their propellers can be dominant at high frequencies. This was also observed by
McKay et al. [46]. In order to reduce the noise produced by the electric motor in their tests, McKay et
al. enclosed the electric motor in a thick steel enclosure. They verified that the enclosure reduced the
electric motor noise to at least 10 dB lower than the propeller noise at most frequencies by measuring
the vibration of the enclosure using a laser Doppler vibrometer and then calculating the sound
radiation using the boundary element method [47]. Stephenson et al. [45] identified that recirculation
effects could produce turbulent inflow noise which could significantly enhance the amplitude of the
tones which occur at the harmonics of the blade passing frequency (BPF). These tones increase in
level a short time after the propeller is started — which is attributed to the recirculation effect
becoming established. McKay et al. [48] conducted similar measurements of the noise produced by a
UAYV propeller in an anechoic chamber. However, they found that the level of the tones did not
significantly change with time. They instead suggested that the high frequency tones could have been
produced by the unsteady rotational motion of the propellers driven by the electric motor. Whelchel
et al. [49] conducted an experimental study of four commercially available UAV propellers in an
anechoic chamber and outdoors in order to assess the recirculation effect. They found that the level of
the BPF tones increased slightly with time during testing in the anechoic chamber. However, these
tones were still present during testing outdoors and the level of these tones was relatively constant
with time. Thus, the cause of these tones which occur at harmonics of the BPF is still unknown, but
(given that the level of the tones appears to be affected by recirculation within the anechoic chamber)
they are likely to be caused by turbulent inflow onto the propellers. To mitigate recirculation effects
within an anechoic chamber, Whelchel et al. [49] investigated the use of upstream turbulence screens.
However, the results of these tests were inconclusive. Whelchel et al. [49] showed that there was
good agreement between the polar directivity of the overall sound pressure level (OASPL) and sound
pressure level (SPL) of the first two blade passing frequency harmonics measured in the indoor and
outdoor experiments.



1.2.6 Numerical methods

Glegg et al. [50] states that loading noise can be predicted using an acoustic analogy method with
loading on the source integration surface calculated using incompressible CFD simulations, provided
that the acoustic wavelength is much larger than the characteristic dimension of the surface. The
UAV propellers considered in this thesis have chord-lengths which are typically not larger than 4 cm.
Therefore, it should be fine to use data from incompressible CFD simulations to predict aeroacoustic
noise at frequencies much lower than 8500 Hz at standard atmospheric conditions. In this project, the
frequency range of interest is only up to approximately 2500 Hz (approximately 25 times the BPF of
the propeller). This suggests that incompressible CFD combined with an acoustic analogy method is
appropriate for modelling the noise produced by UAV propellers.

However, one of the challenges of using CFD to predict the aerodynamics and sound produced by a
UAYV propeller is related to the capability of predicting the correct transitional turbulent flow
behaviour within the boundary layer on the propeller surface. Compared to large horizontal axis
propellers, UAV propellers operate at a low Reynolds number, typically less that 10° (based on the
chord length and local flow speed relative to the blade). In this flow regime, the boundary layer may
transition from laminar to turbulent and capturing this behaviour is challenging.

Casalino et al. [51] proposed a benchmark case for low Reynolds number propeller acroacoustics.
They conducted experiments and numerical simulations of low Reynolds number propellers. The
rotational tip Mach number was 0.139 and the Reynolds number based on the rotational velocity and
the blade chord at 85% of blade tip radius was about 50,000 for the case they investigated. The
numerical model predicted transition on the suction side of the propeller blades and not on the
pressure side.

There are a number of methods available for calculating the flow around an aerofoil at low Reynolds
numbers (and particularly the boundary layer flow). For example, Castelli et al. [52] undertook a
numerical investigation of the flow over a NACA 0012 aerofoil at a Reynolds number of 360,000
using Ansys Fluent. Their simulations showed laminar to turbulent transition in the aerofoil boundary
layer and their predictions showed good agreement with predictions made using XFOIL. Transition
was predicted using the Gamma-theta model [53,54] implemented in FLUENT. This model has been
validated for a significant number of test cases for turbomachinery and aerodynamic applications
including transition on an aerofoil. Castelli et al. [52] found that the gamma-theta model predicted
transition on the suction side of the aerofoil slightly downstream of the location predicted using
XFOIL for low angles of attack.

In addition to using an appropriate transition model, to correctly model the flow within the boundary
layer, great care needs to be taken to use an appropriately sized mesh. One effective method of doing
this for propeller simulations is to utilize an overset/chimera mesh. An overset mesh typically
contains the body of interest such as a propeller blade which is superimposed on a background mesh
containing the surrounding geometry. A mapping between both meshes is used to generate a
composite domain on which the flow is solved. The overset method makes it easy to model objects in
relative motion and simplifies the generation of the mesh [55]. Structured meshes are often used for
the background mesh which leads to simulations which require less computational cost.

Diaz et al. [56] conducted a high-fidelity simulation of a multi-rotor UAV using a CFD method
which employed the overset mesh method. The rotor blade geometry was a T-Motor P15x5 CF blade
which is the same used for many of the simulations and experiments reported in this thesis. The
overset grid around the propeller blades allows a high-resolution mesh close to the blades with
appropriate resolution in the chord-wise direction near the aerofoil’s leading and trailing edges and
with the first node point adjacent to the blade surfaces having a y+ value of less than one.
Lakshiminarayan et al. [57] also used this technique in their simulations of micro-scale coaxial rotors.



Their CFD simulations utilised two overset meshes for the rotors (one for each rotor), two nested
contra-rotating background meshes, and two cylindrical outer background meshes.

Chan et al. [58] describe a process for ensuring best practice when using an overset method. Mesh
generation can be divided into four main steps: geometry processing, surface-grid generation,
volume-grid generation, and domain connectivity. They emphasize the significance of geometry
processing. Minor geometric flaws may cause local pressure variations but may not affect integrated
forces and moments. Major flaws which include missing geometric features can produce incorrect
solutions and have serious problems if they are not detected.

A comparative study has been conducted for different overset grid solvers between Openfoam, Star-
CCM+ Ansys-Fluent by Chandar et al. [55]. Results are presented for steady and unsteady flows in
2D and 3D. It was found that all codes were in reasonable agreement for most problems but failed to
produce identical results in certain situations — especially for unsteady flows. It is believed that these
differences were due to the different interpolation methods used in the various algorithms.

1.2.7 Summary

There has been relatively little research investigating the aeroacoustic noise produced by contra-
rotating UAV propellers. However, there is a wide body of literature relating to the aeroacoustics of
helicopter and aircraft contra-rotating rotors/propellers which provides insight into the possible noise
generation mechanisms and methods for exploring these. This thesis will focus on exploring the
physical mechanisms by which the interaction tones produced by these systems are generated. These
interaction tones are caused by unsteady loading on the rotor blades due to their interaction with the
unsteady periodic flow from the adjacent rotor. The unsteady flow incident on the top rotor is
produced by the bound potential field of the bottom rotor, whilst the unsteady flow incident on the
bottom rotor can be thought of as consisting of the sum of a bound potential field, tip vortex and
viscous wake from the top rotor.

Many of the studies investigating the noise from contra-rotating helicopter rotors were numerical.
These employed CFD methods to predict the unsteady blade loads and visualise the flow and FW-H
solvers were used to predict the radiated noise. Studies investigating the noise produced by contra-
rotating open rotors and contra-rotating UAV rotors used analytical, experimental, and computational
methods. Several of the studies of contra-rotating helicopter rotor systems showed that the interaction
of the tip vortex from the top rotor with the bottom rotor was an important source of noise for those
cases. This was also shown to be important for contra-rotating UAV rotor systems when the spacing
between the rotors was large. For contra-rotating rotor systems with a small spacing between the
rotors (both UAVs and large open rotors), the bound potential field interactions were shown to be
dominant sources of noise. The interaction of the viscous wake from the front rotor with the rear rotor
was also shown to be the dominant noise source for contra-rotating open rotors with relatively large
spacings between the rotors.

A number of experiments have been conducted in which the noise produced by UAV propellers has
been measured in an anechoic chamber. Recirculation in the chamber may cause enhancement of the
BPF harmonic tones which these propellers produce. However, this thesis will focus on the interaction
tones produced by contra-rotating rotor systems which occur at frequencies corresponding to the sum
of integer multiples of the BPFs of each rotor. These tones are also expected to dominate the noise
spectrum. Thus, experimental testing of contra-rotating UAV rotor systems in an anechoic chamber is
an appropriate method for measuring the noise produced by these systems.

The literature shows that incompressible CFD can be used to accurately model the noise generated by
UAV propellers. However, modelling the flow over a low Reynolds number propeller is difficult —
with these difficulties related to the ability of the CFD solver to accurately capture the transitional
flow within the boundary layers on the rotor blades. Therefore, an appropriate turbulence model and
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mesh technique must be used. This literature review has identified that the gamma-theta turbulence
model and the overset grid technique are appropriate methods for simulating a contra-rotating UAV
rotor system.

1.3 Objectives

The general aims of this thesis are to further the understanding of the physical causes of the
interaction tones produced by a contra-rotating UAV rotor system and to use this understanding to
reduce the level of these tones. The objectives outlined below contribute towards these goals.

1. Identify the physical mechanisms that generate these interaction tones.

The interaction tones produced by a contra-rotating UAV rotor system are caused by the periodic
unsteady loading on the blades. Several studies have identified that the bound potential field
interactions and tip vortex interactions are important causes of this loading. The importance of these
sources for the rotor systems investigated in this work needs to be established.

2. Develop prediction methods for the interaction tones produced by a contra-rotating UAV rotor
system.

This objective first requires the unsteady loading on the blades of a contra-rotating UAV rotor system
to be accurately calculated. This is done using computational fluid dynamics simulations and
analytical modelling. Both frequency- and time-domain acoustic analogy methods are used to
calculate the radiated acoustic field.

3. Explore the use of curved blades to reduce the level of the interaction tones produced by a contra-
rotating UAV rotor system.

A number of theoretical studies have shown that blade sweep can be used to reduce the interaction
tones produced by a contra-rotating open rotor. In principle, this technique can also be applied to
reduce the level of the interaction tones produced by a contra-rotating UAV rotor system. This work
will explore the effect of curving, or “skewing”, the blades of a contra-rotating UAV rotor system for
this purpose. This investigation uses numerical and experimental methods to assess the noise
produced by rotor systems with different skewed blades and explores the physical mechanism which
produces the noise reduction.

4. Investigate the effect of cropping the lower rotor on the interaction tones produced by a contra-
rotating UAV rotor system.

Cropping the downstream propeller of a contra-rotating open rotor system has been shown to reduce
the interaction tones produced by tip vortex interactions for that propulsor. The effectiveness of this
technique is explored for contra-rotating UAV rotor systems using experimental and numerical
methods.

5. Investigate the effect of changing the pitch angle of the bottom rotor on the interaction tones
produced by a contra-rotating UAV rotor system.

Bound potential field interactions are a significant contributor to the interaction tones produced by a
contra-rotating UAV rotor system. This bound potential field is primarily caused by the loading on the
rotor blades — which can be altered by changing the pitch angle of the rotor blades. The effect of
varying the pitch angle of the bottom rotor blades on the interaction tones produced by a contra-
rotating UAV rotor system is explored using experimental and numerical methods.

1.4 Thesis outline
This thesis comprises five chapters. A brief outline of each chapter is given below.
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Chapter 2 describes the steps used to develop a validated 3D CFD model of a contra-rotating UAV
rotor system and presents results generated using this method. A semi-analytical model for predicting
the loading on the blades of a rotor system due to the bound potential field interactions is also
presented. A novel frequency-domain acoustic analogy method is used to make noise predictions
using the loading predicted by the CFD simulations and semi-analytical model. The frequency domain
method is validated against a time-domain acoustic analogy method. The predicted sound pressure
levels of the prominent interaction tones are compared with experimental data for a number of
different cases and at different observer positions. The effect of rotor-rotor spacing is also explored.

Chapter 3 explores the effect of blade skew on the noise produced by a contra-rotating UAV rotor
system. It uses the methods presented in chapter 2 to predict the interaction tones produced by rotor
systems with differently skewed blades and validates these predictions by comparison with
experimental measurements. It is shown that blade skew can be used to significantly reduce the level
of the interaction tones with little to no reduction in the aerodynamic performance.

Chapter 4 discusses the effect of blade skew and cropping on the sound pressure level of the
prominent interaction tones produced by a contra-rotating UAV rotor system. This chapter also uses
the prediction and experimental methods presented in chapter 2 to calculate the radiated noise levels.
Some rotor systems with the cropped bottom rotors produce interaction tones with generally lower
levels which is shown to be due to the reduction of the tip vortex interaction effect. In addition, this
chapter explores the effect of changing the pitch angle of the lower rotor blades on the sound pressure
level of prominent interaction tones. The pitch angle and the rotational speed of the top rotor was kept
constant while these parameters for the bottom rotor were varied such that the total thrust was kept
constant. This work was experimental and numerical.

Chapter 5 presents the conclusions and describes recommended future work.
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2. Interaction tone noise prediction, measurement, and analysis

This chapter describes an investigation of the interaction tones produced by two different contra-
rotating UAV rotor systems operating in a hover condition (i.e. there is no airflow through the rotor
systems other than that induced by the rotors). The first system is that considered by McKay et al.
[33]. This rotor system consisted of two 15” diameter ‘15x5” carbon fibre T-motor propellers
mounted in a contra-rotating configuration as shown in Fig. 1. For this system, the top rotor rotated at
580 rad/s whilst the bottom rotor rotated in the opposite direction at 440 rad/s. Tests and CFD
simulations were conducted for this system with the rotors separated by 40 mm and 60 mm in the
axial direction. The second system consisted of two custom-made aluminium hubs with 15” diameter
carbon fibre rotors as shown in Fig. 2. The rotors used in the second setup were custom designed and
have a constant pitch angle of 8 degrees and chord length of 26.6 mm. The section profile was
constant along the blade span with the point of maximum camber located 3.76% of the chord-length at
55% of the chord-length from the leading edge. The maximum thickness was 7.33% of the chord-
length. For this system, the top rotor rotated at 500 rad/s and the bottom rotor rotated at the same
speed in the opposite direction. These rotors were separated by 40 mm in the axial direction.

Computational Fluid Dynamics (CFD) simulations were used to calculate the periodic unsteady
loading on the blades of the rotors and the methods used to produce these simulations are described in
section 2.1.1. Semi-analytical methods for predicting the periodic unsteady loading on the rotor blades
due to the bound potential field of the adjacent rotor are presented section 2.1.2. These methods are
compared with the loading calculated from the CFD simulations in section 2.2 and the primary causes
of the unsteady loading are identified. The method for experimentally measuring the noise and thrust
produced by the rotor systems is described in section 2.3. A frequency-domain method for calculating
the interaction tones radiated from the rotor system is presented in section 2.4. This method is then
applied to predict the noise radiated from the two contra-rotating UAV rotor systems using the blade
loading calculated from the CFD simulations and the semi-analytical models in section 2.5. These
predictions are compared with experimental measurements showing good agreement. The effect of
rotor spacing on the amplitude of the interaction tones is also explored. The conclusions of this
chapter are presented in section 2.6.

Fig. 1 Photograph of the first contra-rotating UAV rotor system mounted in the anechoic chamber.
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Fig. 2 Photograph of the second contra-rotating UAYV rotor system mounted in the anechoic chamber.

2.1 Unsteady loading prediction

In the aerodynamic analysis which follows it will be convenient to introduce a cylindrical coordinate
system with its origin at the centre of the top rotor as shown in Fig. 3. The coordinate system has axial
coordinate x, with positive x upwards, radial coordinate r and azimuthal angle ¢p. The hub of the top
rotor is located in the x = 0 plane and the mid-chord of the reference blade on the top rotor is located
atx = x.1(r) and ¢ = ¢y1(r) at time t = 0. The top rotor has B; blades and rotates at speed , rad/s
in the negative ¢ direction. The mid-chord of the reference blade of the bottom rotor is located at x =
Xep(r) and ¢ = g, () at time t = 0. The bottom rotor has B, blades and rotates at speed Q,rad/s in
the positive ¢ direction. This naming convention is used throughout the thesis where other quantities
associated with the top rotor are denoted by a subscript 1, whereas quantities associated with the
bottom rotor are denoted by a subscript 2. The tip of both rotors is located at radius r = ;.
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Fig. 3 Schematic showing the direction of rotation of both rotors and the cylindrical coordinate system utilised in this
chapter.

CFD simulations of the contra-rotating UAV rotor systems were undertaken in order to accurately
calculate the periodic unsteady forces acting on the rotor blades during operation. For the first rotor
system, two cases were simulated: one with the rotor hubs separated by 40 mm in the axial direction,
and the other with the hubs separated by 60 mm. This section presents a detailed analysis of the flow
and loading calculated from the simulation with the hubs separated by 40 mm. CFD simulations were
also conducted of the second rotor system with the custom-built blades.

2.1.1 Numerical simulation method and data processing

The simulations did not include the geometry of the electric motor or shafts which drove the rotors.
This is warranted here as these features have little effect on the flow through the rotor system —
particularly the periodic loading on the outer sections of the rotor blades — which is primarily
responsible for producing the interaction tones. The simulations utilised the overset mesh method [59]
in which a region around the complex geometry of the rotor blades is meshed using a hexacore mesh
which is then surrounded by a structured background mesh. The component mesh surrounding each
rotor occupied a cuboid shaped region and the mesh was refined such that the y* values of the closest
mesh nodes to the blade surfaces was less than one. Each component mesh was superimposed onto a
cylinder-shaped background mesh which rotated with the component mesh, and which had a diameter
which was slightly larger than the rotor diameter. The rotating domain surrounding each rotor
comprised a component mesh and a background mesh. The top and bottom rotating domains were
separated by a sliding mesh interface. The rotating domains were enclosed within a cylinder-shaped
static domain and the static and rotating domains were separated by a sliding mesh interface. The
static domain had a diameter and height equal to two and three times the diameter of the rotors,
respectively. The top and side surfaces of the static domain were set as a pressure inlet, whilst the
bottom surface was set as pressure outlets.
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The simulations were conducted using Ansys Fluent and solved the incompressible, unsteady
Reynolds-averaged Navier Stokes (URANS) equations utilising the k-w SST turbulence model. The
pressure-based solver was used with the semi-implicit method for pressure-linked equations (SIMPLE)
algorithm [59]. The transient simulation was initialized using the solution obtained from a steady
calculation which used the multiple reference frame model. The time-step size in the transient
simulation was set so that the top rotor rotated 1° per time step. The transient simulation was run until
the total force acting on both rotors was observed to be periodic. The CFD simulations were run on 36
CPUs and each simulation took approximately 30 hours to simulate three full revolutions of the top
rotor.

Fig. 4 presents a visualisation of the flow calculated for the first contra-rotating rotor system with a 40
mm gap between the rotors. This image plots isosurfaces of constant 1, criterion coloured by vorticity
magnitude and clearly shows the tip vortices shed from the rotor tips. Note that these vortices convect
downstream in a helical shape with a small pitch and migrate radially inwards due to the streamtube
contraction through the rotor system.

Fig. 4 Isosurfaces of constant A, criterion coloured by vorticity magnitude calculated from the CFD simulation of the
rotor system with a 40 mm gap between the rotors.

The periodic unsteady loading on the downstream rotor blades is produced by the interaction of these
blades with the bound potential field, viscous wakes and tip vortices shed from the top rotor. In order
to visualise these sources, the fluid velocity on a disc which lay midway between the rotors was
extracted from the CFD simulation of the first rotor system with the rotors separated by 40 mm over a
period corresponding to one revolution of the bottom rotor. The effect of the bound potential field of
the bottom rotor was removed from the simulations using the technique described by Carazo et al. [60]
in which the velocity field is time-averaged in a frame of reference moving with the top rotor. i.e. the
time-average axial velocity in a frame of reference rotating with the top rotor is given by

T

1
T ) = 7 [ e g0, ®

0

where ¢p; = ¢ + Qt is the azimuthal angle rotating with the top rotor and T = 2r/B,(Q1 + Q) is
the time taken for one passage of the bottom rotor in the rotating frame of reference. The function
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u,(r,¢4,t) was calculated from the discrete CFD data using Matlab’s interpolation routines. A
similar expression was used to deduce the average tangential velocity in a frame of reference rotating
with the top rotor, % (7, ¢1).

The time-average axial velocity perturbation in a frame of reference rotating with the top rotor was
then calculated as

Uy (r, 1) = Uy (r, p1) — Uy (1), (2)
where
2n
1
U) = o= | T ddd, ©

0

is the time- and azimuthal-average mean-flow velocity in the axial direction. Equivalent expressions
were used to deduce values for a{l, (r, 1) (the time-average tangential velocity perturbation in a frame

of reference rotating with the top rotor) and Ug(r) (the time- and azimuthal-average mean-flow
velocity in the tangential direction).

Fig. 5 plots contours of ﬂ&, and u, on the extraction plane calculated from the CFD data using these

methods. These results show that the tip vortex produces a strong velocity perturbation in the axial
direction which is evident as the intense blue and yellow spirals close to the blade tip radius. The tip
vortex produces only a relatively minor tangential velocity perturbation. This is expected for a tip
vortex with a small pitch which is the case here. Conversely, the viscous wakes produce a relatively
strong tangential velocity perturbation but a relatively weak perturbation in the axial direction. This is
likely due to the low mean velocity through the rotor system in the axial direction which produces a
wake deficit velocity aligned more closely to the tangential direction than the axial direction. The
bound potential field from the top rotor produces a relatively strong velocity perturbation in both the
axial and tangential directions at azimuthal angles close to the location of the top rotor blades.
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Fig. 5 Contours of ﬁ;, (left) and u), (right) on a disc mid-way between the two rotors calculated from the CFD
simulation. The disc diameter is equal to the rotor diameter.

2.1.2 Semi-analytical prediction method

In this section, semi-analytical models for predicting the unsteady loading on the top and bottom rotor
blades due to their interaction with the bound potential field of the adjacent rotor are presented. The
purpose of this modelling work is to deduce the contribution of the bound potential field interaction
source to the periodic unsteady loading on the rotor blades and thus the interaction tones produced by
the contra-rotating rotor system.

2.1.2.1 Bound potential field due to blade loading

The bound potential field model relies on the assumption that the aerodynamic interaction between
two blades at a given radius r is well approximated by an equivalent ‘unwrapped’ two-dimensional
problem in which two cascades of aerofoils immersed in a uniform flow translate past each other. The
situation is shown in Fig. 6. The top aerofoils have a section profile identical to that of the blades on
the top rotor at that radius whilst the bottom aerofoils have a section profile identical to that of blades
on the bottom rotor at the same radius. The horizontal -axis corresponds to the circumferential
direction (r¢) whilst the vertical n-axis corresponds to the rotor (x) axis.

The top cascade translates in the negative £-direction at velocity 1,7, whilst the bottom cascade
translates in the positive é-direction at velocity ,7. The free-stream velocity is in the negative 7-
direction and has magnitude VV which was estimated from the CFD simulations.
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Fig. 6 Equivalent two-dimensional problem used to model the bound potential field interaction at a given radius.

The bound potential field produced by the lift forces exerted by each aerofoil on the surrounding air is
modelled using thin aerofoil theory [61] in which a vortex sheet is distributed along the aerofoil
chord-line. This requires the introduction of a chord-wise/chord-normal coordinate system, which for
the reference blade of the top cascade is related to the global coordinates by

(§ —$c1) = Xycosfy +Yysingy, (1 —Ne1) = —Xysin By +Y; cos By, (4a,b)
where &4 and 7., are the &- and n- coordinates of the mid-chord of the top reference blade and S, is
the pitch angle of the top blades, which is taken to be aligned with the local mean-flow i.e. tan(B;) =

4 . .
oo The corresponding expressions for the reference blade on the bottom cascade are
1

(§ —$c2) = =Xy cos B, — Y sinf,, (M —1Ncz) = =Xz sin Py + Y, cos B, (5a,b)
where, similar to the assumption made for the top blades, tan(f,) = QLZr
The mid-chord of the top reference blade is located at
§ =81 =—Wrt+ o1, n="MNc1 (6)
where &yq = r¢g1 and .4 = X1 , whilst the mid-chord of the bottom reference blade is located at
§ =82 = M1t + o2, N = Nca (7)

where &y, = r¢y, and 1., = x,. The separation between the mid-chord positions in the n-direction
is denoted g i.e. g =11 — N2 and corresponds to the axial separation between the mid-chord
positions of the top and bottom rotor reference blades at radius r i.e. g = x4 — X¢s.

Parry [62] considers the potential field produced by an array of equally-spaced line vortices. These
vortices each have circulation I' (positive in the anti-clockwise direction) and are separated by a
distance s in the é-direction with the n' (n € Z ) vortex located at § = & + ns and n = 7, where &
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and 7, are the £ and 71 locations of the n = 0 vortex. Eq. 6.3.4 in [62] can be used to deduce the
following expression for the stream-function for such a flow which takes the form

b= (®)
where, forn > 0,
T 2nn 2mn
lpn—EGXP{—IT@—ES)—T|77—Tls|}- 9

Note that ¥_,, = Y. An expression for Y, can also be deduced from the expressions given in [62],
however, this term is not required for the analysis which is presented here.

Thus, the stream-function produced by a cascade of vortex sheets of strength y(X,) distributed along
the chord-lines of the lower cascade blades is given by Eq. (8) with Eq. (9) modified by setting s =

ZBE, replacing T by y(X,) and then integrating the resulting expression along the blade chord-line
2
such that Eq. (9) becomes

Q

72
1 B B
b= | YO e {=i22 € - ) - 22 - milfax,, (10)

4mtn
(%]

2

where Egs. (5) and (7) can be used to deduce that {; = Q,rt + &y, — X, cosf, and ny =1,y —
X, sin 8, and ¢4 (1) and ¢, () are the chord-lengths of the top and bottom aerofoils.

The upwash velocity incident on the chordlines of the blades on the top cascade is given by

0y 0y
= si _—— —. 11
Vg = sinfy an cos By Fr3 1D
Thus, the upwash velocity is given by
VL1 = Z VLino (12)
n=-—oo

where each term in the series has the form of a harmonic velocity perturbation

Viin = Urin exp{iwn,lt - ilI1X1}: (13)
where, forn > 0,
1
~ 1 ¢c;B; . . nB, - >
Vpin = E?TEXP {1.31 + inBy(Poz — Po1) — Tg} f Y2 (X2) exp{—if, X,} dX;, (14)

-1

is the harmonic velocity perturbation amplitude,

nB; ., ¢ nB, ., c,
7., = —= B2 Il = —— —ip2 = 15 b
Uy r e 2 ’ Uz r e 2 ) ( a, )
are dimensionless wavenumbers,
w1 =nBy(Q +Qy), (16)
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. . . . = 2X = 2X . .
is the frequency of the harmonic velocity perturbation, and X; = C—l and X, = =2 are dimensionless

1 C2
chordwise coordinates.

Any vortex sheet distribution can be used in the method. However, for a thin flat-plate aerofoil,

v , (17)

where C , is the section lift coefficient for the bottom aerofoil and Uy, = /(Q,7)? + V? is the mean
flow speed of the bottom aerofoil relative to the air.

Substituting Eq. (17) into Eq. (14) and evaluating the integral (making use of the identity given by Eq.
A7.4.3 in [62]) yields

. i c; B _ o i i nB
Vpin = ECI,ZUrZ ?272 Uo(2) + 11 (2)] exp {151 +inBy (o2 — Po1) — ng} (18)

Parry [62] utilised Kemp’s incompressible blade response function [63] and showed that the unsteady
lift force per unit span acting on a flat-plate aerofoil due to a harmonic velocity perturbation of the
form given by Eq. (10) is
. ~ . _ - .01
Liin EXp{lwn,lt} = 1poC1Ur, UV 1n exp{lwn,l t} [C(U1)Uo () — i1 ()] + lli__jl (H1)] ) (19)
1

where U,, = /(Q,7)% + V2 is the speed of the top aerofoils relative to the mean-flow,

2
H,” (o
Clo) =—— (_ 1)(2) : (20)
H;"(oy) +iH," (01)
is the Theodorsen function, and o; = ;’ZCI is the reduced frequency.
1
Parry [62] suggests that the incompressible blade response function is accurate when (fiI;rl) < 1. For
1

the cases considered in this chapter this is valid forn < 10 at r = 0.7R;.

The same procedure can be used to derive the following expression for the unsteady lift on the
reference blade of the bottom cascade due to its interaction with the potential field produced by the lift
force acting on the aerofoils in the top cascade. The expression for a single harmonic is given by

= . = . 0; =
Ly zn exp{ion t} = mpoc, Ur,VL2n exp{iwn 2t} [C(Jz) Uo(itz) — iJ1(i1z)] +1i ih (#2)] ’ (21)

where wy,; =nB;(Qq +Q,) is the frequency of the harmonic velocity perturbation, U, =

\ (Q,7)2 + V2 is the speed of the bottom aerofoils relative to the mean-flow, ¥ , , is the amplitude
of the harmonic velocity perturbation which for n > 0 is given by

~ 1 ¢ By . . nB; = o=
Vpon = a2 T Cia Uy, exp {—1,32 + inB; (o2 — Po1) — Tg} Uo (1) + /1 ()], (22)
0y = 2n2% is the reduced frequency, C; ; is the section lift coefficient of the top aerofoils, and ji; and

r2

i, are dimensionless wavenumbers which are defined as before but with B, replaced by By, i.e.
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i = nTBleiﬁl (32_1’ iy = nTBle_iﬁZ CZ—Z (23a,b)
The method presented in this section is similar to that presented in chapter 6 of Parry [62], except
extended to include the effect of the vortex sheet distributed along the blade chord-line (rather than
modelling this effect using a single vortex). A similar approach was also adopted by Ekoule et al. [19]
who present a method for calculating the unsteady response of a blade of a contra-rotating open rotor
which takes into account compressibility effects and distributed sources. Note that for the cases
considered in this chapter, this extension produces very similar results to those made using Parry’s
method.

2.1.2.2 Bound potential field due to blade thickness

Katz and Plotkin ([64], Eq. 5.12) show that the potential field produced by the thickness effect of a
thin aerofoil can be represented by a distribution of sources along the chordline of the blade. Utilising
their analysis, the velocity potential produced by the thickness effect of the reference blade on the
lower cascade is given by

Q
N

~ U
¢(§; 77) =

T2
/A

|

S0 |6 - 60 + (- n0e)) e, 21

C2

2

where 7,(X,) is the thickness distribution of the lower aerofoil (which describes the displacement of
the top and bottom surfaces of a blade from its camber-line) and & and 71, denote the £- and -
coordinates of the sources on the blade chord-line — which can be determined using Egs. (4a-b).

The velocity potential produced by the lower cascade of blades can be determined straightforwardly
from Eq. (24) as

09 = Y {5+ 2 nn). (25)

n=—oo

Expressing Eq. (25) as a Fourier series, yields

BEM = ) b, (26)
where, for n > 0,
U H B B
T n n
= " 2m f 72 (X2) exp {—172(5 —&) ——1In _Us|}dX2- (27)

2
2

The upwash velocity incident on the upper blades is given by

0 0
vrq =sinf; % + cos B, % (28)

Following the same procedure used in the previous section, the upwash velocity is given by

[oe]

Ur1 = Z Urin, (29)

n=-—oo
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where each term in the series has the form of a harmonic velocity perturbation

Vran = Dranexp{ion it —ig X}, (30)
where, forn > 0,
1
A Uy, ¢, B, . . nB, , o >
Urin = T2 T exp {1,31 + inB; (o2 — Po1) — 79} f 72(X2) exp{—ijiX,} dX,. (B1)

-1

The unsteady lift response to each harmonic gust is then calculated using the equivalent form of Eq.
(19).1.e.

o
Lr1n exp{iwy 1t} = mpocy Uy, D1 exp{ic, 1t} [6(01) Uo (1) — i/, (1)) + iﬂ_ih (ﬂ1)] . (32)

Following the same procedure to calculate the loading on the bottom aerofoil yields the following
expression which is equivalent to Eq. (21)

~ - = 0 = . O- =
Lran exp{iwmz t} = TpoCUp, Uron exp{lwnz t} [C(Uz) Uo (i) — 11 (i12)] +1i ﬁ—zh (Hz)] ) (33)
2

but with

1

nB _ _
Dron =— oy o SXP {_iﬂz +inB(¢poz — Po1) — Tlg} J‘fi(Xl) exp{—ifl; X;} dX;. (34)
21

The method presented in this section is similar to that presented in chapter 6 of Parry [62], except thin
aerofoil theory has been used to model the thickness effect of the rotor blades rather than modelling
the blades using the potential flow solution for flow over an ellipse. A similar approach was also
adopted by Ekoule et al. [19] who present a method for calculating the unsteady response of a blade of
a contra-rotating open rotor which takes into account compressibility effects and distributed sources.
Note that although the method proposed in this paper for modelling the thickness effect incorporates
the exact thickness distribution of the rotor blades (unlike Parry’s method which approximates the
section profile of the blade as an ellipse), for the cases considered in this paper, the method produces
very similar predictions to those made using Parry’s method.

2.1.2.3 Calculation of velocity perturbation components

These models are used to make predictions of the axial and tangential velocity perturbations produced
by the bound potential field of the top rotor to compare with the velocity perturbations calculated
from the CFD simulation results. Recalling that the - and 7 directions correspond respectively to the
tangential and axial directions, the expressions presented above can be used to deduce equations for
the axial and tangential velocity perturbations produced by the bound potential field of the top rotor.
The axial and tangential velocity perturbations on a plane located at axial position x = x,, are given
by

[0 [0

Uy gp = Z [ﬂ;c,L,n + ﬂ;c,T,n] exp{inB¢1}, ﬂ;b,BP = Z [ﬂ:j),L,n + ﬂ;b,T,n] exp{inB¢1}, (35a,b)

n=—oo n=—oo
where, forn > 0,

— iBy ¢q _ S . nB;
Ux,Ln = r— Ci1Up, Uo (i) + 11(i21)] exp {—de)m T (X1 — xm)}: (36)
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ﬂ;c,T,n = o o 71 (X1) exp{—l,ule} dX1 exp{ inBegy, —
-1

n31

eS| M€ 1)

— =y —7 =
U¢'L'n = lux'L'n, and u¢,‘T‘n = lux‘T‘n.

The lift coefficient distributions along the span of the both rotors were calculated from the time-
average loading due to the pressure stress acting on the rotor blades calculated in the CFD simulations.

Fig. 7 below plots the axial and tangential velocity perturbations produced by the bound potential
field of the top rotor on a disc located mid-way between the two rotors. This plot is similar to Fig. 6
and comparison between the two figures demonstrates the contribution of the bound potential field to
the flow perturbations shown in Fig. 6.

Uy pp(m/s) Uy, pp(m/s)

2
-4

Fig. 7 Contours of ﬁ;,,Bp and U gp on a disc midway between the two rotors calculated using the semi-analytical
models for the bound potential field produced by the top rotor. The disc diameter is equal to the rotor diameter.

N

N

o

2.1.2.4 General calculation procedure

The general calculation procedure is shown in Fig. 8. Firstly, the geometry and rotational speeds of
the top and bottom rotors are specified. The geometry parameters for each rotor include the number of
blades, the tip radius, and the chord-length, thickness, and axial and tangential locations of the mid-
chord along the blade radius. The parameters which vary along the blade span are specified at a
number of radial stations (e.g. 10). The number of Fourier harmonics used in the analysis is also
selected. In the examples considered in this thesis, 10 harmonics is more than sufficient to calculate
the significant interaction tones. The next step is to calculate the steady aerodynamic forces acting on
the top and bottom propellers (and from those the section lift coefficients) and to estimate the average
axial flow velocity through the propeller. In this paper, these are calculated using CFD simulations,
however, a lower fidelity method such as the blade element and momentum method could also be
used instead. Next the amplitude of the harmonic velocity perturbations incident on the reference
blade of each rotor due to the loading on the adjacent rotor are calculated using Egs. (18) and (21).
Note that these expressions assume that the chordwise steady-loading distribution along the blades is
equal to that predicted using thin-aerofoil theory for a flat aerofoil. Alternative loading distributions
could be calculated for different loading distributions using eq. (14) and an equivalent expression for
the bottom rotor. Equivalent calculations are performed to calculate the unsteady loading on the
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reference blades of each rotor due to the thickness sources on the adjacent rotor and then the total

loading is calculated by summing the contributions due to the loading and thickness sources.

Specify the geometry and rotational speeds of the top and
bottom rotors. The blade geometry should be specified at
several radial stations along the span. The number of Fourier
harmonics to be used in the calculation is set.

\4

Calculate the time-average force-per-unit-
span acting and the average axial velocity
at each radial station for each rotor.

\ 4

For each harmonic, at each radial station,
calculate the amplitude of the harmonic
velocity perturbation due to loading
sources (¥, 1 , and ¥y , ,) using Egs. (18 or
14) and (22).

A 4

For each harmonic, at each radial station,
calculate the amplitude of the harmonic
velocity perturbation due to thickness
sources (¥ 1, and Dy , ,) using Egs. (31)
and (34).

v

For each harmonic, at each radial station,
calculate the amplitude of the unsteady
loading on the reference blade due to
loading sources using Egs. (19) and (21).

v

For each harmonic, at each radial station,
calculate the amplitude of the unsteady
loading on the reference blade due to
thickness sources using Egs. (32) and (33).

v

For each harmonic, add the amplitudes of the unsteady
loading on the reference blade due to the loading and
thickness sources to give total amplitude of the unsteady

Fig. 8 Schematic showing the calculation procedure for determining the semi-analytical models.
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2.2 Comparison of the unsteady loading predicted using the CFD and analytical
methods

To analyse the unsteady loading on the rotor blades, the reference blade of each rotor of the first rotor
system was divided into segments along the blade span and the unsteady force acting on each segment
was calculated using data from the CFD simulation of the rotor system with the rotors separated by 40
mm. The average unsteady force per-unit-span was then calculated by dividing this force by the
segment length. This can be compared with the force-per-unit-span distribution calculated using the
semi-analytical models. The thrust and tangential force-per-unit-span exerted by the top rotor
reference blade on the air is calculated as

Fo(rt) = Z E™ () expliogt},  Fy(rt) = Z ™ () explit}, (38)
n=-—oo n=—oo
where w, = nB,(Q; + Q,), ﬁx(n) (r) = =Ly, cos 1, and Fén) (r) = =Ly, sin ;. The lift force-per-

unit-span L,, is calculated by summing the contributions from the bound potential field due to the
thickness and loading sources on the bottom propeller calculated using Eqgs. (19) and (32).

The components of the force-per-unit-span exerted by the bottom propeller reference blade on the air
is also calculated using Eq. (38), but with w, =nB;(Q; +Q,), Fx(")(r) = —Ly,cosfB,, and
F én) (r) = Ly, sin 8,. Here, the lift force-per-unit-span L,, is calculated by summing the contributions

from the bound potential field due to the thickness and loading sources on the bottom propeller
calculated using Egs. (21) and (33).

Fig. 9 plots contours of F,(r, t) for the top rotor reference blade plotted against dimensionless radius
(vertical axis) and dimensionless time (horizontal axis) over a period corresponding to one rotation of
the top rotor. As expected, there are impulses produced by the interaction of the top rotor reference
blade as it passes over each of the blades of the bottom rotor. There is reasonable agreement between
the results predicted by the semi-analytical models and the CFD data.
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Fig. 9 Contour plot of F,(r, t) for the top rotor reference blade plotted against dimensionless radius (vertical axis)
and dimensionless time (horizontal axis). CFD simulation (left), semi-analytical model (right).
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Fig. 10 presents similar results to Fig. 9, but for the bottom rotor. The tip vortex significantly affects
the CFD results on the outer portion of the blade which is not captured by the semi-analytical model.
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Fig. 10 Contour plot of F,(r, t) for the bottom rotor reference blade plotted against dimensionless radius (vertical
axis) and dimensionless time (horizontal axis). CFD simulation (left), semi-analytical model (right).

Fig. 11 and Fig. 12 present ‘pseudocolor’ plots showing the magnitude of Fx(") (r) plotted against
dimensionless radius (vertical axis) and harmonic number (horizontal axis) for the reference blades of
the top and bottom rotors respectively. These results show that most of the unsteady loading is
produced by the first few (low frequency) upwash harmonics and the unsteady loading due to the
bound potential field is strongest close to the tip region where the lift on the adjacent blade is highest.
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Fig. 11 Pseudocolor plot of 201log,, |f‘ S{") (r)l plotted against dimensionless radius (vertical axis) and harmonic
number (horizontal axis) for the top rotor. CFD results (left), semi-analytical results (right).
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Fig. 12 Pseudocolor plot of 201log4o |F§") (r)l plotted against dimensionless radius (vertical axis) and harmonic
number (horizontal axis) for the bottom rotor. CFD results (left), semi-analytical results (right).

2.3 Experiments

Experiments were undertaken in the anechoic chamber at the University of Auckland to measure the
noise produced by the contra-rotating UAV rotor system considered in this paper. The contra-rotating
rotor systems were each mounted on a Honeywell Model 151 S-type load cell which was used to
measure the thrust. The rotors were driven by a custom-made contra-rotating motor unit which
consisted of two T-Motor MN501 motors. The motors were controlled using two T-Motor Alpha
electronic speed controllers (ESCs) powered by a 48V power supply.

The anechoic chamber at the University of Auckland has internal dimensions of 5.3 m X 5.3 m x 5.3
m and has a cut off frequency below 80 Hz. Acoustic measurements were made using 11 G.R.A.S
46AE '4” microphones which were mounted on a C-shaped support structure as shown in Fig. 13. The
microphones were located at polar angles from 0° to 165° in 15° increments. The signals from each
microphone were acquired using a National Instruments data acquisition system (which comprised of
NI9234 modules in an NI ¢cDAQ-9178 chassis). Measurements were taken over a period of 30 s at a
sampling rate of 51.2 kHz
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Fig. 13 Experimental setup showing the rotor system mounted in the anechoic chamber surrounded by G.R.A.S.
46AE '2” microphones mounted on a C-Shaped support structure. The annotations indicate the polar angles of the
microphones.

For the first rotor system, experiments were performed for rotor systems with 28 different rotor-rotor
spacings ranging from 17 mm to 70 mm. The upstream and downstream rotors rotated at constant
speeds of 580 rad/s and 440 rad/s respectively for all tests during which the total thrust produced by
the rotor system ranged from 18.6 N to 19.6 N. These experiments included the cases modelled using
the two CFD simulations with the rotors separated by 40 mm and 60 mm. The experiments for the
second rotor system were performed at one rotor-rotor spacing which was at 40mm and both upstream
and downstream rotors rotated at the same speeds of 500 rad/s. The total thrust produced measured
was approximately 17.6 N. This experiment was also modelled using CFD simulations.

The acoustic pressure measurements were normalised to a distance of 1.5 m from the centre of the
rotor system assuming spherical spreading. The results of these measurements were reported
previously in McKay et al. [33].

2.4. Frequency-domain noise prediction method

Hanson and Parzych [65] show how Goldstein’s acoustic analogy [66] can be used to derive an
expression for the sound pressure produced by the loading sources on the surface of a rotating
propeller. Following their analysis, the acoustic pressure disturbance, p’, at location x and time t,
produced by the unsteady loading exerted by the outer surface of the B, (evenly-spaced and identical)
blades of the bottom rotor on the air is given by

p'(x,t) = Z f f £ (y, 1) - VG (y, T|x, t)dA(y)dr, (39)
b=0 —co 4(b)
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where £®) is the stress exerted by the b blade on the air, A®) i the outer surface of the b blade,
and G is a Green’s function. Note that the observer at x is assumed to be well away from the propeller
blades such that the acoustic pressure is equal to the density fluctuation times the speed of sound in
the ambient air. The Green’s function is given by

R
5(c-—5)

G(y,TlX, t) = T,

(40)

where R = ||[x —y||. This Green’s function neglects the effect of any airflow generated by the
propeller or due to a mean flow. As this study investigates the noise produced by a rotor system
operating in hover, and the airflow speeds generated by the rotor system itself are very low, this is an
acceptable assumption for the situation considered here.

For the acoustic analysis, it is most convenient to use coordinate systems with their origins located at
the centre of the rotor being considered — which is the approach adopted here. The observer position x
is expressed in spherical coordinates such that

X = €,Ry cos Oy + €, Ry sin 6y cos ¢y + €,Ry sin Oy sin ¢y, 41

where Ry is the distance from the origin to the observer position, 8y and ¢y are, respectively, the polar
and azimuthal angles of the observer and &, &,,, and &, are the unit vectors in the x, y, and z

directions. The axial coordinate (x) is colinear with the rotor axis and is defined positive upwards.
The polar coordinate is the angle between the positive x axis and a line between the origin and
observer. The azimuthal angle is measured from the y-axis towards the z-axis. The source location, y,
is expressed in cylindrical coordinates

y = &,xy + &,1,cos py + &,1y sin ¢y, (42)

where xy is the axial (x) coordinate of the source location, 7y is the shortest distance between y and
the rotor axis (i.e. the cylindrical radius of the source location), and ¢y is the azimuthal angle of the
source location. Note that the bottom rotor rotates in the positive ¢, direction.

It will be convenient to utilise a coordinate system, y’, which rotates with the rotor blades and which
is defined by an expression which is identical to Eq. (42), but with ¢y, replaced by ¢, where

2mh
¢y = Qo7 + ¢>}’, ~5 (modulo 2m), (43)
2

where ¢y is the azimuthal angle of the corresponding point on the reference blade (for which b = 0)
attime 7 = 0.

The loading on the reference blade of the bottom rotor will be periodic with period
21

T = EXGETRY The loading can thus be written as a Fourier series
fO(y, 1) = Z £ (y") expfing B, (Q; + Q,)1}. (44)
ny=—o

A point on the b blade on the lower rotor is offset from a corresponding point on the reference blade

. . 27mh . . . . .
by an azimuthal angle of magnitude BL. Because this blade is interacting with a counter-rotating
2

disturbance which rotates relative to the bottom rotor blades at a rotational speed equal to Q; + Q,,
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the loading on the b blade is therefore offset in time from the loading on the reference blade by a

b
and thus

perlod of m

[oe]

5 . . B,
£ (y,7) = z £ (y") exp {mlBl Qq + Q)T —i2nnyb B_} (45)
2

n1=—00

It will be useful to define a temporal Fourier transform

1
p(x,w) = o J p'(x,t) exp{—iwt}dt. (46)

Substituting Egs. (40) and (45) into Eq. (39) and applying Eq. (46) to the result yields

o By-1
1
p(x, w) = 2— 2 exp{ 121'm1 f f f)(y") - VG, (y|x) exp{i[n, B, (Q + Q,) — w]r} dAdt, (47)
1=— b=0 —oo 4(b)
where
Go(ylx) = 22, (48)
and Kk = Cﬁ is the acoustic wavenumber.
0
In the acoustic far-field, as Ry — oo, G,, can be approximated as (see Hanson and Parzyck)
exp{—iKRX + ikxy cos Oy + ikry sin Oy cos(qby - d)x)}
G, ~ . (49)
4R,
The Jacobi-Anger expansion can be used to rewrite Eq. (49) as
exp{—ikR + ikxy cos 6 } - ) _ 8
G, ~ ’:LnRx Y X Z Jn (k7 sin 6y ) exp {m ((;by — g+ E)} (50)

n=-—oo
where J,, (*) is the Bessel function of the first kind.

Substituting Eq. (50) into Eq. (47), making use of Eq. (43), evaluating the integral over T, setting
n — B,n, — ny By, and taking the inverse Fourier transform yields

©  exp {1(» st) —iv (q,’)x - %)}
P = Z > e I (51)
Nny=—00 Ny=—00 X
where
w = TllBl.Ql + nszﬂz, (52)
is the frequency of each term in the double summation,
V= nzBZ - nlBl, (53)

1s the azimuthal wave number of each term in the double summation and
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) ) o )
I=B, J ix cos Oy J, (Kry sin Bx)fx(nl) + Kk sin6y J, (Kry sin Bx)fr(nl) + r_]V (KTy sin Gx)fénl)
y
A0

X exp{i;cxy cos Oy + ivgb}’,} d4, (54)

is an integral of ‘source terms’ over the outer surface of the reference blade (4(*)), and where fx("l),

fr("l), and fdgm) are the axial, radial and azimuthal components of f (1)

Assuming that the phase difference due to sources at different points at the same radius can be
neglected, and that the radial loading terms are sufficiently small that they can also be neglected, the
integral can be written as

Tt
I =8B, f [i;c cos By px(m) (ry) + %Fgl) (ry) Ty (Kry sin BX) exp{ikxy,() cos By + ivd);,’o} dry, (55)
Th

where F"x("l), and F é"l) are the Fourier harmonics of the force-per-unit length exerted by the reference
blade on the air, 7, is the hub radius, and xy o and ¢y, are the values of xy and ¢y at the blade mid-
chord where the ‘acoustic sources’ are assumed to be located.

Note that on-axis (84 = 0° or 180°), for the cases considered in this paper where B; = B,, only tones
for which n, = n, will radiate. It is also assumed that the propeller blades are thin and do not deform
significantly from the x = 0 plane. For that case, the summation over n, is eliminated, and the
expression for the radiated acoustic pressure reduces to

i _ R o
| exp {m131 (Q + Q) (t - c_;)} 2(ny)
p'(xt) = Z iByn, B, (Q1 + Q) 4mR J . oY
Ty Co

ny=-—o A0

where the integral is equal to the Fourier harmonic of the total axial force acting on the reference
blade.

Equivalent expressions can also be derived for the acoustic field radiated from the top rotor. In this
case, the far-field acoustic pressure is given by Eq. (51), but with the coordinates adjusted so that the
origin lies at the centre of the top rotor, and with I defined as

) ) 0 )
I =B, J [i;c cosByJ, (KTy sin Gx)fx(nZ) + Kksin6y ], (KTy sin Gx)fr(nZ) + r_]v (Kry sin Bx)f(;nZ)
y
A)

X exp{i;cxy cos Oy + ivd)}’,} d4, (57)

where the integration is over the outer surface of the reference blade of the top rotor (A(®)), and where
]’c‘ (nz) z(ny)

s fr 2, and fdgnz) are the axial, radial and azimuthal components of f (™2) which is the n, o

Fourier harmonic of the periodic stress on A(©,

Assuming that the phase difference due to sources at different points at the same radius can be
neglected, and that the radial loading terms are sufficiently small that they can also be neglected, Eq.
(57) can also be written as
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Tt
I =B f [i;c cos By Fx(nZ) (ry) + %ng) (ry) N (Kry sin BX) exp{ikxy,o cos By + ivd);,’o} dry, (58)
Th

where, similar to before, xy o and ¢y, are the values of xy, and ¢y at the blade mid-chord (this time of
the top rotor) where the ‘acoustic sources’ are assumed to be located.

Egs. (54) and (57) were used to calculate the radiated noise field using the CFD loading data. Egs. (55)
and (58) were used to calculate the radiated noise field using the loading calculated from the semi-
analytical models.

For the case where the observer is on-axis and the rotor blades can be assumed to be thin and do not
deform significantly from the x = 0 plane, for the case considered here where B, = B;, the acoustic
pressure radiated from the top propeller is given by

) . R
. exp {lnsz (Q + Q) (t B C_();)} £(n2)
p'(x,t) = Z iB1n,B,(Qq + Q) 4R J Femdd 7
TThxCo

ny=—0 A0

Equations (22), and (25) are similar to those presented in McKay et al. [33], but include the effect of
the source being offset from the pitch-change axis (i.e. the expressions are generalised to be able to be
applied to blades which are not straight). Note that McKay et al. defined the azimuthal loading
component as being positive in the direction opposite to the direction of rotation of the rotor, whereas
here the tangential force is defined positive in the positive ¢ direction regardless of the direction of
rotation of the rotor. These expressions and their numerical implementation were validated by
comparison of pressure time-histories calculated using them with time-histories calculated using an
implementation of Farassat’s formulation 1A [67-69]. These comparisons were performed at many
different observer locations for several different operating conditions and there was excellent
agreement between the results calculated using both methods for all cases. The advantage of the
frequency-domain method is that it can rapidly predict the noise level for a single tone and only
requires one period of loading data.

2.5 Comparison between measurements, prediction from CFD and analytical models
Fig. 14 and Fig. 15 plot the measured and predicted sound pressure level directivity for seven
different interaction tones produced by the first rotor system. Similarly, Fig. 16 and Fig. 17 plot the
measured and predicted sound pressure level directivity for identical interaction tones produced by the
second setup. Two sets of predictions were made: the first used the loading data calculated from the
semi-analytical models described in § 2.1.2 with the radiated acoustic pressure calculated using the
simple acoustic radiation formulae; whilst the second set of predictions was made using the loading
data from the CFD simulations with the radiated acoustic pressure calculated using the exact acoustic
radiation formulae. The agreement between both sets of predictions and the measurements is very
good for both setups. This indicates that the unsteady loading on the rotor blades is well-predicted by
both the CFD and semi-analytical methods and that the bound potential field interactions are a
significant contributor to this loading. It is observed that the tones for which n; = n, radiate strongly
along the rotor axis (i.e. at polar angles 0° and 180°) as expected. The {n; = 4, n, = 3} interaction
tone has a different directivity pattern from the other three interaction tones plotted in Fig. 12. This
term has a non-zero azimuthal wavenumber (v) and thus the Bessel function terms in the acoustic
radiation formulae have a non-zero order which significantly alters the directivity of these tones.
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Fig. 14 Sound pressure level polar directivity for four different interaction tones. Experimental measurements (red
curve with circle markers). Numerical prediction (dashed blue curve). Semi-analytical predictions (dotted black
curve). {n; = 1,n, = 1} tone (top left), {n; = 2,n, = 2} tone (top right), {n, = 3,n, = 3} tone (bottom left),
{n{ = 4,n, = 3} tone (bottom right). In this case, the top rotor rotated at 580 rad/s and the bottom rotor rotated at
440 rad/s.
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Fig. 15 Sound pressure level polar directivity for three different interaction tones. Experimental measurements (red
curve with circle markers). Numerical prediction (dashed blue curve). Semi-analytical predictions (dotted black
curve).{nq; = 4,n, = 4} tone (top left), {n; = 5,n, = 5} tone (top right), {n; = 6,n, = 6} tone (bottom centre). In
this case, the top rotor rotated at 580 rad/s and the bottom rotor rotated at 440 rad/s.

33



Fig. 16 Sound pressure level polar directivity for three different interaction tones. Experimental measurements (red
curve with circle markers). Numerical prediction (dashed blue curve). Semi-analytical predictions (dotted black
curve).{n, = 1,n, = 1} tone (top left), {n; = 2,n, = 2} tone (top right), {n, = 3,n, = 3} tone (bottom left) and
{n{ = 4,n, = 3} tone (bottom right). In this case, the top and bottom rotor rotated at 500 rad/s.

0 50 100 150

Fig. 17 Sound pressure level polar directivity for three different interaction tones. Experimental measurements (red
curve with circle markers). Numerical prediction (dashed blue curve). Semi-analytical predictions (dotted black
curve).{nq; = 4,n, = 4} tone (top left), {n; = 5,n, = 5} tone (top right), {n; = 6,n, = 6} tone (bottom centre). In
this case, the top and bottom rotor rotated at 500 rad/s.

Fig. 18 and Fig. 19 plot the measured spectra and predicted sound pressure levels of prominent
interaction tones produced by the first rotor system at observer polar angles of 6, = 0° and 45°
respectively. Similarly, Fig. 20 and Fig. 21 presents the measured spectra and predicted sound
pressure level of interaction tones produced by the second rotor system at the corresponding observer
locations. For both rotor systems, two sets of predictions are made; one using the semi-analytical
model and the other using the loading calculated by the CFD simulations. For most interaction tones,
the agreement between the measured spectra and predicted sound pressure level is very good. It is also
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observed that interaction tones with zero azimuthal order (i.e., interaction tones for which n; = n,)
dominate the spectra at 8y = 0°. The sound pressure level of these interaction tones decreases as the
observer’s location moves away from the axis. For the spectra produced by the second rotor system,
the amplitude of the interaction tones with zero azimuthal order has contributions from a multiple of
interaction tones. This is because both rotors are rotating at the same speed and interaction tones occur
at the same frequency. For example, the {2,2} interaction tone occurs at a frequency of 640 Hz.
Additionally, the {3,1} and {1,3} interaction tones also occur at the same frequency. Therefore,
predictions were made by summing the contributions from all interaction tones which occurred at that
frequency.
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Fig. 18 Sound pressure level spectrum produced by the first rotor system at 8, = 0°. The numbers in the curly
brackets indicate the values of {n,,n,} for each tone. The measured narrow-band spectrum is shown in blue. The
experimentally determined tone level is denoted by red circle markers, numerical predictions are shown in blue
triangles and semi-analytical predictions are shown with black pentagrams. In this case, the top rotor rotated at 580
rad/s and the bottom rotor rotated at 440 rad/s.
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Fig. 19 Sound pressure level spectrum produced by the first rotor system at 8, = 45°. The numbers in the curly
brackets indicate the values of {ny,n,} for each tone. The measured narrow-band spectrum is shown in blue. The
experimentally determined tone level is denoted by red circle markers, numerical predictions are shown in blue
triangles and semi-analytical predictions are shown with black pentagrams. In this case, the top rotor rotated at S80
rad/s and the bottom rotor rotated at 440 rad/s.
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Fig. 20 Sound pressure level spectrum produced by the second rotor system at 8, = 0°. The numbers in the curly
brackets indicate the values of {n{, n,} for each tone. The measured narrow-band spectrum is shown in blue. The
experimentally determined tone level is denoted by red circle markers, numerical predictions are shown in blue
triangles and semi-analytical predictions are shown with black pentagrams. In this case, the top and bottom rotor
rotated at 500 rad/s.
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Fig. 21 Sound pressure level spectrum produced by the second rotor system at 8, = 45°. The numbers in the curly
brackets indicate the values of {ny,n,} for each tone. The measured narrow-band spectrum is shown in blue. The
experimentally determined tone level is denoted by red circle markers, numerical predictions are shown in blue
triangles and semi-analytical predictions are shown with black pentagrams. In this case, the top and bottom rotor
rotated at 500 rad/s.

Fig. 22 plots the measured and predicted sound pressure level for three different interaction tones
measured on the rotor axis at 8y = 0 produced by the first rotor system. It is observed that the sound
pressure level decreases with increasing rotor spacing. Predictions were made using the CFD
simulations for rotor spacings of 40 mm and 60 mm. The steady loading data from the 40 mm
separation case was used as input to the semi-analytical models for calculating unsteady blade loading
and then the simple acoustic radiation formula was used to make predictions at all rotor spacings. The
predictions are in modest agreement with the measurements, but the predictions made using the semi-
analytical models capture the general decrease in the sound pressure level with increasing rotor
spacing which strongly supports the hypothesis that the bound potential field interactions are the
primary cause of these tones. The rate of decrease observed in the measurements and predicted using
the semi-analytical models is consistent with the findings of Parry [62], Parry et al. [70] and
Chaitanya et al. [34] who show that the magnitude of the velocity perturbations and thus the unsteady
loading and radiated acoustic pressure decay exponentially as the rotor spacing increases.
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Fig. 22 Sound pressure level versus rotor spacing, g, for three different interaction tones at 8, = 0. Experimental
measurements (red curve with circle markers). Numerical predictions (blue pentagrams). Semi-analytical predictions
(solid black curve).{n, = 1,n, = 1} tone (left), {n; = 2,n, = 2} tone (middle), {n; = 3,n, = 3} tone (right). In this
case, the top rotor rotated at 580 rad/s and the bottom rotor rotated at 440 rad/s.

2.6 Chapter summary

This chapter has investigated the interaction tones produced by two sets of contra-rotating UAV rotor
systems. These tones are caused by the periodic unsteady loading on the rotor blades. CFD
simulations were used to calculate this loading. In addition to this, a semi-analytical model was used
to estimate the loading on the rotor blades due to their interaction with the bound potential field of the
adjacent rotor.

It was shown that there was reasonable agreement between the periodic unsteady loading on the top
rotor blades predicted using the semi-analytical model and the CFD simulations. The periodic
unsteady loading on the bottom rotor blades is caused by their interaction with the bound potential
field, viscous wakes and tip vortices from the top rotor. Although the bound potential field appears to
contribute significantly to the loading on the lower rotor blades, unsteady loading close to the rotor tip
caused by its interaction with the tip vortices from the top rotor seems to dominate in this region.

A frequency domain method, similar to that developed by Hanson [8], was presented for predicting
the interaction tones produced by the periodic loading on the rotor blades. This method was used to
predict the sound pressure level directivity for a number of different interaction tones produced by
two rotor systems with a 40 mm spacing between the rotors using loading data taken from the CFD
simulations. These predictions were in generally good agreement with measurements. Predictions
were also made using blade loadings calculated using the semi-analytical models and a simplified
radiation formulation. These predictions were also in good agreement with the full numerical
predictions and measurements indicating the importance of the bound potential field interaction noise
source for this particular case. The effect of rotor spacing was also investigated using data from two
CFD simulations and also the semi-analytical models. There was modest agreement between the
predictions and the measurements, however the predictions captured the strong decay of the level of
these tones as rotor spacing increased.
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Appendix 2.1. Frequency-domain noise prediction method validation

This appendix presents a validation of the frequency-domain method by comparing predictions made
using it with predictions made using an implementation of Farassat’s formulation 1A [71] time-
domain prediction method. The implementation of Farassat’s formulation 1A was provided by Dr
Ryan McKay and its validation is presented in ref. [67].

The first validation case considered here is for a rotating point force which rotates about the x-axis in
the x = 0 plane. The point force has magnitude given by

F(t) = Acos((Q; + Q,)t) (A2 1)

where A is an arbitrary constant force amplitude and Q; and Q, are the rotational speeds of the top
and bottom propellers. Note that Eq. (A2 1) specifies a force which is periodic with period 2 /(Q; +
Q,) and thus has the form required for the frequency domain prediction method for the case where
Bl = BZ = 1

The validation was done for a number of different cases in which the following parameters were
varied: the radius of the force; the rotational speed and direction of rotation of the force; the force
orientation (purely axial, radial, or tangential); and the polar angle of the observer.

In order to assess whether the frequency domain method correctly simulated the noise produced by
the stresses acting on the top propeller, a case was considered where the force rotated in the negative
¢ direction. The radius of the force and its rotational speed was varied to give Mach numbers of
approximately 0.3, 0.6 or 0.9. Fig. A2. 1, Fig. A2. 2 and Fig. A2. 3 show the results obtained for an
axial point force at two different observer polar angles for a number of different Mach numbers (the
parameters used in the calculations are given in the captions). The observer azimuthal angle was ¢, =
0 for all cases. The agreement between the predictions made using the time- and frequency-domain
methods is excellent.
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Fig. A2. 1 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely axial, rotates in the negative ¢-direction, Q; = 580 rad/s, Q,= 440 rad/s, the force radius is
0.1905m,A =5 N, and R, = 100 m. The Mach number of the rotating force is 0.3. The time domain method
predictions are shown using the red curve frequency domain method predictions are shown using blue stars.
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Fig. A2. 2 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely axial, rotates in the negative ¢-direction, Q; = 680 rad/s, Q,= 500 rad/s, the force radius is
03m,A=5 N, and R, = 100 m. The Mach number of the rotating force is 0.6. The time domain method
predictions are shown using the red curve frequency domain method predictions are shown using blue stars.
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Fig. A2. 3 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely axial, rotates in the negative ¢-direction, ; = 780 rad/s, Q,= 600 rad/s, the force radius is
0.395m,A=5 N, and R, = 100 m. The Mach number of the rotating force is 0.9. The time domain method
predictions are shown using the red curve frequency domain method predictions are shown using blue stars.

Fig. A2. 4 and Fig. A2. 5 plot the acoustic pressure vs time at two different observer locations for a
radial (Fig. A2. 4) and a tangential (Fig. A2. 5) point force rotating in the negative ¢-direction. Aside
from the orientation of the point force, the parameters used in these simulations are identical to those
used to generate the results shown in Fig. A2. 1. Once again, the agreement is excellent.
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Fig. A2. 4 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely radial, rotates in the negative ¢-direction, Q; = 580 rad/s, Q,= 440 rad/s, the force radius is
0.1905m,A =5 N, and R, = 100 m. The Mach number of the rotating force is 0.3. The time domain method

predictions are shown using the red curve frequency domain method predictions are shown using blue stars.
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Fig. A2. 5 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely tangential, rotates in the negative ¢-direction, Q; = 580 rad/s, Q,= 440 rad/s, the force radius
is 0.1905m,4 =5 N, and R, = 100 m. The Mach number of the rotating force is 0.3. The time domain method
predictions are shown using the red curve frequency domain method predictions are shown using blue stars.

In order to assess whether then frequency domain method correctly simulated the noise produced by
the stresses acting on the bottom propeller, a case was considered where the force rotated in the
positive ¢ direction. The radius of the force and its rotational speed was varied to give Mach numbers
of approximately 0.2, 0.4 or 0.7. Fig. A2. 6, Fig. A2. 7 and Fig. A2. 8 show the results obtained for an
axial point force at two different observer polar angles for a number of different Mach numbers (the
parameters used in the calculations are given in the captions). The observer azimuthal angle was ¢, =
0 for all cases. The agreement between the predictions made using the time- and frequency-domain

methods is excellent.
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Fig. A2. 6 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely axial, rotates in the positive ¢-direction, Q; = 580 rad/s, Q,= 440 rad/s, the force radius is
0.1905m,A =5 N, and R, = 100 m. The Mach number of the rotating force is 0.2. The time domain method
predictions are shown using the red curve frequency domain method predictions are shown using blue stars.
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Fig. A2. 7 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely axial, rotates in the positive ¢-direction, Q; = 680 rad/s, Q,= 500 rad/s, the force radius is
03m,A=5 N, and R, = 100 m. The Mach number of the rotating force is 0.4. The time domain method
predictions are shown using the red curve frequency domain method predictions are shown using blue stars.
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Fig. A2. 8 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely axial, rotates in the positive ¢-direction, Q; = 780 rad/s, Q,= 600 rad/s, the force radius is
0.395m,A =5 N, and R, = 100 m. The Mach number of the rotating force is 0.7. The time domain method
predictions are shown using the red curve frequency domain method predictions are shown using blue stars.

Fig. A2. 9 and Fig. A2.10). plot the acoustic pressure vs time at two different observer locations for a
radial (Fig. A2. 9) and a tangential (Fig. A2.10) point force rotating in the positive ¢-direction. Aside
from the orientation of the point force, the parameters used in these simulations are identical to those
used to generate the results shown in Fig. A2. 6.
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Fig. A2. 9 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely radial, rotates in the positive ¢-direction, Q; = 580 rad/s, Q,= 440 rad/s, the force radius is
0.1905m,A =5 N, and R, = 100 m. The Mach number of the rotating force is 0.2. The time domain method
predictions are shown using the red curve frequency domain method predictions are shown using blue stars.
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Fig. A2.10 Comparison of the far-field pressure predicted using the time- and frequency-domain methods. For this
case the force is purely tangential, rotates in the positive ¢-direction, Q; = 580 rad/s, Q,= 440 rad/s, the force radius
is 0.1905m,4 =5 N, and R, = 100 m. The Mach number of the rotating force is 0.2. The time domain method
predictions are shown using the red curve frequency domain method predictions are shown using blue stars.
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3. Effect of blade skew on the noise produced by contra-rotating UAV rotor
system

This chapter investigates the effect of curved, or ‘skewed’, blades (such as those shown in Fig. 23) on
the interaction tones generated by a contra-rotating UAV rotor system. The motivation behind this
idea was taken from contra-rotating open rotors, where ‘sweeping’ the downstream propeller blades,
caused a lag between the times that the wake from an upstream propeller blade impacted on the
leading-edge of a downstream propeller blade and that this in turn could produce a lag between the
times at which the impulsive noise generated at different radii reached an observer location. This ‘de-
phasing’ could result in a total acoustic pressure impulse of much lower amplitude compared to that
produced by a propeller with straight blades.

The rotor systems used here are similar to the second rotor system considered in chapter 2 which
consists of two custom-made aluminium hubs with 15 diameter carbon fibre rotors attached. The hub
system, the geometry of the rotors and the methods for manufacturing them are described in section
3.1. Section 3.2 briefly describes the methods used to calculate the unsteady loading on the rotor
blades and the radiated acoustic field. Note that these methods are identical to those presented in
chapter 2 and further details can be found therein. The procedures used to conduct the acoustical
measurements are described in section 3.3 and the results of these experiments, comparisons with
predictions, and analysis and discussion are presented in sections 3.4, 3.5 and 3.6 respectively. The
conclusions of the chapter are presented in section 3.7.

3.1 Rotor geometry, manufacturing and operating conditions

The rotor blades used in the work described in this chapter all have a constant section profile along
the blade span/radius. This profile has a chord-length of 26.6 mm, a pitch angle of 8° and a maximum
thickness of 7.33 % of the chord-length. The section profile is also cambered with maximum camber
of 3.76% of the chord length which is located at 55% of the chord-length from the leading edge. The
rotor blades are either straight or have a curved shape which is characterised by the blade skew angle,
Pskew- The mid-chord of each blade section along the blade span lies in the same axial plane, but is
located at an azimuthal angle ¢iq—chora given by

Dmid-chord(T) = ¢; £ d)skewm (60)
B (re—1)’

where ¢; is the azimuthal angle of the mid-chord at the inner radius, @gyew 1S the skew angle of the
blade which is defined as the magnitude of the change in azimuthal angle of the blade mid-chord
between the inner radius and the tip radius, r is the radius, 7; is the inner radius (which is equal to 47.8
mm) and ¢ is the tip radius (which is equal to 190.5 mm). Fig. 23 shows an illustration of a skewed
blade with the skew angle, inner radius, and tip radius shown. The =+ is selected depending on the
direction of rotation of the rotor blade with the blade tip passing a through a fixed azimuthal angle

after the inboard parts of the blade have passed through that angle.
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Fig. 23 Illustration of a skewed blade with the skew angle, inner radius and tip radius shown.

In this chapter, three different contra-rotating rotor systems were investigated. The first used straight
blades on the top and bottom rotors with ¢gyew = 0°, whilst the second and third systems used blades
with skew angles of 20° and 35° respectively. A single blade from the clockwise-rotating (viewed
from above) rotor from each system is shown in Fig. 24. Note that inboard of the inner radius, these
blades have a lofted section which joins to a long straight section which is clamped into a custom-
built contra-rotating hub system. The hub was attached to a contra-rotating electric motor system as
shown in Fig. 25. The axial separation between the rotors for all systems considered in this study was
40 mm.
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Pskew = 0° Pskew = 20° Pskew = 35°

Fig. 24 Plan view of the three blade profiles investigated in this paper.

Fig. 25 Photograph of the contra-rotating UAV rotor system with straight blades mounted in the anechoic chamber
at the University of Auckland.

For the experiments and simulations considered in this chapter, each rotor system was run using two
different speed combinations. For the first speed combination, the top rotor rotated at 535 rad/s whilst
the bottom rotor rotated at 465 rad/s. For the second speed combination, the top and bottom rotors
both rotated at 500 rad/s.

Only the straight rotor blades and the blades with the 35° skew angle were manufactured and tested
experimentally. Carbon fibre was selected as the primary material for the construction of the blades.
Blade moulds were 3D printed using acrylonitrile butadiene styrene (ABS), with a glass transition
temperature of 90°C. The moulds were in two parts, with a non-planar split line intersecting with the
leading and trailing edges of the blade. All blades were manufactured using seven layers of
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unidirectional (UD) epoxy carbon prepreg (Gurit SE 84LV). The laminate had the same symmetric
stacking sequence, [0/—30/430/90], indicating the angles at which the laminate layers were
oriented Each ply was cut to match the shape of the blade in plan (as shown in Fig 2), with the
exception of the centre, 90°, ply which was cut slightly oversize to help seal the mould at the split line.
The fibre orientation angles of individual plies were defined relative to a reference line that was
tangential to the curvature of the blade leading edge at mid radius. To create additional thickness at
the blade root (for connection to the hub) 8 additional UD plies with radial orientation were added to
this area only. The ABS mould halves were clamped together between Smm steel plates. All blades
were oven cured at atmospheric pressure. The curing process began at 20°C with a ramping rate of
2 °C/min to 80 °C which was then held for 12 hours. All cured blades were post-machined in the
University of Canterbury mechanical workshop to remove flash at the split line and to drill hub
mounting holes. They were further polished to achieve a smooth surface finish.

3.2 Aerodynamic loading and noise radiation calculation methods

The interaction tones produced by a contra-rotating rotor system are caused by the periodic unsteady
loading on the rotor blades due to their interaction with the unsteady flow field produced by the
adjacent contra-rotating rotor. A noise prediction therefore requires these forces to be calculated. In
this thesis this is done accurately using CFD simulations or approximately using a semi-analytical
method.

The CFD simulations were conducted using the method described in [72] or in chapter 2. These
simulations were run using Ansys Fluent and solved the incompressible, unsteady Reynolds-averaged
Navier Stokes (URANS) equations. The pressure-based solver was used with the semi-implicit
method for pressure-linked equations (SIMPLE) algorithm. The model utilised the k- w SST
turbulence model. For all simulations, the transient simulation was initialized using a solution
obtained from steady calculations which used Fluent’s multiple reference frame model. The transient
simulations were initially run to simulate three revolutions of the top rotor using a time-step size
corresponding to 1° of rotation for the top rotor per time-step. After this period, the total thrust acting
on the rotors was observed to be periodic. The simulations were then run for one further revolution of
the top rotor using a time-step size corresponding to 0.25° of rotation of the top rotor per time step.
All simulations were run using 36 CPU cores of a Cray XC50 supercomputer.

The simulations utilised the overset mesh method [59] in which a region around the complex
geometry of the rotor blades was meshed using a hexacore mesh which was surrounded by a
structured background mesh. The component mesh surrounding each rotor occupied a cuboid shaped
region and the mesh was refined such that the y* values of the closest mesh nodes to the blade
surfaces was less than one. Each component mesh was superimposed onto a cylinder-shaped
background mesh which rotated with the component mesh, and which had a diameter which was
slightly larger than the rotor diameter. The top and bottom rotating domains were separated by a
sliding mesh interface. The rotating domains were enclosed within a cylinder-shaped static domain
and the static and rotating domains were also separated by a sliding mesh interface. The static domain
had a diameter and height equal to two and three times the diameter of the rotors, respectively. The
top surface and side of the static domain was set as a pressure inlet, whilst the bottom was set as
pressure outlets.

For the rotor system with straight blades, two simulations were undertaken to simulate the two
different speed combinations. The time taken to solve steady state simulations and transient
simulations for both cases are shown in Table 1. For the steady state simulations, it was judged to
have occurred when all of the normalised residuals had reduced to a value less than 107>, For the
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transient simulations, initially solved for three revolutions of the top rotor using larger time-step size.
It was judged that the forces produced on the blades of the top and bottom rotor was periodic. After,
one revolution of the top rotor was solved using a smaller time-step size.

Table 1 Time taken to solve steady solution and transient solutions from CFD for different time step sizes.

Skew Steady solution Transient solution time Transient solution time
angle time (3 revs, At = 1° of rotation for top rotor) (1 rev, At = 0.25° of rotation for top rotor)
0° 17 hours 36 hours 72 hours
20° 27 hours 81 hours 59 hours
35° 17 hours 49 hours 32 hours

Grid independence studies were conducted for all simulations in order to ensure that the total unsteady
loading on the rotors was independent of the number of cells used. The mesh used to simulate the
rotor system with straight blades had 1.812 x 107 cells, whilst the rotor system with blades with
skew angles of 20° and 35° had 1.991 x 107 and 1.622 x 107 cells respectively.

The total time-average thrust and the individual rotor time-average thrust calculated from the CFD
simulations is given in Table 2. Also shown are the experimentally measured total time-average thrust
values which are in reasonable agreement with the CFD results being approximately 5.5% different
for the straight blade cases and 11.2% different for the 35° skewed blade case. The total thrust for 20°
skewed blade was not measured, as they were not manufactured for this experiment. Note that the
method for measuring the thrust experimentally is described in chapter 2.

Table 2 Time-average total thrust, and individual rotor thrust calculated from CFD simulations and measured
experimentally for the different cases considered in this paper.

Case Rotor system Top rotor speed/ Top rotor Bottom rotor Total Total thrust
blade shape bottom rotor speed thrust thrust (CFD) thrust (experiment)
(CFD) (CFD)
1 Straight blades 535 rad/s / 465 rad/s 1295N 551N 18.46 N 17.5N
2 Straight blades 500 rad/s / 500 rad/s 10.81 N 7.65N 18.46 N 174 N
3 20° skew angle 535 rad/s / 465 rad/s 12.79 N 5.53N 18.32 N -
4 20° skew angle 500 rad/s / 500 rad/s 10.75N 7.69 N 18.44 N -
5 35° skew angle 535 rad/s / 465 rad/s 11.93N 479N 16.72 N 150N
35° skew angle 500 rad/s / 500 rad/s 10.03 N 6.84 N 16.87 N 16.0N

The semi-analytical method described in chapter 2 is also used to calculate the blade loading for a
limited number of the cases considered in this paper. This method only considers the unsteady loading
caused by bound potential field interactions and is used here to demonstrate the importance of the
bound potential field to the total unsteady loading on the rotor blades. The method is based on that
presented in Parry [62] in which the unsteady force per unit span acting on a blade at a given radius is
calculated using an equivalent two-dimensional problem. The bound potential field caused by the
loading and thickness on the adjacent rotor blades is modelled as being equivalent to the loading
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produced by a cascade of thin aerofoils, using standard thin aerofoil theory (with the field produced
by the loading on each blade modelled using a vortex sheet placed along the blade chord-line and the
field produced by the thickness of each blade modelled using a distribution of sources and sinks along
the blade chord-line). The periodic velocity perturbations produced by this field are decomposed into
a Fourier series and the unsteady loading/response to each Fourier harmonic is calculated using
Kemp’s analytical blade response function [73].

In this chapter, the acoustic radiation is calculated using the frequency-domain method described in
Jung et al. [72] (which is similar to the frequency domain method presented by Hanson [8]), and this
method is validated by comparison with an implementation of Farassat’s formulation 1A [69,74],
which is a commonly used time-domain method. The numerical implementation of both methods was
verified by calculating the pressure time-histories and comparing them with one-another at many
different observer locations. The frequency domain method was used to directly calculate the
amplitude of specific interaction tones, and to calculate acoustic pressure time-histories (by summing
the contribution of all significant interaction tones).

3.3 Experimental methods

Measurements of the noise produced by the contra-rotating UAV rotor systems were undertaken in
the anechoic chamber at the University of Auckland. This anechoic chamber has internal dimensions
of 53 m X 5.3 m X 5.3 m with a cut off frequency below 80 Hz. The contra-rotating UAV rotor
system was mounted on a Honeywell Model 151 S-type load cell which was used to measure thrust as
shown in Fig. 25. The rotors were driven by a contra-rotating motor system made by T-Motor which
utilised two T-Motor MN501 motors. The motors ran off a 48 V power supply and were controlled
using two T-Motor Alpha electronic speed controllers.

The acoustic measurements were made using G.R.A.S 46AE 2” microphones which were mounted
on a C-shaped structure. The microphones were located at polar angles, 85, from 0° to 165° in
increments of 15° as shown in Fig. 26 with the origin of the coordinate system located at the centre of
the hub of the bottom rotor. The signals were acquired using a National Instruments data acquisition
system which consisted of N19234 modules in an NI ¢cDAQ-9178 chassis. Measurements were taken
over a period of 60 s at a sampling rate of 51.2 kHz. The tonal sound pressure levels calculated from
these measurements were normalised to a distance of 1.5 m from the centre of the hub of the bottom
rotor assuming spherical spreading.
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Fig. 26 Experimental setup of the rotor system with G.R.A.S 46AE '2” microphones attached to a C-shaped support
structure.

3.4 Predicted unsteady blade loading
Interaction tones are produced by the unsteady loading on the blades of the contra-rotating rotors. In

order to understand how the tones are generated, it is therefore useful to analyse the distribution of
this loading on the rotor blades. For this purpose, the rotor blades were divided up into ten radial
segments and the unsteady axial force acting on each segment was calculated from the CFD
simulation results for the cases where the rotors rotated at different speeds. The average force-per-
unit-span acting on each segment was then calculated by dividing by the segment length. The semi-
analytical model was also used to calculate the axial force-per-unit-span acting on the blades at 22
radial stations across the span. Contours of the axial force-per-unit span (denoted as F,), acting on
each segment of the top and bottom rotor reference blades calculated from these results are plotted
against radius (vertical axis) and time (horizontal axis) for all three rotor systems in Fig. 27 and Fig.
28. Fig. 27 presents the results for the top rotor reference blades with the CFD results shown on the
left and the semi-analytical model results shown on the right. The straight-blade results are shown in
the top plots and the 20° and 35° skew angle blade results are, respectively, shown in the middle and
bottom plots. There is reasonable qualitative agreement between the semi-analytical model results and
the CFD simulation results. The times at which the mid-chords of the top and bottom blades pass over
each other are shown using red dashed lines on each plot. The impulsive loading due to the bound
potential field interactions occurs close to these times. For the straight blades, the maximum and
minimum loading occurs at approximately the same time along the blade span. As the skew angle
increases, the times at which these peaks in the blade loading occur varies more across the blade span
due to the change in the times that the blades pass over each other at a given radius.

Fig. 28 presents the corresponding results for the bottom rotor reference blades. As expected, there are

differences between the CFD simulations (left) and the semi-analytical model results (right) because
the CFD simulations include the effect of the tip vortices from the top rotor interacting with the
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bottom rotor blades, whereas the semi-analytical model only models the bound potential field
interactions. This tip vortex interaction produces unsteady loading on the outer portion of the blade.
The approximate times at which the vortex region impinges on the blade are shown by the black
ellipses. These times were estimated by visualising the tip vortex using an iso-surface of constant
lambda-2 criterion and observing when this iso-surface was in contact with the bottom rotor reference
blade at each radius. For these cases, the impingement of the tip vortex region (which is from the
preceding top rotor blade) occurs during the times when the outboard portions of the top and bottom
rotor reference blades pass over each other and is centred at a radius of approximately 0.83r; — 0.927
due to the strong stream-tube contraction through the rotor system which causes the tip vortex to
migrate radially inwards. A significant increase in the magnitude of the unsteady blade loading is
observed at times and radii close to those at which the tip vortex region is in contact with the
downstream rotor blade. At radii inboard of 0.757¢, the unsteady loading calculated from the CFD
simulations appears qualitatively similar to the semi-analytical model results — with the peak loading
occurring at times close to the times where the mid-chords of the top and bottom rotor reference
blades pass over each other. This suggests that the loading at these radii is predominantly caused by
the bound potential field interactions.
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Fig. 27 Contours of unsteady axial loading on the top rotor reference blade versus normalised radius (y-axis) and
normalised time (x-axis). The results from the CFD simulations are shown in subplots on the left which show results
for blades with ¢grew = 0° 20° and 35° respectively. Subplots on the right present the results calculated using the
semi-analytical models for blades with ¢g ey = 0°, 20° and 35° respectively. The dashed red lines show the times at
which the mid-chords of the top and bottom reference blades pass over each other.
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Fig. 28 Contours of unsteady axial loading on the bottom rotor reference blade versus normalised radius (y-axis) and
normalised time (x-axis). The results from the CFD simulations are shown in subplots on the left which shows results
for blades with ¢grew = 0° 20° and 35° respectively. Subplots on the right present the results calculated using the
semi-analytical models for blades with ¢g ey = 0°, 20° and 35° respectively. The dashed red lines show the times at
which the mid-chords of the top and bottom reference blades pass over each other. The black ellipses show an
estimate of the times where the tip vortex core is in contact with the bottom reference blade.
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3.5 Tone noise radiation

In this section, the measured and predicted sound pressure levels of individual interaction tones are
presented. Each interaction tone occurs at a frequency (in Hz) given by f = n,;BPF; + n,BPF,,
where BPF; and BPF, are, respectively, the blade-passing frequencies of the top and bottom rotors,
and n, and n, are integers. In the discussion which follows, individual interaction tones will be
denoted by the value of n; and n,. For example, the first interaction tone will be denoted as the
{n, = 1,n, = 1} interaction tone, or just the {1,1} interaction tone. Fig. 29 plots the narrow-band
sound pressure level (SPL) measured at the microphone located at 8, = 0° (on-axis) for case 1 in
table 1 (the rotor system with the straight blades and the rotors operating at different speeds). Also
shown (as red solid circles) are the sound pressure levels for each interaction tone which were
calculated by integrating the power spectral density over the bandwidth of each tone. This was
necessary as the energy associated with each interaction tone was spread over a small band of
frequencies surrounding the nominal tone frequency calculated from the nominal motor speed. Each
interaction tone present in the spectrum is also labelled. Note that for this case, as the observer is
located on the rotor axis, only interaction tones for which
n, = n, radiate efficiently and are thus clearly visible in the spectrum (see refs. [3 and 4] for more
details).
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Fig. 29 Experimentally measured sound pressure level spectrum produced by the rotor system with the straight
blades and the rotors operating at different speeds at 8, = 0°. The top rotor rotated at 535 rad/s and the bottom
rotor rotated at 465 rad/s. The narrow-band spectrum (1 Hz bandwidth) is shown in blue, whilst the tonal levels are
denoted by red circle markers.

Fig. 30 plots the measured and predicted sound pressure level polar directivity for six different
interaction tones produced by the rotor system with the straight blades operating with the rotors
running at different speeds. These predictions were made using the loading data taken from the CFD
simulations. The agreement between the predictions and the measurements is very good with the
predictions and measurements clearly showing the lobes in the directivity of each tone.
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Fig. 30 Sound pressure level polar directivity of six different interaction tones produced by the rotor with straight
blades and the rotors operating at different speeds. The top rotor rotated at 535 rad/s and the bottom rotor rotated at
465 rad/s. Experimental measurements (red lines with circle markers), numerical predictions (blue curves). {1,1}
tone top-left, {2, 2} tone top right, {3, 3} tone middle left, {4,3} tone middle right, {4, 4} tone bottom left and {5,5}
tone bottom right.

Fig. 31 plots the measured and predicted sound pressure level polar directivity for interaction tones
produced by the rotor system with the skewed blades (¢skew = 35°) operating with the rotors running
at different speeds (case 5 in Table 2). Once again, the agreement between the measurements and the
predictions is very good with both the measurements and predictions clearly capturing the prominent
lobes in the directivity pattern of each tone.
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Fig. 31 Sound pressure level polar directivity of three different interaction tones produced by the rotor with the
skewed blades (¢siew = 35°) operating with the rotors running at different speeds. The top rotor rotated at 535 rad/s
and the bottom rotor rotated at 465 rad/s. Experimental measurements (red lines with circle markers), numerical
predictions (blue curves). {1,1} tone top-left, {2, 2} tone top right, {3, 3} tone middle left, {4,3} tone middle right,
{4, 4} tone bottom left and {5, 5} tone bottom right.

Fig. 32 plots the sound pressure levels of prominent interaction tones produced by the different rotor
systems operating with the rotors running at different speeds (cases 1, 3 and 5 in Table 3) at an
observer located at a polar angle of 0°. Measurements and predictions are shown, although recall that
no experiments were performed for a rotor system with skewed blades with a skew angle of 20°. It is
observed that at this location, the level of each interaction tone decreases significantly as the skew
angle increases.
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Fig. 32 Sound pressure level versus frequency for interaction tones produced by the rotor systems with blades with
Dsiew = 0° (blue), 20° (red) and 35° (black) at 8, = 0 °. The top rotor rotated at 535 rad/s and the bottom rotor
rotated at 465 rad/s. Measurements are denoted by the solid pentagrams whilst the predictions are denoted by the
circles.

Fig. 33 plots the measured and predicted sound pressure levels of the first three, and most prominent,
interaction tones produced by the different rotor systems at an observer location with a polar angle of
45°, The comparison between the measured and predicted levels shows very good agreement. As was
observed in the results presented in Fig. 32, the level of the interaction tones decreases as the skew
angle increases.
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Fig. 33 Sound pressure level versus frequency for interaction tones produced by the rotor systems with blades with
Dsiew = 0° (blue), 20° (red) and 35° (black) at 8, = 45 °. The top rotor rotated at 535 rad/s and the bottom rotor
rotated at 465 rad/s. Measurements are denoted by the solid pentagrams whilst the predictions are denoted by the
circles.

The predicted sound pressure level polar directivity pattern of six prominent interaction tones
produced by the three different rotor systems is shown in Fig. 34 for the cases where the rotor systems
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operate with the rotors running at different speeds (cases 1, 3 and 5 in Table 3). For the {1,1} and
{2,2} interaction tones, the sound pressure level decreases as the skew angle increases at all observer
locations. The sound pressure level of the {3,3} interaction tone decreases as the skew angle increases
for polar angles close to the axis of the rotors, however, near the plane of the rotors, a null in the
directivity of the rotor with the straight blades results in the levels of the tones produced by the other
rotor systems being higher at those angles — although the level of the tones at these locations is
significantly lower than the levels predicted close to the axis for all rotor systems. The directivity of
the {4,3} tone is different to those of the other tones shown in Fig. 34 — with no sound radiation along
the rotor axis, a null close to the rotor plane and peak levels occurring at intermediate angles. The
{4,3} tone produced by the rotor system with blades with a skew angle of 20° produces the lowest
sound pressure levels at polar angles less than 85°, but is then highest at angles greater than 100°.
Conversely, the {4,3} tone produced by the rotor system with straight blades produces the highest
sound pressure level at angles less than 100°, but this tone has the lowest level at angles greater than
110°. Similar to the {1,1} and {2,2} interaction tones, the {4,4} and {5,5} interaction tones radiate
strongly along the rotor axis. However, these tones have three nulls in the directivity pattern with the
strongest null occurring close to the plane of rotation where the sound pressure level is lowest. At
angles close to the rotor axis and before the first null, increases in the skew angle reduce the sound
pressure level. The slightly different locations of the nulls make a comparison between the different
rotor systems difficult at the intermediate polar angles. However, the peak sound pressure levels
between the nulls are lowest for the rotor system with the largest skew angle.
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Fig. 34 Predicted sound pressure level polar directivity for six different interaction tones produced by the three
different rotor systems operating with the rotors running at different speeds. The top rotor rotated at 535 rad/s and
the bottom rotor rotated at 465 rad/s. Rotor system with straight blades (blue curve), ¢sew = 20° (dashed red curve)
and @gew = 35° (dotted black curve). {1,1} tone top-left, {2, 2} tone top right, {3,3} tone middle left, {4,3} tone
middle right, {4, 4} tone bottom left and {5, 5} tone bottom right.

Fig. 35 and Fig. 36 presents comparisons of the predicted and measured sound pressure level spectra
at 8, = 0° for the cases where the rotors were run at the same speeds and for which experimental data
was available (i.e. cases 2 and 6 in Table 1). Because for these cases, both rotors had the same speed,
each interaction tone contained contributions from multiple harmonics (e.g. the second interaction
tone contains contributions from the {1,3}, {2,2} and {3,1} harmonics). For these cases, the interaction
tones are simply referred to by one of the contributing harmonics (e.g. the second interaction tone is
referred to as the {2,2} interaction tone). Fig. 35 presents data for the rotor system with the straight
blades and Fig. 36 presents data for the rotor system with the skewed blades (¢gxew = 35°). The plots
show the measured narrow-band levels, the levels calculated by integrating the measured spectrum
across the band-width of each interaction tone and the level predicted using the loading data taken
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from the CFD simulations. The agreement between measured and predicted sound pressure levels
produced by the straight blades is excellent with the predicted sound pressure levels being within 2 dB
for all interaction tones shown in Fig. 35. Similarly, there is good agreement between the predicted
and measured tone levels for the results shown in Fig. 36 — except for the second ({2,2}) and fifth
({5,5}) tones (where the difference is approximately 7 dB and 4 dB respectively).
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Fig. 35 Sound pressure level spectrum at 8, = 0° produced by the rotor system with the rotors running at the same
speed and with straight blades. The top and bottom rotor rotated at 500 rad/s. The narrow-band (1 Hz bandwidth)
spectrum is shown in blue and the tonal levels calculated by integrating the measured spectrum over the tone
bandwidth are denoted by the blue pentagram markers. The predicted tonal sound pressure levels are denoted by the
red circle markers.
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Fig. 36 Sound pressure level spectrum at 8, = 0° produced by the rotor system with the rotors running at the same
speed and with skewed blades (gpew = 35°). The narrow-band (1 Hz bandwidth) spectrum is shown in blue and the
tonal levels calculated by integrating the measured spectrum over the tone bandwidth are denoted by the blue
pentagram markers. The predicted tonal sound pressure levels are denoted by the red circle markers.

The predicted sound pressure level polar directivities of six interaction tones produced by the different
contra-rotating UAV rotor systems with the top and bottom rotors operating at the same speed are
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shown in Fig. 37. As the skew angle increases, the sound pressure level decreases at most observer
locations for the first four interaction tones (the {1,1}, {2,2}, {3,3} and {4,3} interaction tones),
although the null close to the plane of the rotor occurs at slightly different angles for each rotor
system — which affects the relative levels at angles close to these locations. For the {4,4} and {5,5}
interaction tones, the sound pressure levels decrease as the skew angle increases near the rotor axis
(i.e., 0 < 6, < 30° and 150° < 64 < 180°). However, the different locations of the nulls in the
directivity patterns away from the rotor axis make a comparison between the levels produced by the
different rotor systems difficult at these angles. It should be noted that the sound pressure levels at
these locations are significantly lower than those close to the rotor axis.
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Fig. 37 Predicted sound pressure level polar directivity for six different interaction tones produced by the three
different rotor systems with both rotors running at the same speed. These predictions were made at a fixed azimuthal
angle. The rotor system with straight blades (blue curve), blades with @gew = 20° (dashed red curve) and blades
with @grew = 35° (dotted black curve). {1,1} tone top-left, {2, 2} tone top right, {3, 3} tone middle left, {4,3} tone
middle right, {4, 4} tone bottom left and {5, 5} tone bottom right.
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The results presented above show that the sound pressure levels of the prominent interaction tones
produced by the rotor systems with the skewed blades are, in general, lower in level compared to
those produced by the rotor system with the straight blades and that the levels of the interaction tones
produced by the rotor system with the largest skew angle were generally the lowest. However, an
assessment of the effect of blade skew on the overall tonal sound pressure level and sound power level
is also necessary to establish that the skewed blades do produce lower noise levels in general. To that
end, the overall A-weighted sound pressure produced by the rotor systems operating at the same
speeds was calculated at observer locations spaced over a sphere enclosing the rotors at every 5
degrees in the polar and azimuthal directions. These calculations were performed using the time-
domain noise prediction method with loading data taken from the CFD simulations. The time-domain
acoustic pressure was then A-weighted by passing it through a digital filter and the A-weighted mean-
square pressure at each observer location was calculated. The A-weighted mean-square pressure was
then averaged over the azimuthal angle and this was used to calculate an average A-weighted sound
pressure level. The results of this calculation are shown in Fig. 38 which plots the average A-weighted
sound pressure levels against polar angle for the three different rotor systems. As expected, the
average sound pressure level is the strongest along the axis of the rotor and weakest close to the plane
of the rotor for all rotor systems and it is observed that as the skew angle increases, the average sound
pressure level decreases at all polar angles. Additionally, these predictions were used to estimate the
A-weighted sound power. This was done by converting the A-weighted mean-square pressures to A-
weighted time-average acoustic intensity in the radial direction (assuming spherical spreading), and
then integrating the intensity over the spherical surface using a 2D numerical integration routine. The
A-weighted sound power levels calculated using this approach were 92.8 dB for the rotor system with
the straight blades, and 89.5 dB and 84.1 dB respectively for the rotor systems with the blades with
skew angles of 20° and 35°. These results show an impressive 8.7 dB reduction in the A-weighted
sound power level produced by the rotor system with the highly skewed blades compared with that
produced by a rotor system with straight blades. An analysis of the cases where the rotor blades were
run at different speeds is not included here as the calculation times required to accurately calculate
mean-square pressures at each observer location were prohibitively long.
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Fig. 38 Overall azimuthal average A-weighted tonal sound pressure level vs polar angle produced by the contra-
rotating rotor systems at a spherical radius of 1.5 m. Level produced by the rotor system with blades with ¢gye,, = 0°
(blue), 20° (red) and 35° (black).
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3.6 Noise reduction mechanism investigation

The results presented above clearly show that the rotor systems with skewed blades, in general,
produce lower interaction tone noise levels. In this section, the reasons for this noise reduction are
explored using predictions of the radiated acoustic pressure made using the loading data from the
CFD simulations.

The theoretical analysis of Kingan & Parry [24] noted that the interaction of the downstream propeller
blades of a contra-rotating propeller system with the wakes from the upstream propeller produced
impulsive loading and subsequently impulsive noise. They showed that sweeping the blades of the
downstream propeller produced a delay in the time at which the wake impinged on the downstream
blades at a particular radius and a corresponding delay in the impulsive noise radiated from that
location. By selecting a sweep profile which ensured that the trace speed of the wakes across the
leading edge of the downstream propeller blades was subsonic, the peak impulsive pressure emitted
from different radii of the same blade could not arrive at the same time at any observer location. They
also noted that the blade sweep could reduce the magnitude of the unsteady loading on the propeller
blades. These effects produced a total acoustic pressure impulse which was less impulsive, and which
had a lower peak pressure, than that produced by an equivalent straight-bladed propeller at all
possible observer locations. For the contra-rotating UAV rotor systems considered here, the primary
noise generation mechanism is not the wake from the top rotor impinging on the bottom rotor, but
rather the bound potential field interactions which occur as the blades pass over one another. This is
slightly different to the wake interaction mechanism for which the wake is typically very narrow and
convects with the flow between the propellers. The bound potential field flow disturbances are instead
‘bound’ to the blades of the rotors and the magnitude of the disturbances decays away from the blade
locations. Nevertheless, as shown in §5.1, these bound potential field interactions do produce
impulsive loading as the blades pass over each other. Therefore, by skewing the rotor blades, this
impulsive loading should be ‘de-phased’ along the blade span — reducing the amplitude of the total
acoustic impulse radiated from the blade with each interaction. In order to try and maximise this effect,
the time-lag between impulses radiated from different radii should be as large as possible. This can be
achieved by minimising the speed at which the point where the mid-chords of the blades pass over
each other moves (and ensuring that this speed is subsonic).

The azimuthal angle of the mid-chord of the reference blade on the top rotor (which rotates in the
negative ¢ direction at speed ;) is given by

(r=ry)
d’mid—chord,l(r) = -0t + d’i,l + d’skew%' (61)

where t is time and a subscript 1 is used to denote quantities associated with the top rotor. Similarly,
the azimuthal angle of the mid-chord of the reference blade on the bottom rotor (which rotates in the
positive ¢ direction at speed (2,) is given by

(r—n)
Pmid-chord2 (1) = Dot + iz — Pskew (62)
t i

where a subscript 2 is used to denote quantities associated with the bottom rotor.

The mid-chords of the top and bottom rotor blades thus pass over each other when

2tem s = (O + 00t~ i + iz (63)
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The Mach number at which this blade overlap point moves along the radial direction, M, , is
straightforwardly calculated as

_ldr (Q + Q)0 — 1)
? Co dt 2Coci)skew

Clearly, the overlap point speed is infinite for a rotor system with straight blades and decreases as the
skew angle increases. For the rotor system speed combinations considered in this paper, M, is equal
to 0.52 and 0.32, respectively, for the 20° and 35° skewed rotors. Thus, we expect that the impulses
generated by the bound potential field interactions along the blade span will be “de-phased” at all
observer locations.

. (64)

In order to explore this de-phasing effect, the data from the CFD simulations was processed as follows:
the reference blade of each rotor was divided into 10 segments, and the acoustic pressure time-history
radiated from each segment was calculated at an observer location on the rotor axis above the rotor in
the acoustic far-field (i.e., at 8, = 0°). Note that at this location, the acoustic pressure is periodic as
the pressure produced by each impulse is identical regardless of the location of the rotor blades when
the impulsive force is generated. Fig. 39, Fig. 40 and Fig. 41 present the acoustic pressure radiated
from the top rotor reference blade for the rotor systems with straight and skewed blades. Each figure
presents two subplots: the top subplot shows the total acoustic pressure plotted against non-
dimensional time for a single impulse, whilst the bottom subplot is a pseudocolor plot showing the
acoustic pressure radiated from each segment of the rotor blade plotted against non-dimensional time
(on the horizontal axis) and the non-dimensional radial location of the segment (on the vertical axis).
A red dashed line is also shown on these plots which indicates the times at which the sound generated
when the mid-chords of the top and bottom reference blades overlap arrives at the observer location.
Fig. 39 shows the results for the rotor system with the straight blades. It is observed that the peak
pressure impulse radiated from each segment of the rotor blade occurs at approximately the same time
resulting in a sharp total pressure impulse with a large amplitude and a relatively narrow period. Fig.
40 and Fig. 41 show, respectively, the results for the rotor systems with the blades with skew angles
of 20° and 35°. In these plots it is observed that the peaks in the pressure radiated from each segment
are offset in time — with the offset being larger for the rotor system with the blades with the 35° skew
angle. This offset is partially responsible for the total pressure impulse having a relatively lower peak
and occurring over a longer time period compared to the straight blade result — with the effect being
more pronounced for the 35° skew angle case.
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Fig. 39 The predicted total acoustic pressure time-history produced by the top blade with ¢y, = 0° (top).
Pseudocolor plot of the predicted acoustic pressure radiated from each segment against normalised radius (vertical
axis) and normalised time (horizontal axis) (bottom). The dashed red line indicates the times at which the sound
generated when the mid-chords of the reference blades overlap arrives at the observer location.
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Fig. 40 The predicted total acoustic pressure time-history produced by the top blade with ¢y, = 20° (top).
Pseudocolor plot of the predicted acoustic pressure radiated from each segment against normalised radius (vertical
axis) and normalised time (horizontal axis) (bottom). The dashed red line indicates the times at which the sound
generated when the mid-chords of the reference blades overlap arrives at the observer location.
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Fig. 41 The predicted total acoustic pressure time-history produced by the top blade with ¢gyey, = 35° (top).
Pseudocolor plot of the predicted acoustic pressure radiated from each segment against normalised radius (vertical
axis) and normalised time (horizontal axis) (bottom). The dashed red line indicates the times at which the sound
generated when the mid-chords of the reference blades overlap arrives at the observer location.

Similar results are presented in Fig. 42, Fig. 43 and Fig. 44 for the acoustic pressure at an observer
located at 6, = 0° radiated from the reference blade of the bottom rotor. As before, red dashed lines
are used to show the times at which the sound generated when the mid-chords of the top and bottom
blades overlap arrives at the observer location. In addition, black ellipses indicate the times at which
the sound generated when the vortex region impinges on the bottom rotor blade arrives at the observer
location. Once again it is observed that the total acoustic pressure impulse radiated from the blade
with a skew angle of 20° is reduced in amplitude and is broader than that produced by the straight
blade. However, for this case, the tip vortex interaction complicates the situation. The pseudocolor
plots show that the acoustic pressure produced by the outer portion of the blades is quite different in
character to that produced by the inner portion of the blades where the bound potential field
interactions are expected to dominate. The pressure produced by the outer portion of the blades
contains a strong negative pressure impulse which appears to be generated at times when the tip
vortex region begins to interact with the bottom rotor blade. The acoustic pressure produced by the
bound potential field interactions at the inner radii has relatively low amplitude for all cases,
presumably due to the low blade loading at these radii. The total pressure produced by the blade with
a skew angle of 35° contains no clear impulse.
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Fig. 42 The predicted total acoustic pressure time-history produced by the bottom blade with ¢g.,, = 0° is shown on
the top. Pseudocolor plot of the predicted acoustic pressure radiated from each segment against normalised radius
(vertical axis) and normalised time (horizontal axis) is shown on the bottom. The dashed red line indicates the times
at which the sound generated when the mid-chords of the reference blades overlap arrives at the observer location.
The black ellipse indicate the times at which the sound generated when the vortex region impinges on the bottom
rotor blade arrives at the observer location.
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Fig. 43 The predicted total acoustic pressure time-history produced by the bottom blade with ¢gye,, = 20° is shown
on the top. Pseudocolor plot of the predicted acoustic pressure radiated from each segment against normalised radius
(vertical axis) and normalised time (horizontal axis) is shown on the bottom. The dashed red line indicates the times
at which the sound generated when the mid-chords of the reference blades overlap arrives at the observer location.
The black ellipse indicate the times at which the sound generated when the vortex region impinges on the bottom
rotor blade arrives at the observer location.
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Fig. 44 The predicted total acoustic pressure time-history produced by the bottom blade with ¢, = 35° is shown
on the top. Pseudocolor plot of the predicted acoustic pressure radiated from each segment against normalised radius
(vertical axis) and normalised time (horizontal axis) is shown on the bottom. The dashed red line indicates the times
at which the sound generated when the mid-chords of the reference blades overlap arrives at the observer location.
The black ellipse indicate the times at which the sound generated when the vortex region impinges on the bottom
rotor blade arrives at the observer location.

The plot on the left shown in Fig. 45, compares the predicted total pressure impulses radiated from the
top rotor reference blades for the three different rotor systems. This plot clearly shows how increasing
the blade skew angle reduces the amplitude of the pressure impulse and increases the period over
which the impulse occurs. The reduction in the peak total pressure amplitude, and the widening of the
period over which the impulsive noise occurs, results in a reduction in the level of the tones —
particularly at higher frequencies. To demonstrate this effect, the tonal sound pressure levels radiated
from the top rotor reference blade are shown in the plot on the left shown in Fig. 46. This clearly
shows that the levels of the tones produced by the rotor systems decreases as the blade skew angle
increases and that the reduction in level becomes larger as the frequency of the tone increases.
Corresponding plots for the pressure impulses radiated from the bottom rotor reference blade are
shown in the plot on the right in both Fig. 45 and Fig. 46. As discussed above, although these
impulses/tones are affected by the tip vortex interactions, (except for the first tone) there is generally a
reduction in the amplitude of the impulses/tones as the blade skew angle increases.
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Fig. 45 Comparison of predicted total acoustic pressure at 6, = 0° produced by the reference blade of the top (a) and
bottom (b) rotors plotted against non-dimensional time. ¢,y = 0° (blue) , 20° (red) and 35° (black).
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Fig. 46 Comparison of sound pressure level of the first six interaction tones at 8, = 0° produced by the reference
blade of the top (a) and bottom (b) rotors. ¢siey, = 0° (blue), 20° (red) and 35° (black).

Fig. 39, Fig. 40 and Fig. 41 show that the amplitude of the acoustic pressure impulse radiated from the
top rotor reference blade decreases as the skew angle increases. This is in part due to the de-phasing
effect but could also be caused changes in the response of the skewed blades to the bound potential
field disturbance compared to the straight blades and/or the slight differences in blade loading
between the different cases (which will affect the strength of the bound potential field).

71



In order to investigate the significance of the de-phasing effect, two calculations were performed in
which a time-lag was applied to the pressure radiated from each of the 10 radial segments from the
reference blade of the top rotor with straight blades (i.e. the results shown on the bottom plot in Fig.
39). For each calculation, this time-lag corresponded to that expected for one of the skewed blades
and amounted shifting the pressure impulse radiated from a segment with mid-span location at radius
T by a time 7, where

_ 2¢s1ew(r —11)

(Q + Qe (65)

The results of the calculation for a blade with a skew angle of 20° are shown on left plot in Fig. 47.
This is compared with the acoustic pressure impulse predicted directly from the CFD simulation of
the rotor system with blades with a skew angle of 20°. Corresponding results for the 35° skew case
are shown on the right plot in Fig. 47. Both plots show excellent agreement between the direct
prediction and the prediction made by ‘de-phasing’ the pressure radiated from each segment of the
straight-blades. These results demonstrate that the de-phasing effect is the primary cause of the
reduction in the amplitude of the impulse radiated from the top rotor blades.
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Fig. 47 Acoustic pressure versus non-dimensional time. The blue curves show the acoustic pressure predicted by de-
phasing the sound radiated from the straight blades, whilst the red and black curves show the acoustic pressure
predicted for the skewed blades. These plots were generated using loading data taken from the CFD simulations.
Subplots on the left and right respectively show the results for the rotor systems with 5.y, = 20° and 35°.

A similar calculation was performed using the semi-analytical model and the results are presented in
Fig. 48. Recall that the semi-analytical model uses the steady loading from the CFD simulation, and
thus the small differences in the strength of the bound potential field produced by the blades on the
different rotor systems are accounted for. However, the semi-analytical model does not include the
effect of blade skew on the unsteady loading response of the blades. Nevertheless, the results
calculated by de-phasing the sound radiated from the straight blade are in good agreement with those
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calculated for the skewed blades, supporting the hypothesis that the de-phasing effect is the
predominant cause of the reduction in the interaction noise radiated from the top rotor blades.
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Fig. 48 Acoustic pressure versus non-dimensional time. The blue curves show the acoustic pressure predicted by de-
phasing the sound radiated from the straight blades, whilst the red and black curves show the acoustic pressure
predicted for the skewed blades. These plots were generated using the semi-analytical model. Subplots on the left and
right respectively show the results for the rotor systems with ¢y, = 20° and 35°.
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3.7 Chapter summary

This chapter has investigated the effect of blade skew angle on the interaction tones produced by a
contra-rotating UAYV rotor system. Three different rotor systems were investigated: one with straight
blades and two with skewed blades — with skew angles of 20° or 35°.

CFD simulations were used to predict the unsteady loading on the blades of each rotor system
operating at two different speed settings. This loading data was then used in either a time- or
frequency-domain acoustic analogy method to predict the radiated acoustic pressure time history or
sound pressure levels of the interaction tones. A semi-analytical model was also used to assess the
importance of the bound potential field interaction noise source. The numerical methods and the semi-
analytical models used in this paper are presented in Jung et al.[72].

Two of the rotor systems were manufactured and were tested in an anechoic chamber at the two
different operating conditions. During these tests, the total thrust and radiated acoustic pressure was
measured. The measured thrust was in good agreement with the thrust predicted from the CFD
simulations and the predicted sound pressure levels of the prominent interaction tones were also
observed to be in generally good agreement with the measured levels. It was observed that increasing
the blade skew angle generally reduced the level of the prominent interaction tones at many observer
locations. The overall A-weighted sound power level of the interaction tones radiated from each rotor
system was also calculated from the numerical simulations for one operating condition and it was
found that there was an 8.7 dB reduction in the A-weighted sound power level produced by the rotor
system with the highly skewed blades compared with that produced by the rotor system with straight
blades.

The causes of the noise reduction were investigated, and it was shown to be primarily due to the de-
phasing of the acoustic pressure impulses radiated from different radii along the blade span.
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4. Effect of blade crop, skew and pitch angle on the noise produced by a contra-
rotating UAV rotor system

This chapter presents an investigation into the effect of several different geometry modifications to
the bottom rotor blades of a contra-rotating UAV rotor system on the level of the radiated interaction
tones. These geometry modifications include cropping and changing the pitch of the bottom rotor
blades, and these are described in detail in section 4.1. CFD simulations of each rotor system were
performed using the general methods described in Chapters 2 and 3 and these are briefly described in
section 4.2. The loading data from these simulations was then used to predict the radiated acoustic
pressure using the time- and frequency-domain methods described in Chapter 2. Experiments were
also undertaken to measure the noise and total thrust produced by these rotor systems. These were
undertaken in the anechoic chamber at the University of Auckland using a similar set-up and method
to the experiments described in Chapters 2 and 3. The results from these experiments and predictions
are presented and compared in section 4.3. The results are analysed and discussed in section 4.4 and
the chapter concludes with an overall summary in section 4.5.

4.1 Contra-rotating rotor system geometries

4.1.1 Rotor systems with cropped bottom rotors

The geometries of the rotor systems with cropped bottom rotors are identical to the three different
rotor systems with straight and skewed blades (with skew angles of 20° and 35°) considered in
Chapter 3, but with the downstream rotor cropped so that its tip radius was 80% of that of the top
rotor and the bottom rotor pitch changed in order to match the thrust produced by the corresponding
uncropped rotor system. This amount of cropping was based on the results presented in section 3.6 of
Chapter 3 (see Figs. 42-44) where it was observed that unsteady loading on the outer 20% of the
bottom rotor blades due to their interaction with the tip vortices from the top rotor produced
significant levels of radiated noise.

For all the experiments and simulations of the rotor systems with cropped downstream blades
presented in this chapter, the top rotor rotated at 535 rad/s whilst the bottom rotor rotated in the
opposite direction at 465 rad/s.

In order to conduct a fair assessment of the effect of cropping on the noise produced by the rotor
system, the total thrust should be held constant. This was achieved by adjusting the pitch of the
bottom rotor blades to produce a total thrust which was very similar to that produced by the equivalent
uncropped rotor system. The appropriate blade pitch angle was determined from unsteady CFD
simulations which determined that the rotor systems with the straight blades and with the skewed
blades with ¢grew = 20° required the bottom rotor blades to be pitched at 10°, whilst the rotor system
with the skewed blades with ¢y, = 35° required the bottom rotor blades to be pitched at 8°.

A CAD rendering of the three different rotor systems with cropped bottom rotors is shown in Fig. 49.
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Fig. 49 CAD rendering of the three different rotor systems with cropped bottom rotors considered in this chapter.

4.1.2 Rotor systems with adjustable blade pitch

For the study investigating the effect of bottom rotor blade pitch, both rotors utilised the blades of a
15” diameter T-motor 15x5 propeller mounted in the custom-made hub shown in Fig. 50. This
allowed the pitch angle of the bottom rotor to be tested at pitch angles § = 0°, 4°, 8° and 12°. A
schematic diagram of the blade pitch angle that was varied is shown in Fig. 51. The spacing between
the rotors was kept constant at 40 mm for all tests.

In this investigation, the rotational speed of the top rotor was kept constant while the rotational speed
of the bottom rotor was varied. The overall total thrust produced by the contra-rotating UAV system
was kept constant.

“
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&

Fig. 50 Exploded view of variable pitch aluminium hub
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Fig. 51 A schematic drawing of the blade pitch angle that was varied by the lower blade.

4.2 Numerical prediction methods

URANS CFD simulations for each of the cases considered in this chapter were conducted using
Ansys Fluent using the methods described in Chapters 2 and 3. For all simulations, the unsteady CFD
simulations were initialised using the results obtained from steady RANS simulations which utilised
Fluent’s multiple reference frame model. The time-step size for the transient simulations was set so
that top rotor rotated 1° per time step and the transient simulations were computed until the thrust
force produced by the top and bottom rotors was observed to be periodic. This loading data was input
into either the time- or frequency domain noise prediction methods described in Chapter 2.

4.3 Predictions versus measurements

4.3.1 Rotor systems with cropped bottom rotors
The measured and predicted thrust is summarised in table 1 below and show good agreement.

Table 1. Measured and predicted total thrust.

Measured total thrust (N) Predicted total thrust (N)
Rotor system with straight 18.25 18.82
blades
Rotor system with skewed - 19.49
blades (Psrew = 20°)
Rotor system with skewed 16.32 17.53
blades (Psrew = 35°)

Note that as for the results presented in Chapters 2 and 3, all sound pressure levels are normalised to a
distance of 1.5 m from the centre of the bottom rotor assuming spherical spreading.

Fig. 52 and Fig. 53 respectively plot the measured and predicted sound pressure level polar directivity
patterns for three different interaction tones produced by the contra-rotating UAV systems with
cropped downstream rotors with straight blades (¢srew = 0°) and skewed blades (¢srew = 35°). The
agreement between the predictions and the measurement is very good for the interaction tones that are
presented. As expected for these interaction tones, the acoustic pressure radiates strongly along the
rotor axis (at 8y = 0° and 180°) and the amplitude of the acoustic pressure decreases as the observer
moves toward the plane of the rotor at 8, = 90°.
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Fig. 52 Sound pressure level polar directivity plot for three different interaction tones produced by the rotor system
with a cropped downstream rotor and straight blades. Numerical predictions (red) and experimental measurements
(blue with circle markers) are presented for the {n; = 1,n, = 1} tone (top left), the {n; = 2,n, = 2} tone (top right)
and the {n; = 3,n, = 3} tone (bottom).

Fig. 53 Sound pressure level polar directivity plot for three different interaction tones produced by the rotor system
with a cropped downstream rotor and skewed blades (¢siew = 35°). Numerical predictions (red) and experimental
measurements (blue with circle markers) are presented for the {n; = 1,n, = 1} tone (top left), the {n, = 2,n, = 2}
tone (top right) and the {n; = 3,n, = 3} tone (bottom).

Fig. 54 plots the predicted polar sound pressure level directivities of three different interaction tones
for the three different rotor systems with the cropped downstream rotors. These results show a similar
trend to the results presented in Chapter 3 (Fig. 37) for the rotor systems with the uncropped rotors
where as the skew angle increases, the sound pressure level generally decreases. Fig. 55 plots the
sound pressure levels of prominent interaction tones at observer locations of 6, = 0° and 45°. These
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results are similar to those presented in Chapter 3 (Fig. 46) for the rotor systems with the uncropped
rotors. Once again, it is observed that the sound pressure level decreases as the blade skew angle
increases and that the decrease is more prominent at higher frequencies.
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Fig. 54 Predicted sound pressure level polar directivity plots for three different interaction tones produced by the
three different rotor systems with cropped lower rotors. The rotor system with straight blades (¢siew = 0°) (blue),
Dsiew = 20° (red) and ¢y, = 35° (black). Predictions are presented for the {n; = 1,n, = 1} (top left) tone, the
{nq = 2,n, = 2} tone (top right) and the {n; = 3,n, = 3} tone (bottom).
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Fig. 55 Comparison of the sound pressure levels for four different interaction tones produced by rotor systems with
cropped lower rotors at observer locations 6, = 0° (left) and 8, = 45° (right). The rotor system with straight blades

(Pskew = 0°) (blue), Pgew = 20° (red) and Pgyew = 35° (black).

The overall A-weighted sound power level was also calculated for the three rotor systems with
cropped downstream rotors using the method described in Chapter 3. The overall A-weighted sound
power level calculated for the rotor system with the straight blades was 89.9 dB, whereas the level for
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the rotor systems with the skewed blades was 88.10 dB and 84.65 dB respectively for the rotors with
skew angles of 20° and 35°. As for the uncropped rotors, there is a significant reduction in sound
power level as the blade skew angle increases.

4.3.2 Rotor systems with adjustable blade pitch

Fig. 56 plots the measured and predicted sound pressure level polar directivities of six different
interaction tones produced by the configuration where the bottom rotor was pitched at § = 8°. Note
that the acoustic measurements were taken at four different locations (6, = 0°, 45°, 90° and 135°).
The agreement between the predictions and the measurement is very good which suggests that the
unsteady loading predicted using the CFD simulations is well-predicted. As expected for these
interaction tones — which all have zero azimuthal mode order — the sound pressure level is highest

close to the rotor axis ( 8y = 0° and 180°) and generally decays to a minimum close to the rotor plane
(6x = 90°).

Note that for this particular case, the measured total time-average thrust was 18.7 N which compares
well with the predicted value of 19.0 N.
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Fig. 56 Sound pressure level polar directivity for six different interaction tones produced with the rotor system with
the bottom rotor blades pitched at f = 8°. Experimental measurements (blue curves with circle markers); numerical
predictions (red curves). {n; = 1,n, = 1} tone (top left), {n; = 2,n, = 2} tone (top right), {n; = 3,n, = 3} tone
(middle left), {n; = 4,n, = 4} tone (middle right), {n; = 5n, = 5} tone (bottom left) and {n; = 6 n, = 6} tone
(bottom right).
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4.4 Discussion

4.4.1. Rotor systems with cropped bottom rotors

The CFD simulations were used to estimate the trajectory of the tip vortices produced by the top rotor
using the following method. Firstly, isosurfaces of constant A, criterion was generated. These
isosurfaces include a tubular structure enclosing the centre of the tip vortex. Then, at a number of
azimuthal angles, the centre of the tubular structure associated with each tip vortex was estimated.
This was assumed to be the location of the centre of the tip vortex at that particular angle. This
process was undertaken for the simulations of the rotor system with straight blades for the cases
where the bottom rotor was cropped and uncropped and the predicted tip vortex trajectories are shown
in Fig. 57. For both cases, the centre of the tip vortex passed through the location of the pitch-change
axis of the bottom rotor at a radius equal to 80% of the tip radius of the top rotor. This cropping length
was chosen based on the analysis in chapter 2 and 3, which demonstrated that the tip vortex
predominantly interacted with the outer 20% portion of the bottom blade.

Fig. 57 Illustration showing the estimated tip vortex trajectory extracted from Isosurfaces of constant 4, criterion for
the rotor systems with straight blades. Results for the rotor system with the uncropped bottom rotor are shown as
blue diamonds whilst the results for the rotor system with the cropped lower rotor are shown as red stars.

Fig. 58, Fig. 59 and Fig. 60 present the predicted acoustic pressure radiated from the top rotor
reference blade at and observer location of 6, = 0° and Ry = 1.5 m for the rotor systems with a
cropped lower rotor. Fig. 58 presents the results calculated for the case where the rotor blades were
straight, whilst Fig. 59 and Fig. 60 presents the results calculated for the cases where the rotor blades
were skewed with skew angles of 20° and 35°. The top subplot in each figure shows the total pressure
radiated from blade whereas the bottom subplot is a contour plot which shows contours of pressure
radiated from each of ten equally sized radial segments of the blade versus non-dimensional radius (y-
axis) and non-dimensional time (x-axis). The contour plots clearly show the impulsive noise produced
as the rotor blade passes over the bottom rotor and that, for the straight blade, this impulse is
generated at the same time (and therefore arrives at this observer location at the same time). However,
for the rotor systems with the skewed blades, the impulses are generated at different times and
therefore the impulse radiated from each radial segment arrives at the observer location at different
times. This results in a total impulse produced by the skewed blades with lower amplitude.
Additionally, for all cases it is observed that cropping the bottom rotor results in very little noise
being generated by the tip region of the top rotor blades due to the fact that there is little interaction of
these blades with the bound potential field of the bottom rotor at these radii.
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Fig. 58 Predicted total acoustic pressure produced by the top rotor reference blade of the rotor with straight blades
(top). Contour plot of predicted acoustic pressure radiated from each of ten equally sized radial strips with the
vertical axis plotting radius normalized by the tip radius and the horizontal axis plotting time normalized by the
period of the unsteady loading (bottom).
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Fig. 59 Predicted total acoustic pressure produced by the top rotor reference blade of the rotor with skewed blades
(Pskew = 20°) (top). Contour plot of predicted acoustic pressure radiated from each of ten equally sized radial strips
with the vertical axis plotting radius normalized by the tip radius and the horizontal axis plotting time normalized by
the period of the unsteady loading (bottom).
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Fig. 60 Predicted total acoustic pressure produced by the top rotor reference blade of the rotor with skewed blades
(Pskew = 35°) (top). Contour plot of predicted acoustic pressure radiated from each of ten equally sized radial strips
with the vertical axis plotting radius normalized by the tip radius and the horizontal axis plotting time normalized by
the period of the unsteady loading (bottom).

Fig. 61, Fig. 62 and Fig. 63 presents similar plots for the bottom rotor reference blades. The red
dashed curves indicate the times at which an impulse generated when the top and bottom rotors mid-
chords are aligned would arrive at the observer location. These plots show that there is a strong
impulse generated close to the times where the top and bottom rotor blades are aligned. However, the
magnitude of this impulse decreases significantly as the blade skew angle increases. Unlike for the
uncropped rotor blades (shown in Figs. 42-44), there is no clear effect of the tip vortex impingement.
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Fig. 61 Predicted total acoustic pressure produced by the cropped bottom blade with ¢4y = 0° (top). Contour plot
of predicted acoustic pressure magnitude with vertical axis plotting radius normalized by the tip radius and
horizontal axis plotting time normalized by the period (bottom).
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Fig. 62 Predicted total acoustic pressure produced by the cropped bottom blade with ¢, = 20° (top). Contour plot
of predicted acoustic pressure magnitude with vertical axis plotting radius normalized by the tip radius and
horizontal axis plotting time normalized by the period (bottom).
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Fig. 63 Predicted total acoustic pressure produced by the cropped bottom blade with ¢y, = 35° (top). Contour plot
of predicted acoustic pressure magnitude with vertical axis plotting radius normalized by the tip radius and
horizontal axis plotting time normalized by the period (bottom).

4.4.2 Rotor systems with adjustable blade pitch

Fig. 64 plots a comparison of the measured sound pressure level of the first four interaction tones
produced by the rotor systems with the bottom rotor pitched at f = 0°, 4°, 8° and 12°. These
measurements were all made on the rotor axis at 8y = 0° at Ry = 1.5 m. The sound pressure levels of
the first interaction tone are similar for all four cases. There is some variation with the levels of the
higher frequency tones, but no clear trend.
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Fig. 64 Comparison of the measured sound pressure level of prominent interaction tones produced by a contra-
rotating UAV rotor system with the bottom rotor pitched at f = 0° (blue), 4° (red), 8° (yellow) and 12° (purple).

Fig. 65 plots the predicted levels for the cases presented in Fig. 65. Similarly, there is some small
variation in the level of each tone for the different pitch angle cases, but no clear trend.
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Fig. 65 Comparison of the predicted sound pressure level of prominent interaction tones produced by a contra-
rotating UAYV rotor system with the bottom rotor pitched at § = 0° (blue), 4° (red), 8° (yellow) and 12° (purple).

4.5 Chapter summary

This chapter has investigated the effect of cropping the downstream rotor of the rotor systems
considered in Chapter 3 of this thesis and has also considered the effect of adjusting the pitch angle of
the lower rotor blades of a rotor system with straight blades. Predictions and measurements were
presented and showed good agreement.

The trajectory of the tip vortex produced by the top rotor was estimated for the cases with straight
rotor blades. It was observed that the tip vortex impinged on the lower rotor at similar locations
regardless of whether the bottom rotor was cropped or uncropped.
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Cropping the bottom rotor was shown to reduce the impulsive noise generated by the outer portion of
the top rotor blades. Cropping the bottom rotor blades also reduced the noise which was generated by
the interaction of the tip vortex with the bottom rotor blades. It was also observed that as the blade
skew angle increased, the magnitude of the noise generated by the outer portions of the lower rotor
blades decreased.

The overall sound power level radiated from the rotor systems with the cropped lower rotor was also
shown to decrease as the blade skew angle increased.

Additionally, the effect of the pitch angle of the bottom rotor on the level of the interaction tones was
explored. Acoustic measurements were taken at the University of Auckland’s anechoic chamber with
the bottom rotor pitched at § = 0°, 4°, 8° and 12°. The total thrust level was kept constant whilst the
bottom rotor speed was decreased as the pitch angle was increased. It was observed that the sound
pressure level of the first interaction tone did not change significantly as the blade pitch angle
increased. No clear trend was observed for the other tones.
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5 Conclusion

The objective of this thesis was to further the understanding of the noise produced by contra-rotating
UAV rotor systems. A noise prediction method was developed and validated. This prediction method
was used to identify the noise generating mechanisms. Based on this understanding, noise reduction
methods were developed. This chapter summaries the key results and findings from each chapter. The
implications of key findings are also discussed. Additionally, future extensions of this work are
suggested.

5.1 Summary of key results

5.1.1 Chapter 2 results

A CFD simulation method and a semi-analytical model were developed and were used to calculate the
unsteady loading on the blades of a contra-rotating rotor system. It was shown that there was
reasonable agreement between the periodic unsteady loading on the top rotor blades predicted using
the semi-analytical model and the CFD simulations. The periodic unsteady loading on the bottom
rotor blades is caused by their interaction with the bound potential field, viscous wakes, and tip
vortices from the top rotor.

A frequency domain method was presented for predicting the interaction tones produced by the
periodic loading on the rotor blades. This method was used to predict the sound pressure level
directivity for a number of different interaction tones produced by two different rotor systems using
loading data taken from the CFD simulations and semi-analytical models. These predictions were in
generally good agreement with measurements, indicating the importance of the bound potential field
interaction noise source for this particular case. The effect of rotor spacing was also investigated using
data from two CFD simulations and also the semi-analytical models. There was modest agreement
between the predictions and the measurements, however the predictions captured the strong decay of
the level of these tones as rotor spacing increased.

5.1.2 Chapter 3 results

CFD simulations were used to predict the unsteady loading on the straight and skewed blades of a
contra-rotating UAV rotor system operating at two different speed settings. This loading data was
used in either a time- or frequency domain acoustic analogy method to predict radiated acoustic
pressure time history and sound pressure levels of interaction tones. A semi-analytical model was also
used to assess the importance of the bound potential field interaction noise source. It was observed
that increasing the blade skew angle generally reduced the level of the prominent interaction tones at
many observer locations. The causes of the noise reduction were investigated, and it was shown to be
in-part due to the de-phasing of the acoustic pressure impulses radiated from different radii along the
blade span. These predictions were compared with experimental measurements and showed excellent
agreement — confirming the validity of the findings.

5.1.4 Chapter 4 results

This chapter investigated the effect of cropping the downstream rotor of the rotor systems considered
in Chapter 3. The trajectory of the tip vortex produced by the top rotor was estimated and it was
shown that cropping the downstream rotor did not significantly affect the tip vortex trajectory.
Cropping the downstream rotor was also shown to reduce the magnitude of the impulsive noise
generated by the outer portion of the top rotor blades and reduce the influence of the tip vortex
interaction loading on the bottom rotor. It was also shown that as the blade skew angle increased, the
radiated noise levels from both the top and bottom rotor blades decreased.
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This chapter also investigated the effect of changing the pitch of the bottom rotor whilst keeping the
total rotor thrust constant. It was observed that the level of the first interaction tone did not change
significantly as the blade pitch angle was changed. There was no clear trend for the higher frequency
tones.

5.2 Key findings and implications

Objective 1 was to identify the physical mechanisms that generates interaction tones. This thesis has
shown that the unsteady loading produced on the blades due to the bound potential field interaction is
the dominant source of noise generation for the contra-rotating UAV rotor systems considered here.

Objective 2 was to develop prediction methods for tonal noise produced by a contra-rotating UAV
rotor system. CFD simulations and semi-analytical models were used to calculate the unsteady
loading on the blades which were used as an input to the frequency domain acoustic analogy method
to calculate sound pressure level of interaction tones and acoustic pressure time-histories. The results
were validated by comparing with the results produced from Farassat’s Formulation 1A code and
experimental measurements. The frequency domain acoustic analogy was used to more rapidly to
calculate the sound pressure level of interaction tones when compared with the Farassat’s time
domain code.

Objective 3 was to identify the effect of blade skew on the interaction tones. After validating that the
significant contributor of unsteady loading was the bound potential field interactions, it was necessary
to attenuate this effect. One method proposed was to change the skew angle of the blades. Using the
methods developed previously, the effect of blade skew on the unsteady loading and the resulting
interaction tones was investigated.

It was found that with increasing blade skew, the unsteady loading, and the resulting acoustic pressure
radiated from different radii, was de-phased. This reduced the sound pressure level of the prominent
interaction tones produced by a contra-rotating UAV rotor system. There was little compromise in the
aerodynamic performance as the skew angle was varied for the cases studied in this thesis.

Objective 4 was to investigate the effect of blade cropping on the interaction tones. The tip vortex
interaction is a significant contributor to the unsteady loading on the bottom rotor blades of a contra-
rotating UAV rotor system. The method proposed to reduce this effect was to crop the blades of the
bottom rotor. This effect was investigated using experiments and CFD simulations.

The results conveyed that cropping the bottom blades reduced the unsteady loading on the outer
portion of the top and bottom rotor blades which decreased the sound pressure level of prominent
interaction tones. For a fair comparison, the pitch angle of the bottom rotor was varied to ensure that it
produced the same thrust levels as the uncropped blades at the corresponding rotational speed.

Objective 5 was to investigate the effect of pitch angle of the bottom rotor on the interaction tones.
The pitch angle and the rotational speed of the bottom rotor was varied such that the total thrust level
was kept constant, and the pitch angle and rotational speed of the top rotor was kept constant. This
investigation was explored using experimental and numerical simulations.

It was found that the sound pressure level of the first interaction tone was similar for all pitch angles.
However, there was no clear trend for the higher frequency interaction tones.
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5.3 Future work
This section discusses the future work that could be performed to further understand the noise
produced by a contra-rotating UAV rotor system.

The work described in this thesis relied significantly on data from CFD simulations. While this
provides an accurate model of the flow field and loading, it requires large computational resources.
Developing low-fidelity models for the viscous wake and tip vortex interaction noise sources would
be useful as a design tool for developing quiet contra-rotating UAV rotor systems.

Multi-wire hotwire anemometry measurements could be performed to measure the unsteady flow field
produced by a contra-rotating UAV rotor system. These measurements could be used to tune
analytical models for the unsteady flow field associated with the bound potential field, tip vortex and
viscous wakes of the rotors.

This thesis has also focussed on measurements of isolated rotor systems operating in hover. Further
investigations should be made of such rotor systems in forward flight, take-off, and landing as well as
installed on a UAV and/or adjacent to other similar rotor systems.
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