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Summary
Advancements in technology have made commercial unmanned aerial vehicles reliable and readily

available, leading to an exponential rise in their market demand over the past few years. COVID-
19 has further accelerated this growth through an increase in demand for contact-less delivery and
crowd monitoring systems. However, despite these favorable conditions, their limited range, perceived
threat, and concerns about noise pollution in urban environments have prevented them from being
widely accepted by society. A recent study by NASA [1] found that people perceive UAV noise to be
more annoying than cars, and trucks at a similar sound pressure level, which highlights the need to
understand the acoustic characteristic of these aircraft.

These UAVs are generally powered by electric motors, making their propellers the most dominant
source of noise. In the past, researchers have conducted several studies to understand and charac-
terize the noise produced by aircraft propellers. However, these studies were limited to high Reynolds
(> 10 ) and Mach number operations for large commercial aircraft, creating a significant gap in the
understanding of the aerodynamic and acoustic characteristics of propellers operating at low Reynolds
(< 2∗10 ) and Mach number. This thesis aims to address the research gap by performing a high-fidelity
computational simulation using Dassault Systèmes PowerFLOW®. The tool uses a lattice Boltzmann-
very large eddy simulation (LBM-VLES) based approach to compute the aerodynamic results and the
Ffowcs-Williams and Hawkings (FWH) aeroacoustic analogy to calculate far-field acoustic values. The
main objective of the thesis is:

“To characterize andquantify the effect of non-axisymmetric inflowconditions
on theaerodynamicandacousticpropertiesofpropellersoperatingat lowReynolds
numbers.”

To meet the objective, a computational setup consisting of a twin-bladed propeller with a radius of
15 𝑐𝑚 is designed in PowerFLOW®. The propeller is analyzed at 0 and 15 AoA, operating at 6000
RPM with a freestream velocity of 12 𝑚/𝑠𝑒𝑐 and the results validated against experimental data.

Aerodynamic measurements and flow analysis revealed that the change in angle of attack (AoA)
resulted in a 3.87% increase in the net thrust, and 1.16% increase in the net torque value of the propeller.
Operating at an AoA, the propeller blade experiences asymmetric loading around the propeller plane,
the loads fluctuate by 35% between the points of maximum and minimum loading. Further analysis
of the propeller flow field is carried out by averaging the velocity field and performing a phase-locked
analysis to visualize the vortex field. The analysis helps in understanding the effect of AoA on propeller
wake and quantifies its asymmetric nature.

Far-field acoustic data is acquired by two circular microphone arrays, with a polar angle resolution
of 10 . The arrays are placed around the propeller plane and along the axial axis of the propeller. The
change in AoA results in a 3 𝑑𝐵 higher noise at an azimuthal angle (Ψ) of 90 and reduces by an equal
magnitude at Ψ = 270 . The shift is attributed to the change in propeller tip Mach number and local
blade AoA as a function of its azimuthal location and propeller AoA. Further analysis of the sound power
level (PWL) produced by the propeller is carried out, showing a 1.5 𝑑𝐵 increase in the PWL produced
by the propeller blade at 15 AoA than 0 .
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1
Introduction

Advancements in technology have made commercial unmanned aerial vehicles (UAVs) readily
available to the public. Initially viewed as a military device, drones are now widely used by civilians as
well. Thanks to their reduced cost, small size, and ability to perform hazardous tasks (mapping, inspect-
ing, and/or surveying in contaminated/remote areas, etc.), drones are finding increased application in
several sectors of the economy such as energy, mining, entertainment, and agriculture to name a few.
As of 2018, the global commercial drone market was valued at $ 5.8 billion with an estimated sale of
around 274,600 units in 2018 [20]. Startups like Zipline and Wingcopter have used drones to deliver
medical supplies in remote regions of Africa. Technology giants like Amazon and Google are exploring
avenues to use drones for package delivery in dense urban environments. COVID-19 has helped shift
public perception about drones. People have now started accepting drones as a means of perform-
ing contactless delivery, and for disinfecting/monitoring public spaces. The increased use of drones
comes with safety, privacy, and nuisance-related challenges. Authorities and operators expect factors
like lack of trained UAV pilots, privacy concerns by the public, UAV traffic management issues, and the
noise produced by them to be some of the hurdles restricting their market potential. In recent years
investment by organizations into the research and development of UAVs has helped alleviate several
issues regarding UAV operations however, the noise produced by such aircraft remains a cause of
concern.

Figure 1.1: Drones performing aerial delivery of medical supplies; A hybrid tilt rotor UAV (left) and a fixed wing delivery drone
(right)

To date, electric motors have been the preferred mode of powering UAVs. They provide a simpler,
more efficient, and less noisy alternative to internal combustion/jet engines. Electric motors also en-
able drones to swivel their propellers, offering a relatively smooth transition from horizontal to vertical
flight, giving these aircraft vertical take-offs and landing (VTOL) capabilities. As a result of which the
propellers on these UAVs experience a higher range of angle of attack (AoA) than traditional aircraft.
The relatively small size and diverse mission profiles of these UAVs, coupled with their proposed oper-
ating environment (dense urban areas) offer a unique set of challenges in understanding their acoustic

1
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characteristics.
Over the years, there have been several successful attempts in understanding and isolating the

noise of propellers operating at high Reynolds numbers (> 10 ). However, research to understand
the aerodynamic and aeroacoustic characteristics of propellers operating at low Reynolds (< 2 ∗ 10 )
numbers and with an AoA is limited. The thesis aims to address the research gap by performing a
critical analysis on the aerodynamic and aeroacoustic characteristics of propellers operating at low
Reynolds numbers with an AoA.

1.1. Research objective
Researchers have dedicated considerable resources towards understanding the effect of installation

(presence of wings, nacelle, strut, etc.) and small variations in AoA [12, 21–23] on the aerodynamic
and acoustic characteristics of propellers. However, most of these analyses were performed in the
late 1900s for large turbo-prop aircraft operating at considerably higher Reynolds numbers (> 10 ).
Around 2010, manufacturers like DJI, Parrot, etc., made drones available to commercial consumers.
The availability of commercial drones sparked a new wave of research in the field of UAVs. The past
decade has seen researchers conduct several studies to understand the aerodynamic and acoustic
characteristics of propellers at low Reynolds numbers. These studies, however, havemainly been done
for axisymmetric inflow conditions. Most commercial UAVs (tilt or multi-rotor) have VTOL capabilities. A
typical mission profile of such a UAV includes vertical take-off, landing, transitioning to horizontal flight,
and cruise. The propellers experience significant changes in AoA during these flight phases. The
non-zero AoA results in unsteady loading due to the variation in effective AoA for the propeller blade
element around the propeller plane. These changes impact the aerodynamics, and consequently, the
acoustic characteristics of the propeller. The goal of this thesis is:

“To characterize andquantify the effect of non-axisymmetric inflowconditions
on theaerodynamicandacousticpropertiesofpropellersoperatingat lowReynolds
numbers.”

The goal shall be met by attaining the following objectives:

1. Understanding the aerodynamic and acoustic characteristics of propellers operating at lowReynolds
numbers and identify the differences compared to propellers operating at high Reynolds numbers.

2. Quantifying and analyzing the changes in aerodynamic and acoustic characteristics of the pro-
peller due to AoA.

The first objective is met by carrying out an extensive literature review. The learnings from the
literature reviewed are discussed in Chapter 3. The chapter also lists the research questions that will
be answered through this thesis. The second objective has been achieved by carrying out a high-
fidelity computational analysis of a UAV propeller operating at a low Reynolds number. The details of
the setup used have been discussed in Chapter 5. The following section discusses the approach taken
to reach the objective and the motivation behind its selection.

1.2. Approach
Based on the literature review and in consideration of the present experimental research at TU

Delft, conducting a computational study was deemed to be the best approach. It would complement
the experimental research and help create a benchmark computational setup that can be used for
future studies. The computational analysis also provides some distinct advantages over experimental
studies, which are listed below:

• It eliminates the uncertainties caused due to structural vibrations experienced by an experimental
setup. Which could translate into unsteady blade motion resulting in additional noise sources.

• Acoustic measurements in a computational analysis do not contain wind tunnel background noise
and other superfluous noise sources, such as electric motor noise, making it easier to analyze
the aerodynamic noise produced by the propeller.
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• In a computational analysis, placement of microphones does not alter the flow field, enabling a
360 directivity analysis.

The computational setup consists of an isolated twin-bladed propeller with a diameter of 30 𝑐𝑚 ro-
tating at 6, 000 RPM. The simulation is carried out with a free stream velocity of 12 𝑚/𝑠𝑒𝑐 at an AoA
of 0 and 15 . A high fidelity computational flow solver PowerFLOW®, developed by Dassault Sys-
tèmes has been utilized for this study. It utilizes the lattice-Boltzmann method (LBM) alongside a very
large-eddy simulation (VLES) turbulence modeling approach to resolve the flow field. The reason for
choosing such a solver over a traditional Navier-Stokes-based solver is their higher computational effi-
ciency, lower dispersion, and dissipation errors [24]. The computation of the acoustic field is performed
using the Ffowcs Williams–Hawkings (FWH) analogy. A more detailed discussion on the flow solver
and the computational setup has been carried out in Chapter 4 and 5 respectively.

1.3. Outline of thesis
Along with the present chapter, this report consists of 8 other chapters. A brief introduction to which

has been provided below:

• Chapter 2: provides the reader with the theoretical background in propeller aerodynamics and
aeroacosutics .

• Chapter 3: introduces the reader to the flow physics of a propeller operating at an AoA. It also
discusses research in this field of propeller performance at low Reynolds numbers.

• Chapter 4: introduces the principles of the LBM, and its implementation into the flow solver.
The chapter also discusses the implementation of the FWH analogy in the aeroacoustic solver of
the tool.

• Chapter 5: presents the setup created to perform the analysis in PowerFLOW®. It includes
description of the computational geometry, resolution and simulation parameters.

• Chapter 6: discusses the results of the grid resolution study. It also presents the validation of
the computational data obtained by comparison against experimental data.

• Chapter 7: explains the results, through the analyses of the flow field and post-processing of
acoustic data.

• Chapter 8: provides the conclusion to the thesis and summaries the key results and their
significance. It concludes by discussing recommendations for the extension of this study.



2
Theoretical Background

This chapter provides the reader with a theoretical background and concepts that shall be used
throughout the thesis. Section 2.1 introduces the reader to the fundamentals of propeller aerodynam-
ics. In Section 2.2 the basic definition of sound, types of sound sources, and sound measurement
techniques are discussed. Section 2.3 discusses the study of noise generated by fluid-solid interac-
tion. The chapter ends with a review of acoustic analogies that are used for modeling aerodynamic
noise sources.

2.1. Propeller aerodynamics
Literature classifies rotating blades into three main categories fans, propellers, and rotors. The

mechanism by which these rotating blades produce thrust is the same. Rotors and fans differ from a
propeller in terms of flow regime and number of blades, respectively. A rotor experiences radial inflow
across its disc during a forward flight (similar to a helicopter, see Fig. 2.1a), whereas a propeller expe-
rience axial inflow. A propeller and a fan experience axial inflow condition, but fans have a significantly
higher number of blades (8+) than propellers. It results in much higher wake interaction between the
blades.

A propeller is a mechanical device consisting of a rotating shaft with blades attached to it. These
blades are broad and angled, which help move a vehicle (typically an aircraft or marine vessel). The
blades have the cross-section of an airfoil, and the propeller operates by using the torque generated
by a power source to accelerate a mass of fluid, which produces thrust. Essentially a propeller can be
re-imagined as a rotating wing that moves through an air mass by pushing it back and accelerating it,
as shown in Fig. 2.1b. The airfoil theory describes how the acceleration of flow over an airfoil results
in low pressure (suction side at the top) and high pressure (pressure side at the bottom) of the airfoil,
producing lift. The airfoil theory, coupled with Newton’s third law can explain how a propeller blade
generates thrust.

(a) Inflow condition for a rotor disc (b) Propeller blade cross section and velocity diagram [25]

Figure 2.1: Propellers and rotors

4
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The blades of a propeller rotate about their axis while moving forward. The AoA of a propeller blade
element is defined as the angle at which the air (relative wind) strikes the propeller blade or the angle
between relative airflow and the propeller chord line. As a result of this AoA, the air mass flowing
over the propeller produces a net aerodynamic force known as the total reaction (TR) force, shown
in Fig. 2.2b, which can be broken into its two key components lift (thrust) and drag. With an increase
in AoA, lift (thrust in case of propeller) increases linearly (generally up to 15 ± 2 ) and then drops.
The drop in lift is due to the stalling of the airfoil. The drag force keeps increasing exponentially with
increasing AoA. Hence for fixed pitch propellers, there is an optimum AoA at which the efficiency is
the highest, while variable pitch, propellers that can adjust blade angle in flight, change blade angle
depending on the flight phase, shown in Fig. 2.3. A variable pitch mechanism, because of its weight and
mechanical complexity, is not suitable for small UAVs. UAV propeller designers optimize the propellers
for a particular flight phase and AoA, resulting in reduced efficiency for the propellers in off-design
conditions.

(a) Uneven loading caused at the propeller disc due to AoA [25]

(b) Forces experienced by a propeller blade element [26]

Figure 2.2: Force experience by a propeller at an AoA

Figure 2.3: Change in Propeller efficiency vs advance ratio at specific blade AoA [2]

During the cruise phase, propellers are at a shallow (or 0 ) AoA resulting in axial inflow condition
and steady disc loading. The new generation of PAVs and UAVs feature electric motors and novel tilt-
rotor mechanisms, along with mission profiles that include transitions from vertical to horizontal flight
paths (and vice-versa). These propellers operate at a wide range of AoA and experience non-axial
inflow conditions. The non-axial inflow results in the variation of resultant velocity experienced by the
propeller blade at a different azimuthal position (Ψ), resulting in the change of local blade AoA around
the propeller plane. As a propeller has a similar operating principle to a wing, changes in AoA result in
variation of the net aerodynamic forces experienced by the propeller, resulting in asymmetric loading
of the propeller disc, shown in Fig. 2.2a.
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2.2. Sound
This section introduces the reader to the properties and sources of sound and the basics of sound

measurement techniques.

Figure 2.4: Compression and expansion of air due to propagation of sound waves [3]

Sound is a mechanical wave (longitudinal wave) that propagates through a medium (solid, liquid,
or gas) in the form of isentropic pressure fluctuation. It creates a region of compression and expansion
(high/low pressure) in its direction of propagation, as shown in Fig. 2.4. The rate (per sec) of compres-
sion and expansion determines the frequency of a particular sound wave. The audible frequency range
for humans lies in the frequency band of 20-20,000 𝐻𝑧. The speed (𝑐) at which the fluctuation travels
through a medium (ideal gas) is given by:

𝑐 = √𝛾𝑅
∗𝑇

mol (2.1)

where 𝛾 is the adiabatic index (1.4 at 0 °C, for air), 𝑅∗ is the universal gas constant (8.314 Jmol 1 K 1),
𝑇 is the absolute temperature (K), and mol is the molar mass of the gas. This means that the speed
of sound is dependent upon the physical properties of the medium through which it travels, as seen in
Table 2.1.

Medium Speed of Sound (𝑚/𝑠𝑒𝑐) Temperature (K)
Air 331 273
Helium 965 273
Air 343 293
Fresh Water 1,480 293
Lead 1,960 –
Glass 5,640 –

Table 2.1: Speed of sound in different mediums [19]

The terms sound and noise are used interchangeably, however, there is a difference between them.
Sound can be desirable or undesirable, like the sound produced by a speaker or a passing aircraft.
Noise is an unwanted sound, which may cause annoyance or physical discomfort.

2.2.1. Sources of sound
Sources of sound have diverse sound generation mechanisms, directivity, frequency spectra, and

radiation efficiency. Most sound sources consist of a mixture of elementary source types, which is
dependent upon the sound generation mechanism. The three fundamental source types that make up
most of the sound sources are acoustic monopole, dipole, and quadrupole, see Fig. 2.5. This section
explains the different characteristics of these elementary sound sources.
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Figure 2.5: Radiation pattern of different sound sources [4]

• Monopole: Amonopole is the building block for all the other elementary sources of noise, such as
dipoles and quadrupoles. The dimensions of monopole sources are typically much smaller than
the radiated sound wavelength. The pressure amplitude radiated by a monopole in the far-field
is given by:

|𝑝(𝑥, 𝜙, 𝑡)| = 𝑆𝜌𝑐𝑘
4𝜋𝑥 (2.2)

where, 𝑘 is the wavenumber given by or , 𝑆 is the source strength, and 𝑥 is the distance
between the source and the observer.
The pressure amplitude for a point source does not depend on the radiation angle (𝜙); hence a
monopole radiates sound equally in all directions. The sound power (Π) radiated by a monopole
source is given by [27]:

Π = 𝑆 𝜌𝑐𝑘
8𝜋 (2.3)

as 𝑘 = , the above equation can also be written as Π ∼ 𝑓 , meaning that the sound power
radiated by a monopole varies with the square of the frequency.

• Dipole: A dipole is made up of two monopoles of equal strength but opposite phases. The
distance between the two monopoles in a dipole satisfies 𝑘𝑑 << 1, where 𝑑 is the distance
between two monopoles. The pressure amplitude of a dipole radiated in the far-field is given as

|𝑝(𝑥, 𝜙, 𝑡)| = 𝑆𝜌𝑐𝑘
4𝜋𝑥⏝⎵⏟⎵⏝

Source term

∗𝑘𝑑 ∗ 𝑐𝑜𝑠𝜙⏝⏟⏝
Directivity

(2.4)

where 𝑘𝑑 relates the radiated wavelength to the distance between two monopoles.
The directivity function depends on 𝜙, meaning that the sound is not radiated equally in all di-
rections (max when 𝜙 = 0 and 180 ). The sound power radiated by a dipole varies with the
4 power of frequency (Π ∼ 𝑓 ), meaning that a monopole source is more efficient in radiating
low-frequency sound with similar source strength than a dipole source.

• Quadrupole: A quadrupole source consists of two dipoles of equal strengths but opposite phase
or four monopoles with alternating phase, as seen in Fig. 2.5. The monopoles are separated by
a distance of 𝑑 and 𝑑 (horizontal and vertical). The separation is smaller than the wavelength
of the sound produced. The pressure amplitude produced by a quadrupole source in the far-field
is given by:
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|𝑝(𝑥, 𝜙, 𝑡)| = 𝑆𝜌𝑐𝑘
4𝜋𝑥⏝⎵⏟⎵⏝

Source term

∗4𝑘 𝑑 𝑑 ∗ 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜙⏝⎵⎵⏟⎵⎵⏝
Directivity

(2.5)

The directivity is such that there are four angles (𝜙) of high noise radiation and four shadow
regions. The sound power radiated by a quadrupole varies with the 6 power of frequency. For
a source of similar strength, a quadrupole is the least efficient radiator for low-frequency noise.

2.2.2. Measurement of sound
Measuring a source of sound helps in quantifying the pressure fluctuation produced by it. Sound

waves with pressure fluctuation in the range of 20𝜇 𝑃𝑎 to 2, 000 𝑃𝑎 fall within the audible band of an
average human and are of particular interest for most acoustic studies. Given the range of pressure
fluctuation, it is difficult to capture it on a linear scale against a standard atmospheric pressure of
101, 325 𝑃𝑎. Hence, a logarithm scale (decibel 𝑑𝐵) is used to measure sound, and the most common
quantity used to describe it is sound pressure level (SPL). It is defined as:

𝑆𝑃𝐿 = 10 ∗ 𝑙𝑜𝑔 (𝑝𝑝 ) (2.6)

where 𝑝 is the root mean square of the pressure fluctuation and 𝑝 is the reference pressure. It
is 2 × 10 𝑃𝑎 for air and is the minimum threshold of human hearing, as shown in Fig. 2.6.

Figure 2.6: Effective Sound pressure and corresponding SPL in decibel scale [5]

A sound signal consists of multiple frequencies. Human ears, similar to human eyes, are more sen-
sitive to a specific range of frequency. The International Electro-Technical Commission (IEC) defines
a family of curves that provide an independent standardized way of measuring sound perceived by
humans, see Fig. 2.7. It applies a certain weight to the measured SPL as per their frequency and is
defined under IEC 61672:2003 as:

• A - weighting is most commonly used for measuring environmental and industrial noise, as well as
in the assessment of potential hearing damage and other noise health effect at all sound levels.

• B, D - weightings are no longer described in IEC 61672:2003, but their frequency response can
be found in older IEC 60651. It is interesting to note that D-frequency-weighting was developed
specifically for high-level aircraft noise under the IEC 537 measurement standard.

• C - weighting is in use by many sound level meters, and their fitting is mandated (at least for
testing purpose) to precision (class one) sound level meters.

Applying Fourier transform converts a pressure signal in the time domain to acoustic spectra in
the frequency domain. A noise spectrum represents the contribution of different frequencies to the
overall sound pressure level (OASPL). OASPL is used to quantify the total energy contained in a noise
spectrum. Performing a Fourier transform on a pressure signal reveals its characteristics (tonal or
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Figure 2.7: Weighting graph for sound pressure levels [6]

broadband) and helps detect its dominant features. Tonal noise can be defined as a discrete frequency
noise characterized by spectral peaks at specific frequencies, as shown in Fig. 2.8. Broadband noise,
also know as wideband noise, is a noise whose energy is distributed over a wide range of frequencies
with no distinct peaks in the spectrum.

Figure 2.8: Converting pressure signal from a propeller analysis to power spectrum

2.3. Aeroacoustics
Aeroacoustic is a discipline that combines fluid mechanics with classical acoustics to study the noise

produced by an aerodynamic source. It analyses and quantifies noise generated due to unsteady fluid
motion and interaction of surfaces with fluid in motion, resulting in fluctuating aerodynamic forces. The
characteristics of noise generated by a propeller are discussed in Section 2.3.1 and the broadband
noise generation mechanism of an airfoil is discussed in Section 2.3.2.

2.3.1. Propeller noise
Noise has been one of the main factors limiting the widespread use of propeller-driven aircraft.

This section introduces the reader to the characteristics of noise generated by a propeller and briefly
explains the mechanism behind them.

Propeller noise is classified into tonal noise and broadband noise, see Fig. 2.8. Pressure fluctua-
tions produced by the rotation of a propeller blade in a fluid medium consist of tonal and broadband
components. Fig. 2.9 shows the pressure fluctuation produced by a three-bladed propeller in one rota-
tion. The top left corner of the figure represents the tonal component of the pressure signal. The three
distinct pressure peaks observed in the signal repeat themselves per rotation and are responsible for
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the tonal peak observed at lower frequencies. The frequencies at which these tonal peaks appear are
multiples of the blade passing frequency (BPF) of the propeller, which is defined as:

BPF = 𝑛 ∗ N (2.7)
where N is the number of blades on the propeller and 𝑛 is the number of rotations completed by the
propeller in one second. Fig. 2.8 shows the power spectrum for a two-bladed propeller at 6, 000 RPM.
The power spectrum has two distinct tonal peaks at 200 𝐻𝑧 and 400 𝐻𝑧, meaning that the BPF of the
propeller is 200 𝐻𝑧. The tonal noise in a propeller is produced due to [28]:

• Blade loading: It is the noise generated as a by-product of the thrust produced by the propeller.
Like an airfoil, the pressure difference between the pressure and suction side of the propeller
blade element results in thrust. When the rotating pressure field is observed from a fixed point,
it appears as an oscillating pressure filed on the propeller blade. The frequency of the oscillation
is determined by the propeller blade passing frequency. The chordwise pressure distribution on
the blade determines the waveform of the oscillating pressure.

• Blade thickness: Rotation of the propeller blade results in the introduction and removal of mass
at each element near the propeller disc. The rate of which is dependent on the blade profile, inci-
dence angle, and rotation speed. At low-speeds, the noise produced due to the blade thickness
is lower than that produced by blade loading. At high-speed thickness, noise assumes equal
importance as loading noise [28].

Figure 2.9: Pressure signal produced by a propeller; Tonal component (top left), Broadband component (bottom left), and total
pressure signal (right); adapted from [7]

The broadband component of propeller noise is a random, non-periodic signal caused by the un-
steady pressure field on the propeller blade. The mechanisms generating these pressure fields include
shedding of the vortices from the propeller tip and trailing edge, turbulent inflow over the propeller blade,
etc., and have been discussed in Section 2.3.2. The frequency at which these vortices are shed varies
along the propeller blade span, resulting in a wide range of frequencies. It results in the production of
broadband noise, as seen in Fig. 2.8.

2.3.2. Airfoil noise generation mechanism
The study of airfoil self-noise has been motivated by its contribution to the broadband component of

the rotor, propeller, wind turbine, and airframe noise [29]. It can be classified into five subtypes: laminar
boundary layer instability noise, turbulent boundary layer trailing edge noise, trailing edge bluntness
noise, separation and stall noise, and tip noise. The noise generation mechanism is dependent on the
inflow conditions, Reynolds number, and the shape/construction of the airfoil. The mechanisms that
are of particular interest for this thesis are:

• Turbulent boundary layer trailing edge noise: Turbulent flows result in the downstream con-
vection of eddies (unsteady pressure fluctuation) of different scales and energy. Upon reaching
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the trailing edge of an airfoil, these eddies experience a sudden change in pressure and acoustic
impedance and scatter as broadband noise. It is a significant contributor to the noise produced
by propellers and wind turbines [30].

Figure 2.10: Turbulent boundary layer trailing edge noise [8]

• Separation and stall noise: At high AoA, depending on Reynolds number and airfoil character-
istics, flow separation may occur on the suction side of the airfoil. Flow separation at the suction
side results in unsteady flow and generation of tonal humps in the broadband spectrum due to
vortex shedding [31]. It can be avoided by tripping the propeller blades [32].

Figure 2.11: Separation and stall noise [8]

2.4. Aeroacoustic analogies
An acoustic analogy reduces the source of aeroacoustic noise into simple emitter types and de-

couples the noise generation mechanism from its pure propagation. It is achieved by rearranging the
equations governing the acoustic field such that the field variables (wave operator) are on the left-
hand side of the equation and the source quantities to the acoustic field (source part) on the right-hand
side. Doing so enables the use of CFD/CAA simulations to computationally predict noise in the far-
field without the need for a large simulation domain with high resolution. The three most commonly
used acoustics analogies were developed by Lighthill, an extension to Lighthill’s analogy by Curle, and
Ffowcs Williams & Hawkings. Sections 2.4.1 and 2.4.2 explains the characteristics of these analogies
and their relevance for the present study, however, before expanding on the analogies the section
discusses the basic equations defining linearised acoustic wave propagation and generation.

Consider a medium with a stationary flow such that the average flow properties are uniform through-
out the flow domain. As an acoustic wave propagates through the medium, it becomes the only source
of pressure and velocity fluctuation. For a sound wave traveling isentropically through the medium, the
relation between pressure and density perturbation is given as:

𝑝 = 𝜌 𝑐 where 𝑐 = (𝜕𝑝𝜕𝜌) (2.8)

By assuming that the acoustic wave results in small density perturbation (𝜌 ) in the medium, 𝜌 <<
𝜌 where 𝜌 is the mean density, substituting it in the continuity equation gives:

𝜕𝜌
𝜕𝑡 + 𝜌

𝜕𝑣
𝜕𝑥 ≈ 0 (2.9)

where 𝑣 is the velocity fluctuation induced by the acoustic wave.
Next, the momentum equation is modified by neglecting the effects of viscosity and applying a

small perturbation assumption to it. The small perturbation assumption helps linearise the equation by
ignoring all second-order terms, resulting in:
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𝜌 𝜕𝑣
𝜕𝑡 +

𝜕𝑝
𝜕𝑥 ≈ 0 (2.10)

By combing the momentum and continuity equation, the linear homogeneous acoustic wave equa-
tion is obtained. It forms the base for all calculation in the field of linear acoustics and is given as
[7]:

1
𝑐
𝜕 𝑝
𝜕𝑡 − ∇ 𝑝 = 0 (2.11)

where 𝑝 is the pressure fluctuations caused by the acoustic wave. In the linear homogeneous acoustic
wave equation, the effect of external force (𝐹), mass, and momentum injection are neglected, and the
fluid domain is assumed to be stationary. It can not be used to describe an acoustic wave propagating
from a source of sound or in a non-stationary medium.

A wave equation that includes the sound source is defined using an inhomogeneous wave equation.
It is derived by rearranging the momentum and continuity equations. The process is similar to deriving
the linearised homogeneous wave equation without neglecting the effect of external force (𝐹), mass,
and momentum injection. Which results in [33]:

1
𝑐
𝜕 𝑝
𝜕𝑡 − ∇ 𝑝 = 𝜕𝑚

𝜕𝑡⏟
Monopole

− ∇.𝐹⏟
Dipole

(2.12)

Eq. (2.11) and Eq. (2.12) are similar to each other, except for the monopole and dipole source terms
on the right-hand side of the equation.

Monopole: A monopole source term represents the displacement of mass ( ) in the system. As
described in Section 2.2.1, such a source radiates noise equally in all directions. The sound produced
by the displacement of air by a propeller is a monopole sound source.

Dipole: A dipole source represents the noise produced by the force exerted on the flow. The forces
exerted by rotating propellers into the flow are an example of such a source.

2.4.1. Lighthill’s acoustic analogy
Lighthill’s acoustic analogy provides the theory for the sound generated by turbulence and helps in

identifying the source of sound in an arbitrary unsteady flow [7]. Based on exact equations of fluid flow,
Lighthill’s equations make no assumptions relating to compressibility effects and is given as [34, 35]:

𝜕 𝜌
𝜕𝑡 − 𝑐 𝜕 𝜌𝜕𝑥 =

𝜕 𝑇
𝜕𝑥 𝜕𝑥 (2.13)

Where 𝑇 is the Lighthill’s stress tensor and is given by:

𝑇 = 𝜌𝑢 𝑢 + (𝑝 − 𝑐 𝜌)𝛿 − 𝜏 (2.14)

The LHS of the equation describes the acoustic wave propagation in a uniform medium, where
𝜌 = ( ) is the dependent variable and 𝑐 is the speed of sound in the stationary medium. The RHS
describes the source term consisting of all the effects that generate the wave. The Lighthill’s stress
tensor 𝑇 in is defined as:

• 𝜌𝑢 𝑢 : is the Reynolds stress tensor.

• (𝑝 − 𝑐 𝜌)𝛿 : represents the excess momentum transfer by pressure and can be ignored in an
isothermal, incompressible flow [36].

• 𝜏 : is the viscous stress tensor and can be ignored for high Reynolds number flow.

A closer analysis of the source term reveals a second-order spatial derivative, making it a quadrupole
source of the sound [37]. It also means that the source term only models free turbulence and does not
account for the effect of moving boundaries or surfaces present in the flow. The presence of a sur-
face/solid body in the flow influences how sound waves are produced and radiated in the sound field.
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Not being able to account for the presence of a surface was a limitation of Lighthill’s analogy. Curle [38]
in 1955 extended Lighthill’s analogy to include the effects of a surface/solid body in the flow. Curle’s
analogy is relatively advanced to Lighthill’s analogy, however, it assumes the surface to be stationary in
the fluid. The noise produced by propellers is due to moving surfaces, as result, both these analogies
are unsuitable for analyzing the acoustic field of rotating propellers.

2.4.2. Ffowcs-Williams and Hawkings (FWH) analogy
FWH [39] extended Lighthill’s and Curle’s analogy in 1969 to include moving surfaces. It redefines

the pressure, density, and velocity variables in terms of generalized derivatives such as the Heaviside
step function 𝐻 and substitutes these variables into the continuity and momentum equations. The
equations are solved to obtain a wave equation in terms of the new variables. It is the FWH equation,
given as:

𝜌 (𝑥, 𝑡)𝑐 𝐻 = 𝜕
𝜕𝑥 𝜕𝑥 ∫ [

𝑇
4𝜋𝑟 |1 − 𝑀 |] ∗

𝑑𝑉(𝑧)

− 𝜕
𝜕𝑥 ∫ [

(𝜌𝑣 (𝑣 − 𝑉 ) + 𝑝 ) 𝑛
4𝜋𝑟 |1 − 𝑀 | ]

∗
𝑑𝑆

+ 𝜕
𝜕𝑡 ∫ [

(𝜌𝑣 − 𝜌 𝑉 ) 𝑛
4𝜋𝑟 |1 − 𝑀 | ] ∗

𝑑𝑆

(2.15)

The modification makes the FWH analogy suitable for performing analysis for propeller noise. The

( ) term physically signifies the impact of motion of the source on its time history. The significance
of the other terms on the RHS are as follows [7]:

• Quadrupole term: it is defined as the volume source term and its strength depends upon 𝑇 . It
consists of sound radiated by turbulence and flows distortion due to shock waves. At low speeds,
this term is of negligible importance.

• Dipole term: It is the second term of the equation and is controlled by surface loading 𝑝 .

• Monopole term: It is a volume displacement source and is dependent upon the blade surface
velocity and the density at the observer.

FWH analogy can model noise produced by moving sources, making it the most suitable analogy
for modeling propeller noise. PowerFLOW® uses the FWH analogy for computing the aeroacoustic
properties. The way an FWH analogy works in a CAA setup is [40]:

1. The acoustic pressure fluctuations produced by the source are captured inside a control surface
using a fine mesh. It is done by placing permeable or solid integrating surfaces in the control
volume, details of which have been discussed in Section 4.3.1.

2. The acoustic reciprocity theorem is then used to collect and find equivalent sources (monopoles,
dipoles, and quadrupoles) to set at the control surface.

3. Linear acoustic propagation schemes are then used to calculate the noise in the far-field.
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Literature Review

This chapter reviews the research done in the field of propeller aerodynamics and aeroacoustics.
Part one, Section 3.1, of this chapter recapitulates the research done on propellers operating at high
Reynolds numbers (𝑅𝑒) and the impact of inflow angle on their characteristics. It is achieved by dis-
cussing the various experimental, analytical, and numerical techniques used to analyze propeller char-
acteristics. Part two, Section 3.2, of this chapter, reviews the most recent research on propellers oper-
ating at low Reynolds number. The section is divided into an aerodynamic and an acoustics section.
They address the progress made in the field and identify the research gaps. The final part, Section 3.3,
of this chapter, presents the research question that the author aims to answer through this thesis.

3.1. Fundamental research
Propellers preceded all means of powering an aircraft by several decades and saw significant im-

provement in their performance between the 1930s & 40s. It was during this period Gutin [41] started
performing theoretical work in understanding the sound field produced by a rotating propeller. The
introduction of jet engines in the 1950s saw the propellers fall out of favor for a less efficient though
faster means of propulsion, causing a slump in propeller-related research. In the 1970s, however, a
steep rise in fuel cost shifted the attention back to efficiency spurring propeller-related research.

Researchers were concerned about the increase in annoyance due to low flying aircraft powered
by propellers. The projected rise in the use of such aircraft was a big motivation to develop noise
abatement techniques. By 1970, analytical studies recognized blade thickness and loading, tip vortex,
and trailing edge vortex as the primary sources of aerodynamic noise on a propeller. Researchers were
able to identify that factors such as the number of blades, flow velocity, flow direction play a vital role
in determining the acoustic characteristics of a propeller [28]. Quantification, detailed analysis, and
validation of these theoretical results were limited by the experimental and computational resources
available at the time.

Post-1970s the renewed interest in propeller-powered aircraft lead to the development of advanced
turboprops and prop fans. These developments were supported by advancements in experimental and
computational research, enabling researchers to validate the analytical models and explain propeller
noise radiation and generation mechanism. One such model is the helicoidal surface theory developed
by Hanson [42] in 1980. The analytical model used a frequency domain analysis of the pressure field to
show how blade thickness, chord length, sweep, and the airfoil section shape influenced noise radiation.
The theoretical results were compared against experimental data from a supersonic tip speed propeller
at a flight Mach number of 0.32 and showed good agreement. The model assumed the propeller to be
in a uniform axial inflow condition. However, it paved the way for future research in non-axial inflow
conditions by providing a way to account for variation in blade geometry on far-filed noise.

In the mid-1980s, the International Civil Aviation Organization (ICAO) introduced a new procedure
in the noise certification of propeller-driven aircraft. The new regulations required the aircraft noise to
be measured during the cruise, take-off, and approach flight phase. The propeller operates at an AoA
during take-off and approach conditions. The non-axial inflow conditions result in the variation of aero-
dynamic as well as acoustic characteristics of the propeller. The fundamental cause and mechanisms

14
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of which have been discussed in the following sections.

3.1.1. Radial directivity
Operating under non-axial inflow propeller blade experiences periodic variation in the magnitude

of inflow velocity and local blade AoA. The accompanying variation in the helical propeller tip Mach
number (𝑀 ) and its AoA (𝛼 ), wrt. to 0 AoA, can be expressed as a function of its azimuthal angle
(Ψ), advance ratio (𝐽), and propeller disc AoA (𝛼), and is given as [9]:

𝑀 (𝛼,Ψ)
𝑀 (𝛼 = 0) = √1 +

2𝐽 sin𝛼 sinΨ
1 + 𝐽 (3.1)

Δ𝛼 = 𝑡𝑎𝑛 [𝐽(1 − cos𝛼 + 𝐽 sin𝛼 sinΨ)
1 + 𝐽 cos𝛼 + 𝐽 sin𝛼 sinΨ] (3.2)

(a) Side view of propeller microphone setup (b) Front view of propeller microphone setup

Figure 3.1: Visualisation of propeller disc AoA; adapted from [9]

Based on Eq. (3.1) and Eq. (3.2), it can be seen that the maximum value wrt. 0 AoA will be
attained when Ψ = 90 (or 270 depending on how AoA and Ψ are defined). Experiments performed
by Dobrzynski et al. [9] found that for a microphone in the propeller plane the pressure amplitude is
governed by the pressure wave being produced by the propeller blade advancing in the direction of
the microphone. From theoretical knowledge, it is deduced that the variation in the helical tip Mach
number (𝑀 ) and local AoA (𝛼 ) will result in variation of the pressure amplitude produced by the
propeller blade. The variation in pressure amplitude will cause a change in the SPL calculated at the
microphone location and produce asymmetry in circumferential noise directivity.

(a) Variation in local AoA ( ) (b) Variation in helical tip Mach number

Figure 3.2: Variation in propeller blade properties with AoA ( ) at

Fig. 3.2 graphically represents the variation in 𝛼 and𝑀 with AoA for different advancing ratio (𝐽).
It can be seen that 𝐽 of the propeller has a significant impact on Δ𝛼 , doubling the advanced ratio from
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(a) Layout of the wind tunnel setup (b) Radial noise directivity

Figure 3.3: Experimental setup and radial noise directivity [10]

𝐽 = 0.2 to 0.4 triples the value of Δ from 0.91 to 2.50 at = 15 . The change in the helical tip Mach
ratio is relatively modest with changes in 𝐽.

Woodward [10] in 1987 conducted experiments on an eight-bladed SR-7A (see Appendix A for
more technical details) at a freestream Mach number of 0.2 at non-zero AoA to simulate takeoff/landing
conditions. Citing the theory discussed above, the author predicted changes in the radial noise field.
Woodward associates the variation in Δ𝛼 with AoA to the changes in blade loading, which affects the
noise generation. The experimentally measured noise field showed asymmetry in the radial noise field
with non-zero AoA, as seen in Fig. 3.3b. However, a closer look at the result shows that the asymmetry
is not exactly as predicted by the theory. For non-zero AoA, the measured noise peak is leaning more
into the 3 quadrant than expected (phase lead). This variation can be attributed to unsteady inflow
conditions experienced by the propeller blades as they operate in the wake of other blades. The high
number of propeller blades at non-zero AoA in a relatively low freestream Mach number could create
such a condition. By 1989 Whitefield et al. [11] recognized that propellers (especially with a large
number of blades) experience a phase lag/lead effect. The effect is due to unsteady loading caused
by large-scale low-frequency distortion in the flow. The distortions are a consequence of installation
effect, non-zero AoA, etc. As a result, a new theory using a quasi-steady approach to model the effect
of unsteady forces was developed. The phase effect is calculated from the linearized 2D gust theory.
Fig. 3.4 shows the impact of including these effects into radial noise calculations. In Fig. 3.4a, the old
theory shows the maximum variation to be around Ψ = 90 including the phase effect (Fig. 3.4b) shifts
it closer to Ψ = 120 . The results showed an encouraging match with experimental data and help to
understand the mechanism involved in radial directivity of propeller noise.

(a) Radial directivity with old theory
(b) Radial directivity with new theory

Figure 3.4: Radial noise directivity at BPF of a 4 bladed SR-2 propeller at AoA wrt. base line; Operating condition
. freestream velocity / [11]

Based on the above theories and experiments, Mani [12] in 1990 developed an improved model for
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the prediction of the 1 BPF noise produced by a propeller. He proposed a new mechanism of noise
radiation for high-tip speed, heavily loaded propellers, where he suggested a change in the radiative
efficiency of steady loading/thickness noise. However, it is not relevant for this study, and only results
from low tip speed propellers are discussed here. To calculate the pressure amplitude in the far-field
Mani, assumed the sound field produced by steady blade loading/thickness to be unchanged with
AoA. To account for the influence of AoA, a once per revolution unsteady load was introduced into
the calculation, adding additional noise at BPF. By combing the two noise fields due to steady and
unsteady loads, a new non-axisymmetric noise field is obtained. A key takeaway from the new theory
is the relationship between tip Mach number (𝑀 ) and relative change in noise with a change in AoA
in the radial direction. At BPF the ratio of unsteady to steady loading scales as:

JN (N𝑀 )
JN(N𝑀 ) (3.3)

where J is the Bessel function of the first kind and N is the number of blades. From Eq. (3.3) it can
be reasoned that with an increasing value of 𝑀 (for subsonic range), the ratio would diminish. The
diminishing ratio would result in a lower variation of noise radiation in the radial plane with AoA, as seen
in Fig. 3.5.

(a) Tip Mach number ( . ) (b) Tip Mach number ( . )

Figure 3.5: Radial noise directivity at BPF of a 4 bladed SR-2 propeller at AoA wrt. base line at a freestream velocity
/ [12]

3.1.2. Axial directivity
The axial directivity of noise defines the characteristics of propeller noise along its axis of rota-

tion. Understanding the axial directivity of propeller noise is vital in understanding the on-ground noise
footprint of a propeller. This section shall combine the leanings from Section 2.2.1 and Section 2.3.1
to understand the axial directivity pattern of broadband and tonal propeller noise. It then discusses
relevant research in the field to understand the impact of non-axial inflow conditions on axial directivity.

Fig. 3.6 shows us the directivity pattern (dipoles) for steady loading noise and unsteady loading
noise in the axial direction. The directivity pattern shows a 90 phase shift between loading and vortex
noise which is due to a difference in the noise-generating mechanism of these two sources. Steady
loading noise is generated in the propeller plane due to blade rotation. Unsteady loading noise is
produced by the fluctuation of forces on the blade surface (normal to propeller plane). Keeping that in
mind from Eq. (2.4) the directivity pattern of these two sources can be calculated to be maximum in the
plane of rotation (for steady loading noise) and along the propeller axis (for unsteady loading noise).

By measuring noise of scaled model high-speed propeller at simulated takeoff/approach (−10 to
+15 ) conditions, Woodward [10] was able to understand the trends in axial directivity with AoA. He
obtained the measurements by placing a translating microphone in the NASA Lewis anechoic wind
tunnel to simulate an observer location directly below the propeller during a level flyover, see Fig. 3.7a.
The microphone measured the acoustic field between 25 to 140 (𝜃) below the propeller axis (90
being directly underneath the propeller).

Taking measurements in axial inflow condition at BPF and 2x BPF, Woodward noticed that the
maximum noise occurred directly below the propeller (𝜃 = 90 ), Fig. 3.7b. The noise level decreases
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(a) Directivity pattern of steady loading noise on the
propeller plane

(b) Directivity pattern of unsteady loading on the propeller
plane

Figure 3.6: Propeller noise directivity pattern for axial inflow condition

on both sides of (𝜃 = 90 ). The side lobes occur due to reflection from the tunnel wall and interference
from the microphone array. These side lobes are not indicative of the axial directivity of propeller
noise. The experimental results, therefore, show the same directivity trends as the theory discussed
above. Measurements with changing AoA showed that the noise levels increase below the propeller
with positive AoA, see Fig. 3.8. The difference in noise levels can be as high as 10 𝑑𝐵 directly below
the propeller when the AoA changes from 0 to 15 .

(a) Top view of the experimental setup [10] (b) Axial Directivity at AoA

Figure 3.7: Experimental setup and propeller noise directivity at AoA [10]

Figure 3.8: Effect of AoA on axial directivity of BPF [10]

Padula [43] in 1985, conducted further experimental research on the variation in axial directivity
with AoA. He conducted experiments on high (𝑀 = 0.76) and low (𝑀 = 0.4) tip speed propellers at
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AoA (±10 ). He found that due to the domination of thickness noise at higher 𝑀 the propellers show
relatively smaller variation in axial directivity with AoA. A similar observation made by Mani [12] has
also been discussed in Section 3.1.1.

These observations show the variation in acoustic characteristics with AoA and highlight the need
for detailed acoustic analysis of low-speed propellers operating at an AoA. During the 1980s, the focus
was on large propellers operating at high Reynolds numbers for commercial aircraft. It was not until
the mid to late 2000s that propellers operating at low Reynolds numbers would get their due.

3.2. Low Reynolds number
This section discusses the most recent research in the field of UAV propellers operating at low

Reynolds numbers. It is divided, into an aerodynamic (Section 3.2.1) and an aeroacoustics (Sec-
tion 3.2.2) section. The aerodynamic section explores the variation in aerodynamic characteristics of
airfoils with Reynolds number and its impact on propeller performance. In the aeroacoustics section,
the acoustic characteristics of UAV propellers in different configurations are discussed.

3.2.1. Aerodynamic research
A common feature across all commercial UAVs is their compact size and relatively low flight speed,

which effectively translates into an operational Reynolds number of ≤ 2 ∗ 10 . At such low Reynolds
numbers, viscous forces assume greater importance than the inertial forces within the fluid. It results
in the change of boundary layer (BL) characteristics, such as flow transition, separation, etc. Fig. 3.9a
provides an insight into these changes with change in Reynolds number. For airfoils operating between
10 < 𝑅𝑒 < 5∗10 the BL is stable (due to the influence of viscous forces), and the flow remains laminar
(does not separate) for most of the chord length. Due to the relatively low Reynolds number, there is
no formation of a turbulent boundary layer over the airfoil resulting in direct flow separation. The flow
separation point starts moving towards the leading edge of the airfoil with an increase in AoA, which
causes abrupt changes in lift and drag values. At Reynolds number in the range of 5∗10 < 𝑅𝑒 < 2∗10 ,
after separation the laminar boundary layer gains enough momentum to reattach itself to the airfoil.
The region between the point of separation and reattachment is known as a laminar separation bubble
(that spans 15 − 40% of the chord length [44]) and results in increased drag over the airfoil. The
point of reattachment is dependent upon the Reynolds number, as a result, the reattachment point is
further downstream as compared to 𝑅𝑒 > 2 ∗ 10 . Airfoils operating at 𝑅𝑒 > 2 ∗ 10 experience flow
transition (from laminar to turbulent) before flow separation. The turbulent boundary layer energized
by the free stream remains attached to the airfoil and prevents flow separation, improving (𝐶 /𝐶 )
performance. As a result of which Reynolds number has a significant impact on airfoil performance,
see Fig. 3.9b.

(a) Airfoil boundary layer flow characteristics with [45] (b) Effect of on airfoil sectional ( / ) ; adapted from [44]

Figure 3.9: Impact of on airfoil characteristics

Historically extensive studies have been carried out to understand the performance of propellers
operating at high Reynolds numbers. The efficiency of these fixed pitch propellers peaked (for designed
conditions) at around 83% for traditional wooden propellers and went up to 90% for modern composite
propellers [46]. UAV propellers have shown considerably lower performance, with peak efficiency at
around 60 − 70% [47]. These propellers also exhibit a high sensitivity to change in Reynolds number,
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with peak efficiency dropping by 10% as the Reynolds number changes from 2 ∗ 10 to 1 ∗ 10 [47].
However, above 𝑅𝑒 = 2 ∗ 10 Reynolds number has a relatively lower impact on propeller efficiency.
An experimental study by Gamble showed that efficiency drops by only 5% as the Reynolds number
drops from 1.1∗10 to 4∗10 [46]. It is due to the variation of (𝐶 /𝐶 ) value with Reynolds number.
At 5 ∗ 10 < 𝑅𝑒 < 2 ∗ 10 the (𝐶 /𝐶 ) shows a sharp increase in value resulting in improved
airfoil performance. The improvement in airfoil performance results in better propeller efficiency, as the
propeller can produce more lift (thrust) at lower drag (torque). Experiments by Gamble et al. [46, 47]
showed a dependency of propeller performance on Reynolds number and recommended more studies
to quantify the variation. It eventually leads to the development of the UIUC [48] database for low
Reynolds number propellers. The database contains performance data of about 79 propellers in the 9
to 11-inch diameter range. To examine the Reynolds number effect (𝑅𝑒 range of 5 ∗ 10 − 10 ) these
propellers were tested for a range of RPM (1, 500 − 7, 500) and echoed the observations made by
previous researchers. The peak efficiency was measure at 65% and went as low as 28% for some
Reynolds number, and propeller types [49]. The low Reynolds number provides unique challenges in
predicting propeller performance using existing models [50]. As a result, such experiments provide data
to validate and improve existing models. A similar approach is taken to understand the impact of inflow
angle on propeller performance [51]. A common trend observed is that the thrust value increases with
an increase in AoA. The AoA has a comparatively smaller impact on the torque (and consequently the
power consumed) of the propeller [52]. Demonstrating an increase in propulsive efficiency with AoA,
however, the difference in propulsive efficiency with AoA collapse when calculated using the inflow-
based advance ratio (see Appendix A) [53].

(a) Variation in efficiency of a Zinger 16x6 propeller [47] (b) Variation in efficiency of an APC 18x12 propeller [46]

Figure 3.10: Impact of on airfoil characteristics

3.2.2. Aeroacoustic research
Historically research on UAVs was primarily geared towards flight dynamics and controls. It helped

understand their performance characteristics but was not much help in improving them. The surge
in commercial UAVs use highlighted their performance shortcomings and annoyance caused by their
acoustic signature [13]. According to the literature surveyed [13, 54], the primary sources of propeller
noise are steady loading, unsteady loading/vortex sound, and motor noise. The present section will
look into the influence of these sources on the acoustic characteristics of UAV propellers and their
variation with change in inflow/surrounding condition.

Zawodny et al. [13] conducted acoustic measurements on two isolated propellers (DJI 9443 and
APC 11x4.7 SF) to understand their acoustic characteristics. Measurements were taken by a five
microphone arc placed at a distance of 1.9 𝑚 (from the center of the propeller) along the propeller axis.
The propellers produced the same thrust at different RPM resulting in a difference of up to 8 𝑑𝐵 in the
OASPL. The difference was primarily due to the change in BPF due to RPM. However, on applying
A-weighting to OASPL, the noise advantage from having a lower RPM reduced to less than 3 𝑑𝐵. The
presence of motor noise in the mid-frequency range (1, 000−3, 000 𝐻𝑧), see Fig. 3.11, can be identified
as one of the probable causes.

In traditional propellers installation effects, caused due to flow distortions, impact propeller noise [9].
Hence, it is imperative to understand the impact of the rotor and airframe interaction on UAV noise to
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(a) APC × propeller (b) DJI 9443 propeller

Figure 3.11: Power spectrum plot for at constant thrust of . N [13].

develop amore realistic understanding of their acoustic signature. Zawodny et al. [14] built on the study
of isolated propellers to include UAV airframe, see Fig. 3.12a. The study revealed that the presence of
an airframe close to the rotor (Δ/𝑅 = 0.1) increases the amplitude of BPF harmonics (up to 7 BPF),
see Fig. 3.12b. The sudden change in local induced velocity due to the airframe causes unsteady blade
loading, which increases the amplitude of higher harmonics. The rise in amplitude of higher harmonics
falls significantly with increasing rotor-airframe separation. It starts to resemble the acoustic spectra
of an isolated propeller at Δ/𝑅 = 0.5. Yoon, Wang et al. [55, 56] conducted further computational and
experimental studies to understand the impact of rotor mounting location (over vs. under mount) on
noise. The results showed a significantly higher tonal content for under-mounted rotors (especially at
higher BPF). The presence of an airframe above the rotor produces large disturbances in the flow field,
which results in a larger fluctuation of induced velocity, causing a rise in the amplitude of fluctuating
pressure. It results in the production of higher unsteady noise. These findings are in line with the results
by Zawodny, Coffen et. al. [14, 57]. The results reported take us a step closer to understanding the
acoustic characteristics of UAVs.

(a) Experimental setup used by Zawodny (over mounted
rotor configuration)

(b) Impact of rotor airframe separation ( / ) on propeller noise

Figure 3.12: Experimental setup and impact of rotor airframe separation on propeller noise [14]

Yang et al. [15], investigated the impact of freestream velocity and AoA on an isolated UAV rotor.
It is the only study (to the best of the author’s knowledge) exploring the effect of shaft AoA on isolated
UAV rotors. The experiment was conducted at an AoA of 90 to 70 , reference AoA defined in Fig. 5.4,
for different freestream velocities, and RPM. The increase in freestream velocity at constant RPM and
AoA increased the mean thrust produced by a rotor. Operating at an AoA, the radial (𝑐𝑜𝑠) component
of the free stream is responsible for introducing asymmetry in rotor disc loading, see Fig. 3.13. Con-
sequently, at fixed free stream velocity, increasing the AoA results in the higher harmonics of the BPF,
see Fig. 3.14b. Increasing the free stream velocity at fixed AoA also has a similar effect Fig. 3.14a.
The direction of flow over the rotor causes BVI, which could also be one of the probable causes for
the rise in higher harmonics (up to 7 BPF) [15]. The circumferential directivity was measured using
an array of 18 microphones placed at the base of the setup, see Fig. 3.13. The directivity pattern was
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dominated by the 1 BPF noise and is higher in the first and the third quadrants for all AoAs and free
stream velocity. Doppler shift, BVI, and higher relative velocity of the blade sections in the first and
third of the blade are all listed as plausible causes for the effect. Distinguishing the contribution of
phenomena is left for future work.

Figure 3.13: Schematics of the experimental setup along with rotor coordinates [15]

(a) Noise spectra for different free stream velocity at 7000 RPM, and

(b) Noise spectra for different AoA at 7,000 RPM, m/sec and

Figure 3.14: Noise spectra for different free stream velocity and AOA [15]

3.3. Research questions
The literature surveyed point to an increased interest in understanding the characteristics of pro-

pellers operating at Low Reynolds numbers. The focus area of researchers has been in the axial
flow regime. Only a few experimental and analytical studies have attempted to capture the trends in
aerodynamic performance with inflow angle. Even fewer studies exist in understanding the acoustics
characteristic at an inflow angle. The review highlighted a research gap in the impact of non-axial inflow
conditions on propellers operating at low Reynolds numbers.

To address this gap, the author chooses to conduct a high fidelity CFD study. The study is performed
using PowerFLOW®. It is an LBM-VLES based flow solver that offers a relatively cost-effective way to
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CFD and CAA analysis. However, the net cost associated with conducting a CAA study is still high. As
a result, the first research question that this project seeks to answer is:

1. What is the computational resource required in conducting a study of the impact of AoA
on aerodynamics and acoustic characteristics of a propeller operating at low Reynolds
numbers?

• What is the required grid resolution to accurately capture all the flow phenomena?
• What is the impact on the accuracy of results with changes in grid resolution?
• How does the variation in AoA impact the accuracy of the results at a similar grid resolution?

Having answered the above question and performed the validation of the results wrt. experimental
data. The next question that this research seeks to answer is:

2. What is the impact on Aerodynamics characteristics of the propeller with a change in AoA?

• What impact does a change in AoA have on the overall performance and efficiency of the
propeller?

• How does the thrust and torque value vary across the propeller blade with a change in AoA
and azimuthal position?

• What is the impact of the change in AoA on the flow field?

The acoustic behavior of a propeller is directly linked to its aerodynamic characteristics, hence
the next question that the research aims to answer is:

3. What is the impact on the acoustic characteristics of the propeller with a change in AoA?

• How does the sound power level produced by the propeller change with AoA? How does it
relate to the aerodynamic characteristics of the propeller blade?

• How does the axial and radial directivity of the noise produced change with changing AoA?
• What changes occur in the SPL levels of higher harmonics due to change in AoA?

Based on these questions, analysis of the results has been carried out and discussed in Chapter 6
and 7. The conclusions drawn are discussed in Chapter 8 along with the scope of future research.
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Methodology

This chapter introduces the methodology used for conducting the CFD and CAA analysis of this
study. Section 4.1 discusses the fundamentals of the lattice Boltzmann method (LBM). The section also
lists its advantages and disadvantages. Section 4.2 discusses how LBM is implemented in Dassault
Systèmes PowerFLOW®. In the final part, Section 4.3, the implementation of the FWH analogy in the
solver, the sampling criteria, and other methodology used for obtaining the aeroacoustic results are
presented.

4.1. Lattice Boltzmann method
The first part of this section (Section 4.1.1) shall discuss the fundamental principles of the LBM

and its underlying physics. The second part (Section 4.1.2) presents a comparison between LBM and
traditional Navier-Stokes (NS) based flow solver.

4.1.1. Principle of LBM:
The LBM, though not directly developed from the Boltzmann equation, is an extension of the lattice

gas automata method and is based on microscopic models and mesoscopic kinetic equations. The
basic idea of LBM is to develop simplified kinetic models incorporating the physics of microscopic
processes such that macroscopic averaged properties follow the desired macroscopic equations [58].
The premise for using such simplified kinetic models is that the macroscopic dynamics of fluid result
from the collective dynamic properties of its constituent microscopic particles and is not sensitive to the
details in the physics of the underlying microscopic particles [59].

The Boltzmann kinetic theory describes a fluid as a composition of several small particles exhibiting
random motion. These particles exchange momentum and energy with one another through streaming
and collision [16]. The LBM simplifies the Boltzmann equation by restricting the movement of particles
to discrete nodes of a lattice. These models are represented using the ”𝐷𝑘𝑄𝑏” notation, where 𝑘
represents the dimensions, and 𝑏 represents the number of discrete velocity directions. If a 2D analysis
is performed using a quadratic mesh, each particle can move in 9 discrete directions, and hence the
model will be defined as 𝐷2𝑄9, as seen in Fig. 4.1. For a 3D space, depending on the computational
need, it can be extended to a 𝐷3𝑄15, 𝐷3𝑄19, or 𝐷3𝑄27model. PowerFLOW® uses the 𝐷3𝑄19model,
using 19 particle velocity states ensures sufficient lattice symmetry to recover the NS equation for
isentropic flow [60, 61]. The phenomenon of particles exchanging momentum and energy through
streaming and collision can be modeled using the Boltzmann transport equation, given as:

𝜕𝑓
𝜕𝑡 + 𝑢.∇𝑓 = Ω (4.1)

where 𝑓(𝑥, 𝑡) is the particle distribution function, 𝑢 denotes the particle velocity, and Ω is the collision
operator. LBM is a simplification of the Boltzmann equation through discretization. Hence, the above
equation after LBM discretization can also be written as [16]:

24
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𝑓(𝑥 + 𝑐𝑒 , 𝑡 + Δ𝑡) − 𝑓(𝑥, 𝑡)⏝⎵⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⎵⏝
Streaming

= − 𝑓(𝑥, 𝑡) − 𝑓 (𝑥, 𝑡)
𝜏⏝⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⏝

Collision

(4.2)

where 𝑐 = is the lattice speed, 𝑒 denotes the microscopic velocities, the subscript 𝑖 denoting all
the possible direction in which the particle can travel (19 for a 𝐷3𝑄19 model), 𝑓 is associated with
the discrete probability distribution function, 𝑓 the equilibrium distribution and 𝜏 the relaxation time
towards local equilibrium.

To simulate a single-phase flow, 𝑓 can be defined using the Bhatnagar-Gross-Krook (BGK) colli-
sion model as [16]:

𝑓 (𝑥, 𝑡) = 𝑤 𝜌 [1 + 3𝑒 .𝑢𝑐 + 92
(𝑒 .𝑢)
𝑐 − 32

𝑢.𝑢
𝑐 ] (4.3)

In the above equation, 𝑤 are the weights which for a 𝐷2𝑄9 model are given as:

𝑤 = {
4/9 𝑖 = 0
1/9 𝑖 = 1, 2, 3, 4
1/36 𝑖 = 5, 6, 7, 8

where 𝑖 represents the number of discrete directions in the model.
The summation of microscopic particle distribution can be used to find the macroscopic fluid prop-

erties. Fluid properties such as density (𝜌) and velocity (𝑢), for a 𝐷2𝑄9 model, be obtained from micro-
scopic properties as [16]:

𝜌(𝑥, 𝑡) =∑𝑓(𝑥, 𝑡) (4.4)

𝑢(𝑥, 𝑡) = 1
𝜌 ∑𝑐𝑓𝑒 (4.5)

Figure 4.1: Discrete lattice nodes in D2Q9 model (left([16]) and D3Q19 model (right [17]).

4.1.2. Choice of LBM
Recent years have seen LBM-based flow solvers gaining acceptance as a promising and viable

alternative to NS-based flow solvers. As mentioned, this study utilizes an LBM based flow solver called
PowerFLOW®, the choice of which has been motivated based on the following factors [17, 60, 62]:

Advantages
• Simulations are inherently transient, stable, and convergent.
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• Easy parallelization of simulations enabling it’s use for resource-intensive simulation.

• Low dissipative properties of LBM and the capability to correctly reproduce fundamental acoustic
phenomena.

• Capability to manage complex geometries and unlike NS-based CFD solvers, cell quality is not a
concern.

Disadvantages

• Applications of the LBM have not yet been validated for supersonic flows. Hence their use is
presently limited to compressible low Mach number or transonic flow regime.

• LBM is valid only for small Knudsen numbers, i.e., it can be used only for continuum flow.

• It is less suited for steady-state flow.

Based on the above factors, it can be stated that LBM is best suited for transient, subsonic flow
involving complex geometries. This study focuses on the aerodynamic and acoustic properties of a
propeller (complex geometry) operating under unsteady flow conditions at low Reynolds and Mach
number (𝑀 < 0.3). As a result, the disadvantages of LBM are not as significant as the advantages for
this study. Hence an LBM-based solver has been used.

4.2. LBM implementation in the flow solver
This section discusses the implementation of LBM into PowerFLOW®. Section 4.2.1 discusses the

algorithm and computational loop used by PowerFLOW®, followed by the turbulence model used in
Section 4.2.2. In Section 4.2.4 and Section 4.2.3, grid generation and the boundary conditions have
been discussed.

4.2.1. Algorithm
The algorithm used for computationally implementing the LBM for flow characterization is broken

into the three main steps and described as [16, 17]:

• Step a →Initialization: The values for 𝜌, 𝑢, 𝑓 and 𝑓 are initialised for the first time step of the
simulation. Otherwise, values of 𝜌 and 𝑢 are obtained from 𝑓 using Eq. (4.4) and Eq. (4.5). The
length of the arrow, see Fig. 4.2 is representative of 𝑓 i.e. the probability that the chosen particle
with a specified velocity shall move in the direction of the arrow.

• Step b →Propagation: This step is represented by Fig. 4.2a, while the state between collision
and propagation is represented by Fig. 4.2b. The state can be represented as:

𝑓∗(𝑥 + 𝑒 , 𝑡 + 1) = 𝑓(𝑥, 𝑡) (4.6)

where 𝑓∗ on the LHS is computed using 𝑓 on the RHS obtained from the previous time steps.
The new value of 𝑓∗ is then used to compute 𝜌 and 𝑢 using Eq. (4.4) and Eq. (4.5). Which are
used for initializing the loop for recurring time step in Step a.

• Step c →Collision: This step is represented by Fig. 4.2c after collision, the new equilibrium
distribution (𝑓 ) for this step can be calculated using Eq. (4.3). A new frequency distribution (𝑓 )
can be calculated using:

𝑓 = 𝑓∗ − 1𝜏 (𝑓
∗ − 𝑓 ) (4.7)

The new distribution function (𝑓 ) can be used again in Step a and the process continues.
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Figure 4.2: Computational Steps - from propagation to collision [17]

4.2.2. Turbulence model
Turbulence models are mathematical models that help predict the effects of turbulence, without first

calculating the full-time-dependent flow field. In PowerFLOW® the simulation methods are divided into
two main categories, each following a different simulation method. They are given as [63]:

• Direct Simulation: It is applied when the lattice length of the simulation is small enough to
directly capture/resolve the smallest scale of turbulence. In such a case, LBM is equivalent to
direct numerical simulation (DNS) of NS-equation [60]. The requirements of a DNS are measured
by resolving the Kolmogorov length scale (around 𝑅𝑒 ), which makes DNS impractical for high
Reynolds number. As a result, this simulation method is limited to flow in the region of 𝑅𝑒 < 10 .

• Turbulence Modeling: It is not computationally feasible to resolve all scales at high Reynolds
numbers (𝑅𝑒 > 10 ). PowerFLOW® uses turbulence modeling for both bulk fluid and near the
wall. The approach used by PowerFLOW® is commonly known as very large eddy simulation
(VLES). In this approach, turbulent kinetic energy and dissipation are calculated by solving a
variant of the RNG 𝑘–𝜖 model for the unresolved scales of turbulence [60]. It also uses a wall
function approach is to model boundary layers on solid surfaces.

4.2.3. Boundary condition
Boundary conditions (BC) are essential for the stability and accuracy of a numerical simulation.

They help the simulation in representing the physical features of the simulation as close as possible.
LBM needs to account for the discrete distribution functions (𝑓 ) on the boundary. It is required to reflect
the macroscopic properties of the fluid. To do so, the two most widely used BC are [16]:

• Bounce-back BC: These are used to implement a no-slip boundary condition. This implemen-
tation is well suited for simulating flow over complex geometry as it does not differentiate the
orientation of the boundary. In such a BC when the fluid particle interacts with the boundary
node, it is sent back (bounces back) to its original location. In this way, the velocity at the wall is
set to zero ensuring a no-slip condition. The two main implementations of the bounce-back BC
are on-grid and mid-grid BC [64]. On-grid bounce back is easier to implement than mid-grid BC,
however, it is only first-order accurate. Mid-grid BC offers second-order accuracy at the cost of a
modest increase in complications.

• Zou-He Velocity and pressure BCs: In this implementation, the BC depends upon the geometry
of the boundary and is hard to implement for complex geometries. However, it enables users to
model physical situations where velocity and pressure need to be prescribed at the boundary.

Based on these implementations, PowerFLOW® offers a set of BC such as a standard wall, friction-
less wall, sliding wall, rotating wall, velocity wall, etc. These help model the physical characteristics of
the simulation.

In PowerFLOW® a pressure-gradient extended law of the wall (PGE-LW) is used to produce a no-
slip BC on solid walls [65]. The wall-model helps in reducing the computational cost and is given as:

𝑢 = 1
𝜅 𝑙𝑛 (

𝑦
𝐴 ) + 𝐵 (4.8)
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Figure 4.3: On-grid implementation of bounce Back BC [16]

Figure 4.4: Zou-He BC [16]

such that,

𝐴 = 1 +
𝑓 | |
𝜏 & 𝑦 = 𝑢 𝜌𝑦

𝜇 (4.9)

where 𝑦 represents the non-dimensional distance, 𝑢 is the non-dimensional velocity, 𝑢 represents
the shear velocity, 𝑦 the vertical distance between the solid surface and the mesh wall, and Von Karman
constant 𝜅 ≈ 0.41. A generalization of the bounce-back BC is used to iteratively compute the value of
wall shear stress 𝜏 and used as a wall boundary condition.

4.2.4. Grid generation
Mesh/Grid divides a continuous geometric space into discrete topological and geometric cells. The

method of mesh generation depends on the type of solver being used. In PowerFLOW® it is a semi-
automated process which varies significantly from most Navier-Stokes based flow solver. To create
a mesh in PowerFLOW® the entire simulation domain is divided into lattice elements during the dis-
cretization phase. The lattice elements form discrete cubes (know as voxels) in a 3D simulation domain.
When the lattice interacts with a solid body in the simulation domain, it creates a planar lattice, also
know as a surfel, as seen in Fig. 4.5. The fluid-particle moves from one voxel to another during the
simulation; if it encounters a surfel, then the user-defined BC is initialized.

In the present study, the flow region closest to the object being analyzed is of most interest. As a
result, the region close to the propeller blade has a very high resolution. It is also recommended to
have a simulation domain at least ten times the object of interest. Having the same mesh resolution
throughout would make the simulation computationally expensive and waste resources. Hence, mesh
refinement is applied in a traditional NS-based solver to get a higher resolution near the object while
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Figure 4.5: Elements of a lattice in PowerFLOW® [18]

Figure 4.6: Voxel size dependence on VR region, adapted from [18]

having a progressively lower resolution further away. PowerFLOW® implements this by defining vari-
able resolution (VR) regions in the simulation domain, as shown in Fig. 4.6. When moving between
adjacent VR regions (high to low), the size of the voxel doubles (volume increases eight times), and
the rate at which they are updated (time steps) halves. To ensure that the data between different VR
regions are in sync with each other, the period of data collection between different VR regions varies
as a multiple of 2 . Where 𝑛 = 1 defines the VR region with the highest resolution. The resolution
of a setup defines the size of the voxels in the finest VR region. It determines the extent to which the
flow phenomena are resolved in the simulation. Defining the resolution and number of VR regions in a
setup is a trade-off between computational cost and desired accuracy.

In PowerFLOW® to simulate a rotating body, such as a propeller, a local rotating reference frame
(LRF) needs to be defined. It allows the user to include rotating and non-rotating geometry in the same
simulation. Enclosing the rotating geometry in a LRF creates a different reference frame, allowing the
user to prescribe a rotational speed to these parts. The LRF has two main subtypes:

• Stationary LRF: It does not rotate wrt. the global frame, however, produces accurate results. It
is best suited for axisymmetric flow conditions with negligible transient effects.

• Sliding-mesh LRF: The frame changes position and orientation wrt. to other portions of the
domain. It is best suited for asymmetric inflow conditions with significant transient effects.

The present study needs to take into account the flow asymmetry and transient effects caused due
to AoA. Hence, sliding-mesh LRF is chosen. The LRF region is divided into several axisymmetric rings
during discretization, see Fig. 4.7 (bottom). In the case of a sliding-mesh LRF, each of these radial
rings can only cross two VR regions during rotations, as shown in Fig. 4.7 (top).

4.3. Aeroacoustic solver
The FWH analogy has been implemented in PowerFLOW® to capture the pressure values obtained

by solving the flow field. This section explains how the FWH analogy is implemented in the solver in
Section 4.3.1, and Section 4.3.2 discusses the sampling criteria used to capture the desired frequency
range of the noise produced by the propeller.
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Figure 4.7: Grid generation for rotating bodies [18]

4.3.1. FWH analogy implementation
The FWH analogy has been introduced in Section 2.4.2 this section deals with its practical imple-

mentation into the solver. FWH analogy solves for the acoustic far-field by integrating the pressure
field over a surface in PowerFLOW® these surfaces are defined as:

• FWH solid surface (FWH SLD): In this case, the integrating surface matches the boundary of
the solid that is being analyzed. It requires low computational resources and enables the user to
isolate the contribution of different components. However, the solid FWH surface only accounts
for the loading (dipole) and thickness (monopole) noise source. The noise produced due to flow
non-linearities (quadrupole source) is not considered [66].

• FWH permeable surface (FWH PRM): It was developed by Francescantonio [67] in 1997. In this
method, an integrating surface surrounds the solid of interest and tries to capture the surface and
volume source terms. It typically means that the integrating surface is much larger than the object
of interest. As pressure fluctuations require a fine resolution to be accurately captured, propa-
gating it to larger distances increases the computational cost. Apart from this, interaction with
turbulent structures and hydrodynamic fluctuations can also corrupt the pressure data captured
on the permeable integration surface.

This thesis deals in lowMach number flow hence the contribution of quadrupole noise sources would
be negligible. Consequently, both solid and permeable FWH surfaces can be used for acoustic post-
processing. Section 6.2.1 presents a comparison between the acoustic result from the two surfaces
and discusses the motivation behind selecting one of the analogies.

Dassault PowerFLOW® employs an advanced-time approach (derived from retarded time approach),
based on formulation 1A by Farassat [68], to solve the FWH equation. The retarded time approach
adopts a receiver/observer point of view, where signals emitted at different times and covering different
distances are evaluated at a particular time by summing up the pressure fluctuations. In the advanced
time approach, a source point of view is adopted, calculating the contribution of the source at a partic-
ular time and propagating it to the receiver/observer. Meaning that a signal emitted by a point source
moving at sub/supersonic velocity is received only once by an observer at subsonic velocity [66].

The advantage of using an advanced time approach over retarded time approach is that it enables
the use of a parallel architecture, which reduces the computational cost associated with acoustic pre-
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diction in a simulation. The advanced time approach also does not require iterative solutions, making
it easier to implement and more efficient than retarded time approach [66].

4.3.2. Acoustic signal sampling
Section 2.2.2 provides an overview of different frequencies perceived by humans. It helps in se-

lecting a desirable frequency range that should be analyzed. Selecting the desired frequency range
comes under signal sampling and is governed by two main criteria:

• Temporal criterion: The Nyquist criterion states that the sampling frequency (𝑓 ) should be at
least two times the highest frequency (𝑓) of the signal that needs to be captured (𝑓 ≥ 𝑓).

• Spatial criterion: Applicable in the case of computational analysis, this criterion defines the
minimum number of numerical points (voxels in PowerFLOW®) required per wavelength for a
given frequency. The recommended value is to have at least ten numerical points per wavelength
[69].

These criteria determine the highest frequency range that can be captured without introducing signal
aliasing. Fig. 4.8 shows the difference between a well-sampled (top) vs. an aliased signal due to under-
sampling (bottom). A Fourier analysis on an undersampled signal results in a wave with a different
phase and frequency than the original wave.

Figure 4.8: Well sampled signal (top) vs aliased signal due to under-sampling (bottom)

The sampling of data should start only after removing the initial transient phase of the simulation.
Based on past experiences, it is recommended to start sampling the data after [31]:

1. At least ten flow passes over the entire length (𝑙) of the object being analyzed.

𝑡 ≤ 10𝑙
𝑈 (4.10)

2. The flow should have passed through the entire length (L) of the initial flow domain at least once
and cleared the initial field setup.

3. The flow parameters should have converged.

In PowerFLOW®, transient time can be reduced by seeding files from a previous simulation to
initialize the flow field. The general practice is to use a coarse simulation file as a seed for a finer
simulation, which helps in reducing the value of (𝑡 ) and hence the overall cost of the simulation.
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Setup

This chapter explains the computational setup designed for the study. Section 5.1 reports the geom-
etry used and the coordinate system of the setup. It is followed by a discussion on the mesh resolution
and rationale behind its selection in Section 5.2. Sections 5.3 and 5.4 introduces the reader to the
boundary conditions, flow parameters, and flow measurements being saved. In Section 5.5 the exper-
imental setup is presented, and parallels are drawn to the computational setup.

5.1. Geometry
The propeller chosen for this study is designed and manufactured at TU Delft. It is a twin-blade

propeller with a radius of 15 𝑐𝑚 and utilizes a NACA-4412 airfoil for its blade section. The distribution
of blade angle (twist) and chord length of the propeller to the blade span is given in Fig. 5.1.

Figure 5.1: Propeller chord length and blade angle vs blade span (r/R)

The blade geometry is imported as a single-faced STL file into 𝑂𝑝𝑡𝑦𝜕𝑏®. The tool, developed by Dr.
D.Casalino, segments the blade into multiple faces, referred to as Face IDs, and can add a user-defined
zig-zag trip on the blade surface, see Fig. 5.2. Dividing the blade into multiple faces enables the user to
set different mesh resolutions for different faces, while the trip induces flow transition. The significance
of the trip for the setup has been discussed in Section 5.1.2. Table 5.1 describes the colored sections
(Face IDs) on the blade surface. The computational setup is based on an experimental study being
performed at TU Delft. To accurately replicate the experimental setup it is decided to add a nacelle in
the computational domain instead of analyzing a stand-alone propeller, as shown in Fig. 5.3.

32
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Figure 5.2: Propeller blade before (top) and after (bottom) being processed by ®

Face ID Tip Root Leading Edge Trailing Edge. Laminar Section Turbulent Section

Color Purple Green Red Yellow Blue Grey

Location 2.5 % of R 20 % of R 10 % of C 5 % of C 15 % of C 70 % of C

Table 5.1: Description and location of Face IDs on the rotor blade; R = blade radius, C = local chord length

Figure 5.3: Complete geometry of the propeller setup

5.1.1. Coordinate System
Coordinate systems are used to define the geometry and physical properties of the flow in a compu-

tation setup. This simulation utilizes three Cartesian coordinate systems to define the propeller position,
simulate an AoA, and rotation of the propeller blades. The coordinate systems that have been used
are defines as follows:

• Default/Aircraft coordinate system: The default/aircraft coordinate system is the global coordi-
nate system for the setup. It is the base coordinate system of the setup upon which all the other
coordinate systems are defined. In this coordinate system The z-axis is defined along the axis of
rotation and the positive y-axis and x-axis points towards Ψ = 180 and Ψ = 270 respectively,
see Fig. 5.4a.

• freestream coordinate system: The setup changes the inflow angle instead of moving the pro-
peller geometry to simulate an AoA. This method of defining the AoA ensures that the propeller
position stays fixed despite the change in AoA. It eliminates the need to correct the acoustic data
for distance with a change in AoA. The freestream coordinate system takes the default/aircraft co-
ordinate system as its reference frame. On specifying an AoA, the freestream coordinate system
adapts its position to the default coordinate system. It modifies the inflow angle of the freestream
hence simulating an AoA. Fig. 5.4b shows the change in inflow angle relative to the propeller
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geometry.

• Local Rotating reference frame (LRF): The LRF is a non-inertial rotating reference frame of the
setup. It defines the speed and direction of rotation for the propeller. For the present simulation,
the RPM is 6, 000, and the propeller rotates in an anti-clockwise direction (forward-looking aft). A
volume of revolution is defined to create the LRF, such that it contains all the parts of the geometry
that will rotate relative to the inertial reference frame. Fig. 5.4c shows the direction of rotation of
the propellers to the default coordinate system.

In this thesis, all the measurements and results discussed are relative to the default/aircraft coordi-
nate system.

(a) Default/Aircraft coordinate system (b) Freestream inflow at an AoA of

(c) LRF coordinate system

Figure 5.4: Coordinate system with respect to the propeller geometry

5.1.2. Blade tripping
The nature of the flow (laminar or turbulent) over an airfoil directly impacts its aerodynamic and

aeroacoustic properties. Inherently a complex phenomenon, flow transition depends on several param-
eters such as inflow condition, surface roughness, etc. [70]. LES can directly capture flow transition
[71]. However, the ability comes with its own set of challenges as errors in defining the conditions of
transition in LES can give rise to artificial laminar regimes in the flow. It could induce fictitious sepa-
ration of the boundary layer, severely impacting the validity of the results [72]. Forcing transition at a
user-defined location helps avoid this pitfall, and study the flow characteristics with confidence.

Flow transition, in this study, is induced by placing zig-zag trips on the suction side of the propeller
blades. The choice is motivated by the fact that the pressure side experiences a lower flow velocity
compared to the suction side. Hence, flow separation would be less likely. Experiments by Leslie [32]
have shown that tripping the suction side of a propeller blade leads to a reduction in the high frequency
(> 2, 000 𝐻𝑧) noise produced by the laminar separation bubble. 𝑂𝑝𝑡𝑦𝜕𝑏® is used to generate these
user-defined trips. The trip properties relative to the propeller blade are shown in Fig. 5.5a.

The trip thickness of 17.41 ∗ 10 𝑚𝑚 was chosen, which has a resolution (trip thickness/ smallest
voxel size) of at least 2 voxels for coarse resolution and 4 for the highest resolution. The choice of trip
thickness is driven by the belief that a minimum of 2 to 3 voxels are required to accurately resolve the
trip in the simulation [73]. The trip is placed at a relative distance of 25% of the chord length. It spans
from 20 to 97.5% of the blade span more details about the trip have been provided in Table 5.2.
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(a) Closeup of propeller blade (grey) and trip on the suction side (red) (b) Trip parameters

Figure 5.5: Zig-Zag trip on propeller blade

Properties of trip Value
Trip starting location 20% of R
Trip ending location 97.5% of R
Trip wavelength 4% of C
Chord/stream-wise thickness 2% of C
Max and Min Trip Height 0.75% of C
Trip amplitude 2% of C
Trip location 25% of C

Table 5.2: Zig-Zag trip properties on the propeller blade; R = blade radius, C = local chord length

5.2. Resolution
Mesh or grid resolution is defined as the distance between two measurement points in a compu-

tational setup. A fine/high resolution corresponds to having a lesser distance between two measuring
points and improves the accuracy of the simulation. However, it also increases the computational cost,
and having a fine mesh throughout the computational domain is prohibitively expensive. As a result,
a computational setup consists of several layers of mesh with varying resolutions. These layers are
referred to as variable resolution (VR) regions and have the highest resolution closest to the area of
interest. The mesh gets progressively coarser away from the area of interest, as shown in Fig. 5.6. In
this study, the computational domain has sixteen different VR regions. The corresponding voxel size
for each VR region has been shown in Table 5.3.

VR Region 15 14 13 12 11

Voxel size (𝑚) 5.71 ∗ 10 1.14 ∗ 10 2.29 ∗ 10 4.57 ∗ 10 9.14 ∗ 10

VR Region 10 9 8 7 6

Voxel size (𝑚) 1.83 ∗ 10 3.66 ∗ 10 7.31 ∗ 10 1.50 ∗ 10 2.9 ∗ 10

VR region 5 4 3 2 1 0

Voxel Size (𝑚) 5.90 ∗ 10 11.70 ∗ 10 2.34 ∗ 10 4.68 ∗ 10 9.36 ∗ 10 1.87

Table 5.3: Variation in voxel size with VR region for (for a medium resolution setup)

In the present simulation, the region near the propeller blades is the area of interest. As a result,
VR regions 15 to 12 which have the smallest voxel size and consequently the highest resolution are
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Figure 5.6: Change in grid size with VR region; VR region in close proximity of propeller setup (left) and VR region closer to the
propeller blade (right)

placed closest to the propeller blade surface. It enables the simulation to resolve the flow field close to
the propeller blade surface and get accurate force measurements while keeping the computational cost
in check. To capture the tip vortices being shed by the propeller, a frustum is created in the propeller
wake region. The frustum has a relatively high resolution than its surrounding (VR 11) and can be seen
as the darker region on the left of Fig. 5.6. The frustum is chosen over a cylinder, as the cylinder can
not accurately capture the deflection in the propeller wake due to the change in AoA. The location and
shape of the VR regions have been discussed further in Section 5.2.1.

Resolution Simulation domain size Smallest voxel Largest voxel Fine equivalent voxels
(𝑚) (10 𝑚) (𝑚) (10 )

Coarse 338 ∗ 338 ∗ 338 8.1 2.6 9.8
Medium 239 ∗ 239 ∗ 239 5.7 1.7 18.6
Fine 168 ∗ 168 ∗ 168 4.0 1.3 36.4

Table 5.4: Variation in simulation domain and voxel size with resolution

Conducting a grid convergence/resolution study is a way of verifying the computational results. The
study helps find if the simulation results produced are due to the inflow and boundary conditions set
by the user or a consequence of mesh resolution. If the results are invariant to the mesh density then
the simulation is said to be grid-independent. Chapter 6 discusses the results of the resolution study
conducted on this simulation. For this study, three mesh densities were chosen (coarse, medium, and
fine). The size of the voxels across the VR region changed with the mesh resolution. The size of the
simulation volume depends on the voxel size, consequently, it also varies with the mesh resolution, as
shown in Table 5.4. Increasing the mesh density increases the computational cost and is computed
base on the number of fine equivalent voxels in a particular setup. The number of fine equivalent voxels
is calculated using:

Fine equivalent voxels = 𝑁( finest scale ) + 𝑁(2 finest scale )/2+
𝑁(3 finest scale )/4 + 𝑁(4 finest scale)/8 + …+
𝑁( coarsest )/ (2( grid levels- 1))

(5.1)

where 𝑁 corresponds to the total number of voxels in a VR region. Reduction in voxel size also impacts
the Courant–Friedrichs–Lewy (CFL) condition of the setup, resulting in an increased number of time
steps. Depending upon the hardware, an estimate of the computational time required per time step is
provided by the solver and can be seen in Table 5.5.
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Resolution Time-steps Seconds per time-step
10 10

Coarse 9.9 12
Medium 14.1 8.5
Fine 19.9 6

Table 5.5: Variation in time stepping with resolution; the simulation is run for .

5.2.1. VR Regions
The VR regions used in the setup can be classified into three key regions: propeller surface (high

resolution), propeller wake (medium resolution), and far-field (low resolution). The grid resolution and
rationale behind the selection of these regions have been explained in this section.

Figure 5.7: Variable resolution regions; propeller surface (red), propeller wake (green) and far field (blue)

Propeller surface
The region closest to the surface of the propeller blade experiences the highest variation in flow

properties. The ability to resolve these flow fluctuations affects the qualitative and quantitative prop-
erties of the simulation. As a result, the mesh needs to be of the highest resolution closest to the
propeller blade surface. In this simulation, the finest VR region (VR 15) is placed around the propeller
blade surface. Subsequently, coarser VR regions then envelop the finest VR region. Each VR region
is offset from the other by a thickness of approximately six voxels, which offers a fair compromise be-
tween computational cost and accuracy. The different VR regions over the propeller blade surface are
shown in Table 5.6.

VR Surface location Offset from propeller surface
(10 𝑚)

13 All propeller face ID but root 2.6
14 All face IDs of propeller but root and 1.1

laminar region on the pressure side
15 Trip, Tip, and TE of the propeller blade 0.37

Table 5.6: VR location in the propeller region (for medium resolution setup)
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Propeller wake
The propeller wake is the region around the propeller in which the flow gets altered due to the

propeller. The relative change in flow properties in this region is lower than close to the propeller blade
surface. As a result, a relatively coarser mesh resolution can be used in this region. The region includes
the frustum to capture the tip vortices and the permeable FWH surface for the acoustic measurements.
It consists of three VR regions 10, 11, and 12, as shown in green in Fig. 5.8.

Figure 5.8: Variable resolution regions; VR 12 (yellow) VR 11 (Pink)

• VR 12: it consists of all the propeller blade surfaces (including the hub) and the inner LRF of the
propeller. The VR region surrounding the propeller blade and the LRF have a thickness of 13
voxels. For the medium resolution set up, they are offset by 8.5 𝑚𝑚 from the propeller surface.
As the LRF is in the same VR region as the propeller blade, it does not cross two VR regions in
one rotation and avoids the limitations imposed in Section 4.2.4.

• VR 11: it consists of the frustum (as described in Section 5.2) and the outer LRF of the propeller.
The frustum is 1.13 times the blade radius at 𝑧/𝑅 = 0, and increases to 1.4 times the propeller
radius at a distance of 𝑧/𝑅 = 1 downstream of the propeller, making an angle 15 with the
propeller axis, giving it the ability to capture the wake being deflected due to the simulated AoA.
The outer LRF has a thickness of 13 voxels and an offset of 20.42 𝑚𝑚 from the propeller blade
surface for the medium resolution setup.

• VR 10: consists of a cylinder (see Fig. 5.8) that encapsulates the FWH permeable surface along
with the transient fluid measurement region. It is 2.2 times the propeller radius and and a length
of 0.53 𝑚, stretching from 𝑧/𝑅 = −1.8 (upstream) to 1.8 (downstream) of the propeller.

Far field
The far-field region starts at VR 9 and expands radially outward till VR 0. The regions from VR 9 to

VR 1 are spherical and are offset by 26 voxels from each other, whereas VR 0 is a cube. As the size
of the domain is dependent upon the size of the voxels there is a variation in simulation domain size
as observed in Table 5.4.

5.3. Acoustic measurement
A far-field analysis of the propeller noise is carried out to understand the acoustic characteristics of

the propeller. The acoustic pressure fluctuations are sampled on a solid and permeable FWH surface,
as discussed in Section 4.3.1. Acoustic measurements from the two formulations have been compared
and discussed in Section 6.2.1.

Drawing from the recommendations made in Section 4.3.2, this study uses ten numerical points
(voxels) per wavelength and an aliasing safety factor of four to calculate the highest sampling frequency.
The permeable surfaces are placed inside VR region 10, see Fig. 5.9, with the innermost permeable
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Figure 5.9: Acoustic setup of the simulation; 3 FWH permeable surface (red), VR 10 (green)

surface, having a radius of 0.26 𝑚. The subsequent permeable surfaces grow outwards and are offset
from each other by 13 voxels. The reason behind creating three permeable surfaces instead of one
is to average out the hydrodynamic noise that might be present in the sound field [74]. The pressure
fluctuations in a sound field are of the order �̄�𝑐𝑈 , where �̄� is the mean pressure, 𝑐 is the speed of
sound, and 𝑈 is the local velocity fluctuation. The hydrodynamic pressure fluctuation (pseudo-noise
field) is of the order �̄�𝑈 . As the hydrodynamic noise essentially travels at fluid velocity, averaging the
value of pressure fluctuation from the three surfaces helps remove this pseudo-noise field.

The permeable surfaces are located in VR region 10, the size of a voxel (for medium resolution) in
this region is 1.83∗10 𝑚, and the flow values in this region are sampled at 3.67∗10 𝐻𝑧. The highest
sampling frequency was calculated using an aliasing safety factor of 4 and comes up to be 91, 000
𝐻𝑧. However, given the location of the permeable surface, the spatial criterion determines the cutoff
frequency. Table 5.7 shows the cutoff frequency as determined by the spatial criterion for different grid
resolutions.

The noise radiation pattern of the propeller is captured around the propeller plane and in the axial
direction. It is done by placing two circular microphone arrays, about the XY and XZ plane, with a polar
resolution of 10 and a radius of 1 𝑚 from the center of the propeller axis, see Fig. 5.9.

Resolution Spatial cutoff frequency
(𝐻𝑧)

Coarse 13, 282
Medium 18, 773
Fine 26, 564

Table 5.7: Highest frequency set by spatial criterion at 10 voxels per wavelength

5.4. Simulation settings
This section reports the global parameters and the boundary conditions being used for the simulation

in Sections 5.4.1 and 5.4.2. Section 5.4.3, checks for the time convergence of the simulation before
discussing the measurements being saved in Section 5.4.4.

5.4.1. Global parameters
The values defined as the global parameters control the overall behavior of the simulation case.

These values are the characteristic physical parameters that establish reference values used to non-
dimensionalize the results. For this simulation, the default turbulence intensity is set at 0.1% of the
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Characteristic parameters Value
Pressure 99, 000 𝑃𝑎
Temperature 293 K
Density 1.18 𝐾𝑔/𝑚
Kinematic viscosity 1.54 ∗ 10 𝑚 /𝑠𝑒𝑐

Table 5.8: Global characteristic parameters for the simulation

local velocity, and the turbulence length scale is set at 1 𝑚𝑚. These parameters define the turbulence
characteristics for the fluid’s initial condition. At 0.1% of the mean velocity, the turbulence intensity
replicates a uniform inflow condition with very low freestream turbulence. The characteristic velocity is
calculated by adding the rotor tip speed, at 6, 000 RPM, to the freestream velocity. The mean chord
length of the propeller blade, at 22.85 𝑚𝑚, is set as the characteristic length (𝑙). The characteristic
Reynolds number is calculated to be 1.6 ∗ 10 .

5.4.2. Boundary Conditions

Characteristic parameters Value
Velocity 12 𝑚/𝑠𝑒𝑐
Turbulence intensity 0.1%
Turbulence length scale 1 𝑚𝑚

Table 5.9: Characteristic parameters at pressure velocity inlet

PowerCASE creates a boundary condition for each face of every solid defined in the simulation.
The boundary conditions can be edited to meet the requirements of the simulation, for the present
simulation two types of boundary conditions are used and are defined as follows:

• Standard wall: The standard adiabatic (no-slip) wall simulates a passive wall and has been used
to define the propeller geometry in the simulation.

• Pressure and velocity inlet: A solid box enclosing the entire simulation domain is created at
VR region 0. The box acts as a pressure and velocity inlet for the simulation with a user-defined
flow direction. It enables the face upstream of the propeller to function as an inlet and the one
downstream to act as an outlet. Table 5.9 defines the parameters used to initialize the domain;
the pressure and temperature are the same as in Table 5.8.

5.4.3. Time convergence
Section 4.3.2 lists the criteria for selecting the transient time for the simulation. The mean chord

length (𝑙) of the propeller was chosen as the reference length of the object being analyzed, and at a
free stream velocity of 𝑈 = 12 𝑚/𝑠𝑒𝑐, the transient time was calculated to be 2∗10 seconds. Based
on the requirements stated in point 2, for an initial flow domain of length (L) = 0.3 𝑚 the transient time
was calculated to be 2.5 ∗ 10 seconds.

The 𝐶 value for 0 and 15 AoA have been analyzed to check for time convergence of the simula-
tion, see Fig. 5.10. The figure shows the values have converged well before the allotted 0.02 seconds.
The fluctuation in the 𝐶 values, with respect to the mean 𝐶 , for 0 and 15 AoA case is calculated to
be 0.7% and 1.3% respectively. Based on the above values, 0.02 seconds or two propeller rotations
was chosen as the transient time of the simulation.

5.4.4. Measurements
CFD simulations can sample multiple parameters over the entire flow domain, producing several

hundred gigabytes of data. Hence, a crucial aspect is to define the sampling domain, duration, and
parameters of the simulation. It requires a trade-off between the available computational resources
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Figure 5.10: Time convergence of value at medium resolution at AoA

Measurement type Measurement duration Sampling frequency
(Seconds) (𝐻𝑧)

Transient flow 0.05 7, 200
FWH solid surface 0.1 3.6 ∗ 10
FWH permeable surface 0.1 9.1 ∗ 10
Forces 0.12 1.8 ∗ 10

Table 5.10: Measurement type for the simulation domain; Sampling frequency for the medium resolution setup

and the measurements required to understand the flow characteristics. The measurements saved for
all simulations during this study are shown in Table 5.10.

Transient Flow: The transient flow measurement records the fluid and surface variable within a
volume enclosed by it. Fig. 5.11 shows the part (in pink) used to define the transient measurement
volume. The cylinder has a volume of 5.9 ∗ 10 𝑚 , and extends from 𝑧/𝑅 = −3.3 in front of the
propeller plane to 𝑧/𝑅 = 2 aft of it. It samples and saves parameters such as density, velocity, vorticity,
forces (only for surface), and pressure. The sampling frequency of 7, 200 𝐻𝑧 gives it a polar resolution
of 5 .

Figure 5.11: Fluid measurement setup; transient measurement volume (pink), VR 10 (green)

FWH solid surface: The FWH solid surface samples the pressure.
FWH permeable surface: It samples the pressure, density, and velocity over its surface without
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influencing the flow.
Forces: The forces measurement type samples the forces and moments experienced by the pro-

peller blade surface.

5.5. Experimental setup
The experimental setup designed by Edoardo Grande of the TU Delft aeroacoustics group is used

for validating the computational results. This section provides an overview of the experimental setup
that has been used for the purpose. The setup consists of a twin-bladed propeller, as reported in
Section 5.1, supported by a strut enclosed in a nacelle placed at the TU Delft anechoic wind tunnel.
The main difference between the experimental and the computational propellers is the absence of a
zig-zag trip on the experimental setup. The zig-zag trips could be a potential source of variation in the
aerodynamic and acoustic result and shall be discussed further in Chapter 6.

For the acoustic measurements, two microphone arrays are placed in the wind tunnel to perform
beam-forming (Array 1) and find the directivity of the noise (Array 2). In the computational study, acous-
tic data is compared by replicating Array 2 from the experimental setup. Mic 5 on Array 2 is located at
a distance of 1.5 𝑚 from the propeller axis (at 0 AoA). The array has a radius of 3.5 times the propeller
diameter, measured at a distance of 45 𝑐𝑚 from the center of the propeller axis. Tables A.1 and A.2
provides the exact locations of the microphones used in Array 2 in the default/aircraft coordinate system
used in this thesis.

Figure 5.12: Experimental Setup
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Resolution Study

The resolution of the mesh affects the ability of the solver to resolve the flow field. It impacts the
qualitative and quantitative solutions of the simulation. Hence, it is vital to check if the results are
affected by the resolution or independent of it. The mesh resolution requirements of a simulation are
dependent upon inflow and operating conditions. As a result, change in the operating condition such
as the AoA demands a separate resolution study. For this thesis, resolution studies have been carried
out for 0 and 15 AoA. The variation in aerodynamic and acoustic properties with the resolution has
been discussed in Section 6.1, and Section 6.2. Results have also been compared with experimental
data where possible.

6.1. Aerodynamic study
Thrust and torque are the main aerodynamic parameters for evaluating propeller performance.

These quantities act as the base quantity for deriving other parameters like propeller power and ef-
ficiency. Hence, the mean values for the coefficient of thrust (𝐶 ) and torque (𝐶 ) have been selected
for the resolution study. The size of the smallest voxel halves between the coarse and the fine resolu-
tion, see Table 5.4. As a result, the number of fine equivalent voxels quadruples, causing a significant
rise in computational cost, making it imperative to study the corresponding impact on the accuracy.

Refinement case 0 Relative % change 15 Relative % change

Coarse 6.69 ∗ 10 - 6.96 ∗ 10 -
Medium 7.14 ∗ 10 6.3 7.42 ∗ 10 6.2
Fine 7.16 ∗ 10 0.3 7.44 ∗ 10 0.3

Table 6.1: Variation in value with grid resolution for and AoA; Relative% change measured between subsequent grid
resolutions

The first parameter that has been studied is 𝐶 . The flow field close to the surface of the blade
influences the value of 𝐶 . As a result, the accuracy with which the mesh can resolve the flow field
plays a critical role in determining the 𝐶 value. Table 6.1 shows the variation in mean 𝐶 value with
AoA. The ”%” change in 𝐶 value with the resolution is constant for different AoA. It implies that for the
given range of AoA, the mesh resolution is sufficient to capture the flow fluctuation with the change in
AoA. The value of 𝐶 varies by more than 6% between the coarse and medium resolution. In this study,
a tolerance of 2.5% is taken as the standard to show grid convergence. The variation between coarse
and medium resolution is much higher than the proposed value, meaning that the results are mesh-
dependent. The change in 𝐶 between the medium and fine resolution is 0.3%, lying well within the
tolerance range to show that the solution is independent of the grid size in the simulation, see Fig. 6.1a.

A deeper analysis has been performed to understand the cause of change in 𝐶 value with grid
resolution. Fig. 6.1b and Fig. 6.1c, show the spanwise variation in the mean 𝐶 value with AoA. It can
be seen that the 𝐶 value of the coarse resolution begins to diverge from the medium and fine resolution
towards the tip of the propeller (𝑟/𝑅 = 0.7). The mean difference in the sectional 𝐶 value at the tip

43
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region (𝑟/𝑅 = 0.8 to 1) is around 16% between the coarse and the medium resolution setup for the two
AoAs. The propeller blade experiences the highest velocity due to the rotation of the propeller at the
tip region. It results in significantly higher variation in the flow field compared to the root and mid-span
section of the propeller blade. The coarse mesh is unable to resolve these variations in the flow field,
which results in the underprediction of the velocity magnitude around the propeller blade causing a
reduction in the calculated 𝐶 value. The phenomenon can be visualized using the Lambda-2 vortex
criterion (Λ ), which uses a three-dimensional velocity field to identify vortices using a vortex core line
detection algorithm. Fig. 6.2, visualizes the vortices close to the propeller blade surface at Λ = −1∗10
1/𝑠𝑒𝑐 . It can be seen through the figure that the vortices detected by the Λ criterion are significantly
larger than the medium and fine resolution setup. The large size is a result of the higher jump in velocity
experienced while calculating the velocity field due to the larger grid size. Signifying the inability of the
grid resolve the small-scale fluctuation in the flow field.

(a) Variation of overall with grid resolution

(b) Variation of across blade span with grid resolution at AoA (c) Variation of across blade span with grid resolution at AoA

Figure 6.1: Variation of value with grid resolution

Figure 6.2: Vortex visualization for different resolution at = ∗ /sec for ; Suction side of propeller blade.

The next parameter that has been studied is 𝐶 . It is a measure of the resistance to rotation expe-
rienced by a propeller and determines the power required to drive it. The value of 𝐶 varies by around
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4% between coarse and medium resolution at 0 AoA and 5% at 15 AoA. The change in 𝐶 value
is limited to about 2% between the medium and fine resolution setup for both AoAs, see Fig. 6.3a.
Analyzing the span-wise distribution of 𝐶 shows that the coarse resolution slightly over predicts the
torque value in the propeller mid-span (𝑟/𝑅 = 0.4 − 0.7), and the value is under-predicted in the tip
region, as shown in Figs. 6.3b and 6.3c. The observed variation can be explained using the same
hypothesis proposed for the observed variation in 𝐶 . The value of aerodynamic forces shows a good
convergence for the medium resolution setup based on a computational cost vs. accuracy tradeoff
of the medium resolution setup is a viable choice for aerodynamic analysis. After verifying that the
aerodynamic results are independent of the grid size, they are validated against experimental data.

(a) Variation of overall with grid resolution

(b) Variation of across blade span with grid resolution at AoA (c) Variation of across blade span with grid resolution at AoA

Figure 6.3: Variation of value with grid resolution

Table 6.2 presents the comparison between experimental and computational force coefficients. The
𝐶 value has been over-predicted in the simulation by 9−10%, whereas the 𝐶 value is underpredicted
by 8.5%. The difference in 𝐶 value can be associated with the different boundary-layer conditions over
the experimental and computational propellers. In the computational setup, the boundary layer is forced
to transition using a zig-zag strip, whereas the flow is allowed to transition naturally in the experiment. It
could potentially mean that the flow remains laminar in the experimental case for a significantly higher
percentage of the chord length than in the simulation. Turbulent BL exerts higher shear stress on the
propeller surface and produces a higher skin friction drag than laminar BL. Therefore, justifying the
variation in 𝐶 value between the experimental and computational results. The 𝐶 value is dependent
primarily upon the lift produced by the propeller blade section, which in turn depends upon the pressure
distribution over the blade surface. The presence of a trip acts as an obstruction to the flow over the
propeller blade surface resulting in a jump in the 𝐶 value on the suction side. This in turn could impact
the overall pressure distribution over the propeller blade surface.

6.2. Aeroacoustic study
Understanding the acoustic characteristics of the propeller is a critical part of this study. Hence, it is

vital to study the impact of FWH integration surface and grid resolution on the acoustic results. A power
spectrum (PS) analysis is performed on the noise signal to examine its tonal and broadband content. It
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0 15
Experimental Computational Variation Experimental Computational (%)

𝐶 7.8 ∗ 10 7.1 ∗ 10 −8.5% 8.1 ∗ 10 7.4 ∗ 10 −8.4
𝐶 7.7 ∗ 10 8.5 ∗ 10 9.3% 7.7 ∗ 10 8.6 ∗ 10 10.6

Table 6.2: Force comparison between experimental and computational result; Variations measured wrt. experimental and
simulation values

calculates the energy within the specified frequency bandwidth (Δ𝑓) to generate a spectrum plot of the
signal. As opposed to power spectral density (PSD) which calculates the energy of the signal per unit
frequency. The advantage PS offers is that changing the frequency bandwidth (Δ𝑓) of the analysis does
not affect the tonal noise levels in a PS analysis, while in PSD the tonal noise levels change with Δ𝑓.
As tonal noise tends to dominate the OASPL in propeller noise, using PS makes it easier to compare
noise levels. In this thesis, the PS analysis has a frequency bandwidth (Δ𝑓) of 20 𝐻𝑧 and a range of
40 − 10, 000 𝐻𝑧.

This section is divided into two sub-parts Section 6.2.1 analyses the acoustic results from solid
(FWH SLD) and permeable(FWH PRM) surfaces and decides upon the FWH formulation that shall be
used throughout this thesis. Section 6.2.2 studies the impact of grid resolution on the acoustic results
and decides upon the grid resolution that shall be used for further analysis.

6.2.1. FWH surface selection
Section 4.3.1 discussed how the FWH analogy is implemented in PowerFLOW® through the for-

mulation of solid and permeable integration surfaces. In this section, the far-field noise captured by
the integration surfaces is calculated using two circular microphone arrays described in Section 5.3. A
comparison between their OASPL is performed, followed by a power spectrum analysis to understand
the observed variations.

(a) Difference around propeller plane (b) Difference along axial direction

Figure 6.4: Difference in OASPL between solid and permeable FWH integration surface

The OASPL is a measure of the total energy contained in the spectrum. To compare the noise
signal captured by the two integrating surfaces, the OASPL for a frequency range of 40 - 10, 000 𝐻𝑧 is
calculated using the circular microphone arrays. It is observed that the OASPL of the solid integration
surface is higher than that captured by the permeable surface. Fig. 6.4, plots the difference in OASPL
(FWH SLD - FWH PRM) in the propeller plane and along the axial direction. In the propeller plane,
at 0 AoA, the difference between FWH SLD and FWH PRM surface is around 1.4 𝑑𝐵, showing little
to no variation with azimuthal angle (Ψ). However, at an AoA of 15 , the difference in OASPL varies
by over 2 𝑑𝐵 with a change in azimuthal angle. It fluctuates between 0.85 𝑑𝐵 at Ψ = 120 to 2.96 𝑑𝐵
at Ψ = 280 , as shown in Fig. 6.4a. In the axial plane, along the free stream direction, the difference
in FWH SLD and FWH PRM OASPL acquires a lobular structure. In the top half of the axial plane
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(𝜃 = 0 → 90 → 180 ), the lobes show a maximum difference of 4.4 𝑑𝐵 (𝛼 = 0 ) and 3.1 𝑑𝐵 (𝛼 = 15 )
at 𝜃 = 140 . The difference increases to 7 𝑑𝐵 for 𝛼 = 15 at 𝜃 = 250 , while it remains the same for
0 AoA, 4.4 𝑑𝐵 at 𝜃 = 240 , in the lower half of the axial plane (𝜃 = 180 → 270 → 0 ). A common
observation from Fig. 6.4a and Fig. 6.4b is that the difference in OASPL increases in the direction of
the wake, i.e. the permeable surface underpredicts the OASPL values in the downstream direction.

(a) Power spectrum around propeller plane; at AoA (b) Power spectrum along axial plane; at AoA

Figure 6.5: Power spectrum of solid and permeable FWH integration surface; =

To better understand the cause of this difference in OASPL, a power spectrum analysis is performed
on the noise signal. The power spectrum analysis is performed for a frequency range of 40 − 10, 000
𝐻𝑧 using a Hanning window with 50% overlap and a frequency bandwidth Δ𝑓 of 20 𝐻𝑧, as shown in
Fig. 6.5. The power spectrum curves are in good agreement with each other in the high-frequency
region. It is because the quadrupole source terms scale to the eighth power of Mach number. Given
the low Mach number (< 0.3) of the present simulation, it is not a surprise that the quadrupole sources
do not play a dominant role in determining the high-frequency range of the power spectrum. As a result,
the inability of FWH-SLD to capture the quadrupole source terms has no impact on broadband noise
or the OASPL of the signal. The difference in power spectrum level is primarily observed in the low-
frequency region. At Ψ = 280 (𝛼 = 15 ) the difference in SPL at 1 BPF is 3 𝑑𝐵, which is the same
as the total difference in OASPL between FWH SLD and FWH PRM surfaces, as shown in Fig. 6.5a.
A similar observation is made along the axial direction as well. Fig. 6.5b show the power spectrum at
Θ = 260 (for 𝛼 = 15 ), the difference in SPL at 1 and 2 BPF is about 5 𝑑𝐵, whereas the broadband
part of the signal are in good agreement.

The computational results clearly show the difference in OASPL measurements of the solid and
permeable FWH integration surface. However, these results can not justify the choice of one integration
surface over another. Hence, the computational results of both integration surfaces are compared
against experimental data obtained by Edoardo Grande. Fig. 6.6 shows the comparison between the
noise signals captured by the two FWH integration surfaces and experimental measurements. In the
downstream location (Mic number 1), the solid surface is in excellent agreement with the experimental
results, whereas the permeable surface under-predicts the OASPL (𝑓 = 40 − 1, 000 𝐻𝑧) by 10 𝑑𝐵.
The results show similar trends observed in the computational results, where the permeable surface
underpredicted the tonal component of the propeller noise. Moving in the upstream direction (Mic 1 →
Mic 8), the OASPL values of the solid surface begin to diverge from the experimental results and is in
better agreement with the permeable surface. A power spectrum analysis is performed on the noise
signal to understand its cause and analyze the energy content in different frequencies.

In the upstream direction at Mic 1 the FWH SDL shows good agreement with the experimental
result at 1 and 2 BPF, the agreement however deteriorates towards higher harmonics. The higher
harmonic tones observed in the experimental data could be attributed to factors such as; i) Proximity
of the propeller blades to the wind tunnel shear layer at 15 AoA; ii) Vibrations in the experimental
setup resulting in unsteady loading on the propeller blades; causing higher harmonic noise. These
factors are not present in the computational simulation and can justify the observed variation in SPL at
harmonics of BPF. Moving downstream, towards Mic 8, the difference in SPL between the experimental
and solid surface increases to 7 𝑑𝐵 at 2 BPF, rising to over 20 𝑑𝐵 for subsequent harmonics. It
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(a) OASPL measurements for ,

(b) Power spectrum level at microphone number ; (c) Power spectrum level at microphone number ;

Figure 6.6: Comparison between solid (SLD), permeable (PRM), and experimental (EXP) noise data at AoA

results in the difference in the OASPL values observed in Fig. 6.6a. The FWH PRM surface constantly
underpredicts the tones at 1 and 2 BPF in the downstream direction, and the OASPL value at Mic
1 is 11 𝑑𝐵 less than the experimental value. The permeable surface data seems to be corrupted by the
propeller wake. Individual analysis of the acoustic data obtained by the three integration surfaces, see
Fig. A.4, showed a similar trend of under-predicting tonal noise in the direction of the propeller wake.
Consequently, averaging the values from the three FWH PRM surface does little to correct the data.

Through the power spectrum analysis, it is clear that the solid integration surface has the best
agreement with the experimental result.It captures the 1 BPF tone to within 1 𝑑𝐵 of the experimental
measurements at 15 AoA and has a similar directivity to the experimental values. Hence, the acoustic
data captured by the FWH solid surface is used for studying the noise generated by the propeller in
this thesis.

6.2.2. Grid selection
The present section analyses the effect of grid resolution on acoustic results. Based on conclusions

of Section 6.2.1, the FWH SLD integration surface has been used to analyze the results in this section.
The resolution study is carried out for coarse, medium, and fine resolution for microphones placed at
𝜃 = 90 and 110 . Fig. 6.7a, shows the variation in OASPL (40 − 10, 000 𝐻𝑧) and SPL at 1 BPF for
both the microphones. The OASPL and SPL at 1 BPF vary by less than 0.5 𝑑𝐵 between the coarse,
medium, and fine resolution setup. At higher frequency, the agreement of SPL deteriorates significantly
with the resolution, see Fig. 6.7b. At a frequency range of 1, 500 − 2, 500 𝐻𝑧, the SPL varies by 6 𝑑𝐵
between the coarse and the medium resolution. The variation reduces to 3 𝑑𝐵 between medium and
fine resolution.

The solid FWH integration surface, due to its proximity to the propeller blade, lies in VR region
12. It ensures that the cutoff frequency for all the resolutions in the setup is above 10, 000 𝐻𝑧, hence
the variation in sampling frequency can not justify the difference in broadband noise levels with grid
resolution. A power spectrum analysis is performed on the pressure values obtained from the propeller
blade surface to understand the cause of variation in SPL with grid resolution. A frequency bandwidth
(Δ𝑓) of 1, 000 𝐻𝑧, is used for analysing a frequency range of 1, 000 − 10, 000 𝐻𝑧. Fig. 6.8a shows the
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(a) Variation in OASPL and BPF with grid resolution; Solid lines
represent & dotted line represent AoA;

(b) Variation in spectrum level with resolution ( , AoA = ,
)

(c) Variation in broadband noise ( , , ) with grid resolution.

Figure 6.7: Variation in acoustic result with grid resolution at

surface pressure distribution (in 𝑑𝐵), obtained for a frequency range of 1, 500 − 2, 500 𝐻𝑧 for coarse,
medium, and fine resolution setup. It is observed that the blade surface pressure at the trailing edge for
higher frequencies (1, 000 − 10, 000 𝐻𝑧) increases with decreasing resolution. The surface pressure
fluctuation at the trailing edge of a propeller is a significant source of broadband noise [9]. These
fluctuations are produced due to the downstream convection and formation of a turbulent boundary
layer over the blade surface. A plausible explanation for the variation in broadband noise with the
resolution is that the coarse resolution setup is unable to resolve the small-scale turbulence present
in the turbulent boundary layer. The larger turbulent structures result in higher pressure fluctuations
as they convent downstream from the propeller blade trailing edge into the wake, resulting in higher
broadband noise. Fig. 6.8b attempts to picture this phenomenon by overlaying vortices visualized by
Λ vortex criterion. It can be observed that at Λ = −4 ∗ 10 1/𝑠𝑒𝑐 the coarse resolution is unable to
resolve the smaller flow structures like the medium and the fine resolution setup. The same analogy
can be applied to the flow structures present in the turbulent boundary layer as well. Another reason
for it could be the low trip resolution for the coarse mesh. With only two voxels to cover the trip, the trip
step might not be completely resolved in the simulation affecting the flow transition and consequently
the turbulent BL.

From the OASPL values, it can be stated that the coarse resolution is sufficient for capturing the
acoustic data. However, since the aerodynamic data converges at medium resolution and the change
in broadband noise is also significantly lower at this resolution, the medium resolution setup is used for
analyzing the acoustic results in the present study.
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(a) Surface pressure fluctuation (dB) on the suction side of the propeller blade.

(b) Surface pressure fluctuation ( ) map with vortex visualisation at ∗ /sec

Figure 6.8: Surface pressure fluctuation ( ) at AoA for a frequency range of , , ; contour range 60 dB,
suction side of the propeller blade.



7
Results

This chapter discusses the aerodynamic and acoustic results obtained from simulations. It is divided
into three sections, Sections 7.1 and 7.2 discusses the aerodynamic results in terms of the forces
experienced by the propeller blade and flow field analysis, and Section 7.3 discusses the aeroacoustic
results.

7.1. Propeller force
The forces experienced by a propeller depend upon its RPM and inflow conditions. When the

propeller operates at a non-zero AoA, relative to the freestream, the freestream velocity consists of
components that act parallel and perpendicular to the propeller disc. These components change the
effective blade AoA of the propeller, causing a variation in blade loading around the azimuthal (Ψ) plane.
Operating at 6, 000 RPM at a freestream velocity of 12 𝑚/𝑠𝑒𝑐, changing the AoA from 0 to 15 results
in an increase in mean thrust by 3.87%, while the torque required increases by 1.16%. It shows that the
torque values are less sensitive to the changes in AoA when compared to thrust values. As a result,
the propeller experiences a net increase in its propulsive efficiency with a change in AoA. Table 7.1,
shows the mean thrust, torque, and efficiency values obtained for the two AoAs.

15 0 Difference
AoA AoA (%)

𝐶 7.4 ∗ 10 7.1 ∗ 10 3.87
Thrust (𝑁) 7.11 6.84
𝐶 8.6 ∗ 10 8.5 ∗ 10 1.16
Torque (𝑁𝑚) 0.25 0.24
𝜂 (%) 54.88 53.66 1.22

Table 7.1: Mean thrust, torque and propeller efficiency value for propeller; % difference calculated between and AoA

Operating at an AoA, the propeller plane can be classified into two main parts, the advancing blade
side, and the retreating blade side. The classification is based upon the variation in resultant velocity
and AoA experienced by the propeller blades due to the change in freestream velocity components
around its azimuthal position. On the advancing side, the propeller experiences an increase in its
resultant velocity and AoA over the blade section, resulting in higher thrust. The conditions reverse on
the retreating side. Appendix A, explains the concept of advancing and retreating side in detail through
velocity triangles. The simplistic calculation based on the propellers velocity triangles identified that
the propeller blade operating at Ψ = 270 → 0 → 90 (advancing side) will experience higher blade
loading than propeller operating at Ψ = 90 → 180 → 270 (retreating side).

Fig. 7.1, quantifies the change in sectional 𝐶 and 𝐶 values as the propeller blade rotates around
the propeller plane. As the sectional variation of 𝐶 around the propeller plane remains constant at 0
AoA, the value at Ψ = 0 is chosen as the reference value. For 15 AoA, Ψ = 0 , 90 , 180 , and 270
are chosen to study the variation in sectional thrust and torque values with AoA. The propeller blade is

51
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divided into three sections, root (𝑟/𝑅 = 0− 0.4), mid-span (𝑟/𝑅 = 0.4 − 0.8), and tip (𝑟/𝑅 = 0.8 − 1), to
get better insight into how the aerodynamic forces vary across the blade. At Ψ = 0 for 15 AoA, the
propeller blade experiences significantly higher thrust and torque relative to 0 AoA. The thrust values
at the root vary by 45% it gradually reduces to 22% at the mid-span and 16% at the tip. A similar
observation is made at Ψ = 180 . The thrust values are lower by 32% at the root, 13.8% at mid-span,
and 9.3% at the tip relative to 0 AoA. Though the sectional variation in thrust values is expected a
variation of over 30% at the root section deserves further examination.

(a) value across blade span at different for and (b) value across blade span at different for and

Figure 7.1: Variation in sectional and with azimuthal angle ( ) for and

The thrust produced is directly dependent upon the lift (𝐶 ) and drag (𝐶 ) force experienced by
the propeller blade section. The sectional 𝐶 and 𝐶 value is a function of the resultant velocity over
the propeller blade section. It is determined by the components of the freestream velocity and local
rotational speed of the propeller and influences the AoA and Reynolds number of the blade section. At
the tip region, the rotational speed dominates over the freestream velocity component. Consequently,
the effect of change in propeller AoA is reduced on the sectional blade AoA towards the tip region, see
Fig. A.5. At the root section, the velocity induced by the propeller rotation is the smallest. It results
in the root section experiencing the highest variation in resultant velocity due to AoA. The change in
resultant velocity also influences the Reynolds number. Studies into the aerodynamic characteristic of
low Reynolds number airfoil show an exponential rise in 𝐶 /𝐶 value in the Reynolds number range of
5 ∗ 10 to 10 [44]. In this case, the average Reynolds number in the root region at Ψ = 0 is 8.5 ∗ 10
at 0 it increases to 9.7 ∗ 10 for 15 . Fig. 3.9b shows that this region experiences one of the highest
increases in 𝐶 /𝐶 value with Reynolds number. Hence the variation of thrust value by over 30% at
the root section can be justified by the combined influence of the Reynolds number effect and higher
variation in the region.

The above paragraph explained the variation of aerodynamic forces along the blade span. However,
it does not quantify the net effect of these forces on the propeller plane. Fig. 7.2a shows the total thrust
force produced by a propeller blade as it rotates around the propeller plane. At 0 AoA the blade
produces a steady thrust of 3.4 newtons, at 15 AoA the thrust force varies between 2.8 newtons at
Ψ = 198 (minimum) to 4.3 newtons atΨ = 17 (maximum). Showing a 35% change in loading around
the azimuthal position. The maximum and minimum loads experienced by the propeller blade lead to
cyclic loading of the propeller, as seen in Fig. 7.2b. However, upon analyzing Fig. 7.2b it is observed
that the net fluctuation in thrust force for the propeller around the azimuth is less than 1% for 15 AoA.
It is because the point of minimum and maximum loading have an azimuthal distance of 180 . As a
result, for a twin-bladed propeller, the net force balances out between these locations.

7.2. Flow field analysis
The propeller flow field is analyzed by visualizing the velocity field and vortices produced by the

propeller. The velocity field is obtained by averaging the flow field values for a period of five propeller
rotations. To visualize, the vortex field a phase-locked analysis is performed on the transient flow
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(a) Net thrust force produced by a single propeller blade with changing
azimuthal angle ( ) (b) Propeller per rotation

Figure 7.2: Change in thrust values with azimuthal angle ( )

field. The vortices are then detected using the Lambda-2 vortex criterion. The analysis is performed in
the axial direction and along the propeller plane of symmetry. Section 7.2.1 discusses the changes in
velocity, and Section 7.2.2 discusses the changes in vortices produced by the propeller. In Section 7.2.3
the effects of the change in AoA on the surface pressure fluctuations of the blade surface are analyzed.

7.2.1. Velocity field
The flow velocity in the propeller slipstream is an important parameter to describe the flow field in

that region. It captures the variations caused due to the addition of momentum into the flow field by the
propellers. In this section, the averaged velocity field behind the propeller is analyzed to quantify and
understand the effect of AoA on the flow field. The transient flow measurement has been averaged out
for five propeller rotations to obtain the mean flow presented in this section. The velocity contours so
obtained are captured along the propeller plane of symmetry as well as the axial direction and analyzed.

Figure 7.3: Axial velocity profile for and AoA

Fig. 7.3 captures the velocity profile along the propeller plane of symmetry. At 0 AoA, the propeller
wake is symmetric about the 𝑋𝑍 and 𝑌𝑍 planes. Hence, a single plane is sufficient to visualize the
velocity field. Operating at 15 AoA, varying blade loads about Ψ leads to a non-symmetric velocity
field. Hence, both 𝑋𝑍 and 𝑌𝑍 planes are used for analyzing the velocity field for 15 AoA. The velocity
field has been non-dimensionalized using the free stream velocity (𝑈 = 12 𝑚/𝑠𝑒𝑐 along the 𝑧 axis).
Operating at 6, 000 RPM, at 0 AoA, the propeller accelerates the flow to 1.4 times the freestream
velocity at 𝑧/𝑅 = 0.2, where 𝑧 is the distance along the positive 𝑍-axis, and 𝑅 is the radius of the
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propeller. As the wake travels downstream, the trailing edge vortices present in the flow start to break
down and transfers energy into the flow field, which is partially responsible for the increase in the
slipstream velocity to 1.6 time the freestream velocity at 𝑧/𝑅 > 1. At 15 AoA, the non-axial free
stream velocity causes the propeller blade to experience varying loads around the propeller plane and
deflects the wake produced. To capture these phenomena the propeller velocity profile is captured
along the 𝑌𝑍 as well as the 𝑋𝑍 plane Fig. 7.3 a) and b) respectively. The results in Section 7.1 showed
that the propeller experiences higher loading at Ψ = 0 (advancing side) than at Ψ = 180 (retreating
side). The asymmetry in loading around the propeller plane results in an asymmetric velocity field
about the propeller axis, as seen in Fig. 7.3 a). The velocity magnitude is up to 6% higher at 𝑧/𝑅 = 0.3
in the advancing side compared to the retreating side. As the wake travels downstream, the velocity
magnitude close to the nacelle on the retreating side shows a significant rise (around two times the
freestream velocity) compared to the advancing side. It is because of the energy transferred into the
flow by the root vortex interacting with the nacelle. This interaction is caused by the deflection of
propeller wake by the oncoming freestream at 15 AoA, as seen in Fig. 7.3 b).

Themean velocity field is captured at different locations along the axial direction to develop a deeper
understanding of how the flow develops along the axial direction. Fig. 7.4 shows the evolution of the
velocity field at 𝑧/𝑅 = 0.2, 0.6 and 1 for 0 and 15 AoA. The velocity magnitude is visualized for a
range of 12− 20 𝑚/𝑠𝑒𝑐, as it highlights the variations in the mean velocity field. The white spots in the
velocity plots are regions where the mean velocity is less than the freestream velocity.

(a) AoA

(b) AoA

Figure 7.4: Velocity magnitude at different radial position along the propeller axis

Fig. 7.4a captures the mean velocity field at 0 AoA for the above-mentioned axial locations. At
𝑧/𝑅 = 0.2, the mean velocity is 1.3 times the freestream velocity in the wake of the propeller. It leads
to a 9% contraction in the propeller stream tube compared to the propeller diameter. As the wake
moves downstream, the trailing edge vortices produced by the propeller blades dissipate and transfer
energy into the wake. At 0 AoA, the root and tip vortices produced by the propeller remain coherent
in the entire measurement region. It prevents the flow in the freestream from mixing with the propeller
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wake. Which results in the formation of two distinct velocity bands in the propeller was at 𝑟/𝑅 < 0.2
and 𝑟/𝑅 > 0.8, as seen in Fig. 7.4a.

Fig. 7.4b shows the velocity field in the wake of the propeller at 15 AoA. A distinguishing feature
of the flow field at 15 is the asymmetric nature of the velocity field. At 𝑧/𝑅 = 0.2 the velocity field
starts to show a higher mean velocity close to the root region (𝑟/𝑅 = 0.2 − 0.4) on the advancing side
of the propeller plane (Ψ = 270 → 0 → 90 ). As the wake moves downstream the asymmetric
in the velocity field becomes more evident. Examination of Figs. 7.2a and 7.4b establishes a clear
correlation between the influence of blade loading on the downstream velocity profile. As the blade
loading reduces between Ψ = 180 to 240 so does the mean velocity magnitude. The inflow angle of
the freestream velocity deflects the propeller wake, which results in the break down of the root vortex
around Ψ = 0 → 90 → 180 . It causes the observed rise in mean velocity close to the nacelle. The
nature of the vortices shed by the propeller, and the impact of AoA shall be discussed in more detail in
Section 7.2.2.

7.2.2. Vortex field
In the present section snapshots of the instantaneous flow field are captured to analyze the vor-

tices being shed by the propeller. The analysis is carried along the propeller axis on the 𝑋𝑍 plane of
symmetry. A phase-locked analysis is carried out on the transient flow field for a period of five pro-
peller rotations to isolate the periodic fluctuations in the flow field. A measuring window spanning from
𝑧/𝑅 = −0.1 (ahead of the propeller) to 𝑧/𝑅 = 1.7 (behind the propeller) is used to capture the vor-
tices. The vortices being produced by the propellers are visualized using the Lambda-2 (Λ ) vortex
visualization technique.

Fig. 7.5 captures the evolution of the vortices produced by the propeller along the freestream. The
vorticity magnitude (𝜔) is non-dimensionalized using a reference value of 500, which is obtained by
dividing the freestream velocity of the simulation by the characteristic length. At 15 , due to the change
in inflow angle, the propeller wake is pushed towards the positive 𝑋-axis. The root vortex and nacelle
interaction result in the root vortex breaking down into smaller vortical structures. The inflow angle also
results in the formation of stronger vortices at the propeller hub. The two phenomena create a region of
high vorticity at 𝑧/𝑅 = 0.4 to 0.8. Despite the high vorticity, it has minimal contribution to the broadband
noise due to the low flow velocity. The breaking up of the root vortex and downward deflection of the
tip vortices can be visualized by Fig. 7.6.

Figure 7.5: Vorticity magnitude along the propeller axis

Using the Λ vortex criterion the vortices in the fluid domain are identified using the three-dimensional
velocity field. In Fig. 7.6 the Λ value is set at −1∗10 1/𝑠𝑒𝑐 , the color contour represents the velocity
magnitude of the shed vortex. The tip vortex exhibits a similar structure and velocity profile at 0 and
15 AoA. The only difference is the downward deflection of the vortices and the breaking up of the root
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vortices, which have been discussed in the previous sections. To understand the nature of the trailing
edge vortices a closer look is taken at the propeller blade section for 15 and 0 AoA at Ψ = 0 . The
trailing edge vortices at the tip region (𝑟/𝑅 > 0.8) of the propeller convect at three times the freestream
velocity and exhibit the same characteristics for 0 and 15 AoA. At the root section (0.0 > 𝑟/𝑅 > 0.4),
there are visible differences in the vortices being shed. At 15 the trailing edge vortices are convected
at approximately 2.5 times the freestream velocity, whereas it is less than two times the freestream
velocity at 0 . The vortex structure and shape at the trailing edge also differ for 0 and 15 AoA. The
vortices produced at the leading edge of the propeller blade experiences higher convective velocity at
15 AoA than at 0 . It could lead to variation in surface pressure fluctuation over the blade surface,
which in turn can affect the noise produced by the propeller blade. The following section discusses the
variation in blade surface pressure fluctuation for 0 and 15 AoA.

Figure 7.6: Vortex visualization for and AoA at ∗ / and

7.2.3. Surface pressure fluctuation
The force fluctuations over a propeller blade surface due to fluctuating surface pressure is a dom-

inant acoustic source. In this section, the variation in blade surface pressure fluctuation is analyzed
for 0 and 15 AoA across the blade span to understand how the AoA impacts the surface pressure
fluctuation at different frequencies. The blade surface pressure values are obtained for 0.1 seconds (10
rotations) at a sampling frequency of 3.6 ∗ 10 𝐻𝑧. The pressure fluctuations captured are reported in
the 𝑑𝐵 scale set against a reference value of 2∗10 𝑃𝑎, and the contour plot over the blade surface has
a range of 60 𝑑𝐵. A power spectrum analysis is performed on the surface pressure values that convert
the pressure signal from the time domain to the frequency domain and helps analyze the energy content
of selected frequency bands. The analysis is performed for a high-frequency band (1, 500−7, 500 𝐻𝑧),
with a frequency bandwidth (Δ𝑓) of 1, 000 𝐻𝑧, and a low frequency band (100−700 𝐻𝑧) with Δ𝑓 = 200
𝐻𝑧. The segregation of the analysis into high and low-frequency helps in understanding the chord and
spanwise distribution of the surface pressure fluctuation for different frequency bands and the impact
of AoA on it.

For 𝑓 = 100−300 𝐻𝑧 pressure fluctuations at the leading edge dominate the blade surface pressure
fluctuation at 15 AoA, see Fig. 7.7. It remains a significant source till 𝑓 = 500 − 700 𝐻𝑧 at which the
low-pressure fluctuation is almost uniformly distributed over the blade surface. At 0 the contribution
of the propeller leading edge to the low-pressure fluctuation is significantly reduced, and the blade
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(a) Surface pressure fluctuation ( ) on the suction side of the propeller blade at AoA

(b) Surface pressure fluctuation ( ) on the suction side of the propeller blade at AoA

Figure 7.7: Surface pressure fluctuation ( ) at , and BPF; contour range 60

section aft of the trip becomes a more dominant contributor. A plausible explanation of this behavior
is the change in AoA experienced by the propeller blade around the azimuthal plane while operating
at 15 AoA. The change in AoA results in a periodically varying pressure field over the propeller blade.
The leading edge of the propeller experiences the maximum variation in pressure with change in AoA.
Justifying the dominating contribution of the leading edge to low-pressure fluctuation. Since a propeller
blade operating at 0 AoA does not experience any such variation about its azimuthal position, there is
no significant pressure fluctuation at the blade’s leading edge. The root section of the propeller blade
is also a region of particular interest. Section 7.1 discusses the significant variation in 𝐶 value at the
root section of the propeller blade, Section 7.2.2 also pointed out the difference in vortex structures in
the same region. Figs. 7.7a and 7.7b shows the discrepancy in the surface pressure fluctuation for the
two AoA at the root region. At 0 AoA, the root section experiences significantly lower surface pressure
fluctuation than 15 AoA. The difference could be a potential source of noise, which shall be discussed
in Section 7.3.

Fig. 7.8 captures the surface pressure fluctuation over the propeller blade surface at 𝑓 > 1, 000
𝐻𝑧 contributing to the broadband noise spectrum. For 0 AoA, the pressure fluctuation over the pro-
peller blade surface does not change significantly with frequency. The pressure fluctuation is at its
minimum close to the blade root and increases towards the tip region. The trailing edge of the propeller
blade at the tip region experiences maximum pressure fluctuation. Hence, contributing the most to the
trailing edge broadband noise produced by the propeller. At 15 AoA, the pressure fluctuation shows
considerable variation, between 1, 500 − 4, 500 𝐻𝑧. The change is minimal at the higher frequency
range, 4, 500 − 7, 500 𝐻𝑧, and starts to resemble the pressure fluctuation distribution at 0 AoA. For
the frequency range between 1, 500 − 4, 500 𝐻𝑧, the propeller blade at 15 AoA experiences a higher
pressure fluctuation at the root section than 0 AoA. The magnitude of the pressure fluctuation reduces
with an increase in frequency. However, at 15 AoA, the trailing edge region towards the propeller tip
experiences the highest pressure fluctuation. It is similar in magnitude to that of the propeller blade
at 0 AoA. As this section contributes the most to the broadband part of the acoustic spectrum, it is
a possibility that the propeller blades exhibit similar broadband characteristics despite the change in
AoA.

7.3. Acoustics
This section analyzes and quantifies the changes that occur in the acoustic characteristic of the

propellers with AoA. Section 7.3.1 discusses and quantifies the difference in the noise produced by the
propeller across its blade span. Sections 7.3.2 and 7.3.3 analyzes the variation in the directivity of the
noise generated by the propeller along its axial and radial plane.
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(a) Surface pressure fluctuation ( ) on the suction side of the propeller blade at AoA

(b) Surface pressure fluctuation ( ) on the suction side of the propeller blade at AoA

Figure 7.8: Surface pressure fluctuation ( ) between , , at , interval; contour range .

7.3.1. Source noise
Sections 7.1 and 7.2 discussed how the forces and flow parameters varied across the propeller

blade with a change in AoA. The present section quantifies those variations in terms of the sound power
level (PWL) across the propeller blade span. Measured against a reference value of 10 watts, the
PWL is measured using the 𝑑𝐵 scale. The difference between PWL and SPL is their dependencies
upon distance. SPL measures the pressure fluctuation produced by a sound wave when it reaches
a receiver, it depends upon the distance between the source and the receiver. PWL measures the
amount of energy produced by a source of the sound and is independent of the distance between the
source and observer. PWL is hence preferred to measure the variation in the source strength (propeller
blade) with a change in AoA.

(a) Sectional sound power level (b) Integrated sound power level over the blade span

Figure 7.9: Sound power level across a the propeller blade

Fig. 7.9 presents the sectional (Fig. 7.9a) and integrated (Fig. 7.9b) PWL across the propeller blade
span for 0 and 15 AoA. The PWL is calculated by segmenting the propeller blade across its span using
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the structured mesh generated by the 𝑂𝑝𝑡𝑦𝜕𝑏® package and then calculating the pressure fluctuation
over the individual sections. The structured mesh at the root (𝑟/𝑅 = 0 − 0.2) and tip (𝑟/𝑅 = 0.975 − 1)
section of the propeller blade are not segmented like the rest of the blade span. It results in the region
having a relatively larger area than the rest of the segmented blade section, causing the peak in the PWL
values at the root and tip section, as observed in Fig. 7.9a. Analysis of the sectional PWL reveals that
significantly higher noise is generated at the root region. For 𝑟/𝑅 = 0− 0.4 the average PWL between
0 to 15 varies by 7 𝑑𝐵, with the difference rising close to 13 𝑑𝐵 near the root and reducing to 3 𝑑𝐵
closer to 𝑟/𝑅 = 0.4. The increase in surface pressure fluctuation at 15 observed in Section 7.2.3 can
be a plausible explanation for the higher PWL level in the same region. Moving towards the tip, the
difference in sectional PWL collapses to less than 2 𝑑𝐵, which again follows a similar trend observed
by the surface pressure fluctuations. The net noise produced by the propeller blade at 15 AoA is 83
𝑑𝐵, which is 1.5 𝑑𝐵 higher than the noise produced by it at 0 AoA. It implies that the variation in PWL
at the root region has a marginal impact on the overall PWL of the propeller blade. The effect change
in AoA has on the directivity of noise shall be explored in the following sections.

7.3.2. Radial directivity
The present section analyses the variation in the OASPL with AoA around the radial plane. It is

measured for a frequency range of 40 − 10, 000 𝐻𝑧 using a circular microphone array of 1 𝑚 radius.
In the present simulation, the AoA is changed by varying the inflow angle instead of changing the
propeller position. As a result, the distance of the microphones wrt. the propellers remain constant.
It eliminates a source of uncertainty caused in the measurements due to the relative shift in propeller
location. The directivity analysis is divided into a low-frequency (40 − 1, 000 𝐻𝑧) and high-frequency
(1, 000 − 10, 000 𝐻𝑧) plot. It is done to analyze the influence of frequency on directivity and find the
dominating component of the OASPL.

Figure 7.10: Radial directivity of OASPL; frequency range a) , b) , , c) , ;
measured at from the propeller axis of rotation;

Fig. 7.10a shows the radial directivity of the noise produced by the first five BPF (40 − 1, 000𝐻𝑧)
of the propeller. Fig. 7.10b shows the directivity of the high-frequency noise produced by the propeller
(1, 000 − 10, 000 𝐻𝑧). The OASPL for 40 − 10, 000 𝐻𝑧 is present in Fig. 7.10c. A comparison of the
directivity plots reveals that the low-frequency noise dominates the OASPL in the radial direction. The
broadband noise shows no variation in directivity with a change in AoA. At 0 AoA, the propeller exhibits
a symmetric directivity pattern about the plane of rotation. However, at 15 , the directivity pattern
becomes non-axisymmetric about Ψ = 0−180 axis. The OASPL in the propeller plane lying between
Ψ = 0 − 90 − 180 is relatively higher at 15 than 0 AoA. The OASPL value reaches its highest
value at Ψ = 90 , where the OASPL is 3 𝑑𝐵 higher for 15 AoA. The point of maximum variation is the
same as predicted by [9] and no phase lead/lag is observed in the simulated as seen by [10, 11]. It is
because of the difference in the measurement conditions and the type of propeller blades. Experiments
by Woodward [10] and Mani [11] were conducted for large turboprops with multiple propeller blades
and a significantly higher inflow and tip Mach number. A large number of blades operating at high tip
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Mach numbers result in the propeller blades interacting with the wake produced by the other blades. It
leads to the propeller blade experiencing unsteady loading, causing noise in higher harmonics of BPF.
The unsteady noise also leads to the phase lead/lag effect observed by [10]. The present simulation
uses a twin-blade propeller with a maximum tip Mach number of 0.3 and a freestream velocity of 12
𝑚/𝑠𝑒𝑐. Visualizing the vortex field produced by the propeller in Section 7.2.2 made it apparent that
the freestream velocity leads to the downstream convection of the vortices before they interact with the
propeller blade. It reduces the impulsive change in propeller blade loading due to wake interaction,
hence removing a source of unsteady noise that would cause tonal peaks at higher harmonics.

Fig. 7.11 presents the power spectrum analysis of the noise signal at three different azimuthal po-
sitions. The spectrum analysis is performed at a frequency bandwidth of Δ𝑓 = 20 𝐻𝑧. It reveals the
energy content of each frequency band and helps understand their variation across the azimuthal po-
sition. Based on the directivity plot in Fig. 7.10, power spectrum analysis of microphones placed at
Ψ = 90 , 180 and 270 has been performed. The analysis reveals that the change in SPL level with
the azimuthal position is restricted to mainly the 1 and 2 BPF. At Ψ = 90 the tonal peak, at 1
BPF, of the propeller is higher by 3 𝑑𝐵 for 15 AoA and is reduced by an equal magnitude at Ψ = 270 .
The power spectrum plot for both 15 and 0 AoA, show three distinct tonal peaks at multiples of BPF
with minimal difference in the spectrum at a higher frequency. It is in line with the observation made
in Section 7.2.3 that the propeller blades would exhibit similar broadband characteristics despite the
change in operational AoA.

Figure 7.11: Variation in spectrum level around the propeller plane

7.3.3. Axial directivity
In the present section, the directivity of the OASPL is analyzed along the propeller axis in the 𝑋𝑍

plane. The analysis is performed using a circular array of 36 microphones, using the same methodol-
ogy described in Section 7.3.2. In a CAA simulation, microphones do not disturb the flow. As a result,
it is feasible to place microphones upstream of the propeller plane. The ability enables a 360 analy-
sis of the OASPL along the propeller axis, which is extremely difficult, if not impossible to achieve in
experiments.

Fig. 7.12a, b, & c represents the variation of the OASPL for 0 and 15 around the 𝑋𝑍 plane for a
frequency range of 40−1, 000 𝐻𝑧,1, 000−10, 000 𝐻𝑧, and 40−10, 000 𝐻𝑧 respectively. The directivity
plot for the low and high-frequency range in Fig. 7.12a & b exhibit a dipolar noise radiation pattern
associated with steady loading and broadband noise, respectively. In the low frequency region the
variation in the tonal noise is similar to that observed around the propeller plane, with 𝜃 = 0 → 90 →
180 experiencing higher noise than 𝜃 = 180 → 270 → 0 . As the propeller location remains the
same wrt. the microphone, the change in directivity can be attributed to the relative change in pressure
amplitude produced by the propeller blade due to the changes in propeller tip Mach number and blade
AoA. Another interesting observation is the dominance of broadband noise in the axial directivity of
noise in the forward and aft direction. For 𝜃 = 330 → 0 → 30 and 𝜃 = 150 → 180 → 210
the broadband noise is significantly higher than the tonal component. It is due to the dipolar nature of
the two acoustic sources and the 90 phase difference due to the difference in their noise generation
mechanism, as discussed in Section 3.1.2.

Fig. 7.13 presents the noise spectra for the signal at 𝜃 = 90 , 0 and 270 . For 𝜃 = 0 it can
be observed that there is a lack of tonal peak in the power spectrum plot. It is due to the destructive
interference of the pressure wave-forms produced by the propeller blades which are equal in magnitude
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Figure 7.12: Axial directivity of OASPL; frequency range a) , b) , , c) , ;
measured at from the propeller axis of rotation;

Figure 7.13: Variation in noise spectra along the axial direction

but opposite in phase. However, at 15 AoA, there is an asymmetry in the blade loading about the
propeller plane, which results in the singular tonal peak observed for 15 AoA.
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Conclusions and Recommendations

The present chapter consists of the conclusions drawn from the result of this study and makes rec-
ommendations for the extension of this work. The conclusion drawn from the study has been presented
in terms of the research questions listed out in Section 3.3. Section 8.2 discusses the scope of expan-
sion of the present study and additional analysis that can be carried out to understand the aerodynamic
and aeroacoustics characteristics of propeller operating at low Reynolds number.

8.1. Conclusions
This section aims to answer the research questions set in Chapter 3 by concluding the results

discussed in Chapters 6 and 7. The research questions and their answers have been discussed below:

1. What is the computational resource required in conducting a study of the impact of AoA
on aerodynamics and acoustic characteristics of a low Reynolds number propeller?

• What is the required grid resolution to accurately capture all the flow phenomena?
– In this study, three different grid resolutions were analyzed to check for grid indepen-
dence and validated against experimental data. The medium resolution set up with
18.6 ∗ 10 fine equivalent voxels, with the smallest voxel size of 5.7 ∗ 10 𝑚 was found
sufficient in capturing all the flow phenomena.

• What is the impact on the accuracy of results with changes in grid resolution?
– The value of 𝐶 was under-predicted by 6.3% in the coarse setup compared with the
medium resolution setup. The difference in 𝐶 value was limited to 0.3% between the
medium and fine resolution setup. At 2% the 𝐶 values showed slightly higher variation
between the medium and fine resolution setup. However, these were within accept-
able levels to prove for grid independence of the results. To check for the accuracy of
the force coefficient were compared against experimental data. It was found that the
medium resolution setup under-predicted the 𝐶 values by 8.5% and over-predicted 𝐶
value by 9.3%. These values indicate a reduction in the accuracy of the simulation with
reducing grid resolution.
The coarse resolution setup is unable to resolve the smaller flow structures close to
the propeller blade. It results in the variation in force coefficients with grid resolution
for the simulations. The differences in force coefficients between the experimental and
simulation results could be due to the difference in flow characteristics over the propeller
blade. The difference occurs due to the forced transitioning of the flow over the propeller
blade surface in the simulation.
In terms of acoustic values, the low-frequency tonal noise shows a negligible variation
with grid resolution. The tonal noise dominates the noise spectrum, consequently, the
OASPL (from 40 − 10, 000 𝐻𝑧) also remains steady with the change in grid resolution.
The broadband OASPL is higher by 6 𝑑𝐵 (for 1, 500−2, 500 𝐻𝑧) for the coarse resolution
wrt. the medium resolution. The coarse resolution setup is unable to resolve small-scale
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turbulence close to the propeller blade. It results in higher pressure fluctuations along
the blade trailing edge resulting in higher broadband noise generation.

• How does the variation in AoA impact the accuracy of the results at a similar grid resolution?
– The variation in AoA had a negligible impact on the accuracy of the results for similar
grid resolution. It signifies that the medium resolution setup can be used for the entire
range of AoA (0 − 15 ) with similar flow conditions.

2. What is the impact on Aerodynamics characteristics of the propeller with a change in AoA

• What impact does a change in AoA have on the overall performance and efficiency of the
propeller?
– The change in AoA, from 0 to 15 , increases the thrust produced by the propeller from
6.84 to 7.11 𝑁. The 3.87% increase in the net 𝐶 value per rotation is accompanied by
an increase in 𝐶 value by 1.16%. It results in an overall increase in propeller efficiency
from 53.66% to 54.88%.

• How does the thrust and torque value vary across the propeller blade with a change in AoA
and azimuthal position?
– The propeller blade exhibits a cyclic variation in blade loading around the propeller plane.
It experiences maximum loading of 4.3 𝑁 at Ψ = 17 and 2.8 𝑁 at Ψ = 198 , which is a
35% variation between the point of maximum and minimum loading. In terms of span-
wise variation of thrust and torque value, the maximum % variation with AoA occurs
at the root region, followed by the mid-span and the propeller tip region. The coupled
influence of the Reynolds number effect and higher variation in resultant velocity at the
root region (0 < 𝑟/𝑅 < 0.4) results in over 30% variation in the sectional thrust value at
Ψ = 0 for 0 and 15 AoA.

• What is the impact of the change in AoA on the flow filed?
– The flow field is analyzed by visualizing the mean velocity and phase-locked vorticity
in the wake of the propeller. The velocity field is axially symmetric for 0 AoA about
the 𝑋𝑍 and 𝑌𝑍 plane of symmetry. For 15 AoA, the average velocity field is no longer
axisymmetric about the plane of symmetry. The asymmetry in propeller blade loading
leads to a 6% higher velocity magnitude in the advancing side (Ψ = 270 → 0 → 90 )
of the 𝑌𝑍 plane. Analyzing the mean velocity shows a clear correlation between blade
loading and mean velocity. The asymmetry of the downstream velocity field replicates
the blade loading pattern about the propeller plane.
The tip vortices being shed by the propeller no significant variation in strength and re-
main coherent for 0 and 15 AoA. The change in AoA has a visible impact on the
downstream convection of the root vortex. The change in inflow angle, at 15 , causes
the root vortex to interact with the support structure. It results in the breakdown of the
coherent vortical structure and acceleration of the flow close to the support strut. The
inflow angle has a relatively higher influence on the resultant velocity and blade loading
in the root region (0 < 𝑟/𝑅 < 0.4) of the propeller. It results in a significant variation
in the vortices produced in this region. A consequence of this is the change in surface
pressure fluctuation and hence the noise generated by the propeller blade.

3. What is the impact on the acoustic characteristics of the propeller with a change in AoA?

• How does the sound power level (PWL) produced by the propeller change with AoA? How
does it relate to the aerodynamic characteristics of the propeller blade?
– The average PWL in the root region (0 < 𝑟/𝑅 < 0.4) of the propeller varies by 7 𝑑𝐵
between 0 and 15 AoA. The sectional measurements shows that the PWL for 15
AoA is 13 𝑑𝐵 higher at 𝑟/𝑅 = 0.2 as compared to 0 AoA. The difference reduces to
3 𝑑𝐵 at 𝑟/𝑅 = 0.4 and is less than 1 𝑑𝐵 as it moves closer to the tip. The net PWL
increases by 1.5 𝑑𝐵 for the propeller blade at 15 AoA as compared to 0 AoA.
The sound produced is directly dependent upon the amount of pressure fluctuation pro-
duced by the source. Hence, the observed variation in PWL was correlated against the
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surface pressure fluctuation map for different frequency ranges. The pressure fluctu-
ation on the propeller blade surface showed similar trends of variation with change in
AoA. The pressure fluctuations in the root region of the propeller showed significantly
higher variation with change in AoA. It can be attributed to the relatively higher changes
in resultant flow velocity and blade loading in this region.

• How does the axial and radial directivity of the noise produced change with changing AoA?
– In the radial plane, the tonal component dominates the OASPL and directivity of noise.
The change in AoA leads to an asymmetry in the noise radiation pattern in the radial
plane. The OASPL is higher by 3 𝑑𝐵 at Ψ = 90 for 15 AoA and reduces by an equal
magnitude at Ψ = 270 . The variation is limited to the 1 and 2 BPF tones of the
propeller noise. The Broadband spectrum shows a negligible variation with change in
AoA. It is expected as the surface pressure fluctuation on the propeller blade in the
high-frequency region is almost identical at higher magnitudes closer to the tip of the
propeller.
In the axial direction, a similar trend is observed for directivity as in the radial plane. The
broadband noise dominates the OASPL directly aft and in front of the propeller blade.
The tonal noise in this region is similar in magnitude but opposite in phase. It leads to
the cancellation of the tonal peaks resulting in lower tonal noise.

• What changes occur in the SPL levels of higher harmonics due to change in AoA?
– The variation in higher harmonics is primarily caused due to impulsive changes in load-
ing caused due to turbulent inflow conditions, Blade vortex interaction, etc. In the present
simulation due to a relatively high freestream velocity of 12 𝑚/𝑠𝑒𝑐 and a uniform inflow
condition. The propeller blades do not experience any impulsive change in blade load-
ing despite the change in AoA. As a result, there is no change in higher harmonics with
a change in AoA.

8.2. Recommendations
This section lists out the various recommendations that can help expand on the present study and

further enhance the understanding of the effect of inflow angle on low Reynolds number propeller:

• Trip placement: in the present study the trip is placed at the quarter chord length on the suction
side of the propeller blade. To analyse the effect of trip on the aerodynamics and acoustic char-
acteristics, the trip position can be changed to better suite the natural transition point of the flow.
Trips can also be added on the pressure side of the blades and results compared with untripped
simulation.

• Change in AoA and RPM: due to time and resource constraint, this study only analysed two
AoAs at fixed RPM and freestream velocity. The study can be expanded further to includemultiple
AoAs, advance ratio (𝐽), and hover condition. Doing so would help develop a better understanding
of the impact of inflow condition on the propeller acoustics. Analysing the propeller at hover
condition for different AoAs would also help capture additional sources of noise such as blade
vortex interaction, etc.

• Numerical beamforming: Numerical beamforming can be applied in the simulation to isolate the
source of noise for a specific frequency range across the propeller blade span. It would enhance
the understanding of the regions producing noise and the subsequent impact of AoA on them.

• Development of low fidelity model: high fidelity tools are resource-intensive and are not suit-
able for preliminary design and getting quick estimates. The results of the present study can be
used to validate low fidelity models for propellers operating in non-axial inflow conditions. Since
low fidelity tools require significantly lesser computational resources, they can be used in con-
junction with other low fidelity models to get reasonable estimates on UAV performance early on
in the design phase.
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This section aims to provide additional information to support the concepts/points discussed in the
report.

Microphone location
The microphone locations of ARRAY-2 in the computational domain wrt. the default co-ordinate

system.

Microphone X-Axis Y-Axis Z-Axis 𝜃
Number (𝑚) (𝑚) (𝑚) ( )

1 1.12 0 0.80 234.44
2 1.28 0 0.64 243.52
3 1.40 0 0.44 252.49
4 1.47 0 0.23 261.24
5 1.5 0 0 0
6 1.47 0 -0.23 278.76
7 1.40 0 -0.44 287.51
8 1.28 0 -0.64 296.48

Table A.1: Microphone location of ARRAY 2 in the simulation domain at

Microphone X-Axis Y-Axis Z-Axis 𝜃
Number (𝑚) (𝑚) (𝑚) ( )

1 1.12 0.8 0.80 234.44
2 1.28 0.91 0.64 243.52
3 1.40 1 0.44 252.49
4 1.47 1.04 0.23 261.24
5 1.5 1.06 0 0
6 1.47 1.04 -0.23 278.76
7 1.40 1 -0.44 287.51
8 1.28 0.91 -0.64 296.48

Table A.2: Microphone location of ARRAY 2 in the simulation domain at

NASA SR series propellers
During the 1980s researchers at NASA developed a series of advanced propellers that were studied

for their aerodynamic and acoustics characteristics. These propellers were known as the SR series of
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propellers. The literature reviewed for this thesis has analyzed the SR-2 and SR-7A series of propellers.
The SR-7A propeller is similar to the SR-3 propeller [10]. Figure A.1 shows the blade profile of the
different SR series propeller blades.

Figure A.1: NASA SR series propeller blades[8]

The SR-7A and SR-2 propeller used by Woodward [10] and Whitefield [11] had a diameter of 62.2
𝑐𝑚, designed Mach number of 0.8, and a designed tip speed of 244 𝑚/𝑠𝑒𝑐.

Advancing and retreating side
In the computational setup, the inflow AoA is changed to simulate the effect of AoA, and the propeller

blades rotate in a counter-clockwise direction, as shown in Figs. A.2a and A.2b. AoA can also be
simulated by keeping the inflow angle constant and changing the propeller AoA as shown in Fig. A.2c.

(a) Schematic representation of inflow induced AoA

(b) Propeller view (forward looking aft)

(c) Schematic diagram of propeller induced AoA

Figure A.2: Simulating AoA in the computational setup

To explain the concept of advancing and retreating sides, the resultant velocity and AoA will be
calculated using velocity triangles. The calculations are performed at a radial location (𝑟/𝑅) of 0.53
and azimuthal position of Ψ = 0 and 180 for 0 and 15 AoA. Fig. A.3a, shows the inclination of
the propeller shaft relative to the freestream. The airfoil marked in red moves downwards (towards
Ψ = 270 ), whereas the one marked in blue moves upwards (towards Ψ = 90 ). At 𝛼 = 0 , the
propeller experiences uniform loading around the propeller plane. Fig. A.3b shows the resultant velocity
(𝑉 ) for the propeller blade element at 𝑟/𝑅 = 0.53. At 𝛼 = 15 , the propeller blade experiences varying
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loads around the propeller plane. The loads vary due to the change in local AoA and resultant velocity
experienced by the propeller at the different azimuthal positions. Figs. A.3c and A.3d show the variation
in resultant velocity and the corresponding change in AoA between the downward moving propeller
blade (at Ψ = 180 ) and upwards moving propeller blade at (Ψ = 0 ). The downward moving blade
experiences a lower resultant velocity over the blade section as compared to the upwards moving blade
it results in a lower AoA and hence lower blade loading. The advancing side refers to the section of
the propeller plane where the blades experience higher blade loading (Ψ = 270 → 0 → 90 ), while
Ψ = 90 → 180 → 270 is defined as the retreating side.

(a) Close up view of the propeller at an AoA
(b) Propeller blade at

(c) Propeller blade at moving downwards, (d) Propeller blade at moving upwards,

Figure A.3: Variation in AoA and resultant velocity for propellers with an AoA

Permeable vs solid surface acoustic data
Fig. A.4, shows the difference in SPL between the solid and permeable FWH surface. The differ-

ences calculated are for each permeable integration surface instead of averaging the contribution of all
three surfaces.

Sectional blade AoA
Fig. A.5, shows the average variation in sectional blade AoA around the azimuthal plane (Ψ).
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(a) Difference between FWH SLD and FWH PRM (b) Difference between FWH SLD and FWH PRM

(c) Difference between FWH SLD and FWH PRM

Figure A.4: Difference between FWH SLD and the the three individual FWH PRM surface

Figure A.5: Average change in AoA across blade span.

Axial velocity profile
Fig. A.6 shows the average velocity profile in the propeller slipstream along the axial direction. The

average has been calculated for five propeller rotations.
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(a) Axial velocity profile at AoA (b) Axial velocity profile at AoA

Figure A.6: Mean axial velocity profile in the propeller slipstream
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This section provides the formulas for the different non-dimensional parameters used throughout
the thesis.

Non-dimensional parameters
Coefficient of thrust (𝐶 )

𝐶 = 𝑇
𝜌𝑛 𝐷 (B.1)

Coefficient of Torque (𝐶 )

𝐶 = 𝑄
𝜌𝑛 𝐷 (B.2)

Advance ratio (𝐽)
For axial inflow condition:

𝐽 = 𝑈
𝑛𝐷 (B.3)

𝐽 = 𝑈 𝑐𝑜𝑠(𝛼)
𝑛𝐷 (B.4)

where 𝛼 is the AoA.

Propeller efficiency (𝜂)
The propeller efficiency is the ratio of the power supplied (𝑃 ) to the use-full output produced by the

propeller (𝑃 ), and is defined as:

𝜂 = 𝑃
𝑃 (B.5)

it can be calculated using:

𝜂 = 1
2𝜋
𝐶
𝐶 𝐽 (B.6)

Non-dimensional velocity

Velocity [-] = 𝑈
𝑈 (B.7)

𝑈 defines the velocity being measured.
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Non-dimensional vorticity

Vorticity [-] = 𝜔
𝜔∗ (B.8)

𝜔 is the compute vorticity magnitude, and 𝜔∗ is calculated as:

𝜔∗ = 𝑙
𝑈 (B.9)

𝑙 is the characteristic length at 23 𝑚𝑚, and 𝑈 is the freestream velocity at 12 𝑚/𝑠𝑒𝑐.
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