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Abstract

This work presents an experimental and analytical investigation of unsteady loading of a low Reynolds num-
ber propeller and its relation to aeroacoustics. The propeller is positioned at an angle of attack with respect
to the freestream which causes a variation in loading along the azimuth. The propeller is operated at 4000
RPM with an advance ratio of J = 0.4, corresponding to a free stream velocity of 8 m/s. The chord-based
Reynolds number of the propeller is of the order of 104 and is investigated at two angles of attack: αr = 7.5◦
and αr = 15◦. For reference, a steady case, αr = 0◦, is presented as well. Loading and noise measurements
were carried out in the A-Tunnel of TU-Delft. Two microphone array configurations were used to mimic the
observers positions above and underneath the flightpath of the propeller. Underneath the flightpath, an in-
crease in SPL was found with increase of the rotor angle of attack. Above the flightpath, the opposite effect
was observed, resulting in an asymmetrical directivity profile when the rotor is at an angle of attack. A quasi-
steady loading model, based on the lifting line code Xrotor [1], is used to determine the azimuthal variation
in loading. The variation in tip speed along the azimuth due to the propeller angle of attack is prescribed to
determine the variation in loading in one rotation. Far-field loading and thickness noise are computed using
an aeroacoustic model based on the Ffowcs-Williams & Hawkings’ equation to predict the harmonic noise
in the frequency domain of a rotating dipole and monopole, respectively. The numerical predictions for the
steady case show good agreement for both the aerodynamic and aeroacoustic performance when compared
with loading and noise measurements. For the αr 6= 0◦ cases it was shown that unsteady loading noise in-
creases the SPL for all harmonics, with a larger contribution at higher harmonics. When compared to the
experimental spectra, the noise levels of the higher harmonics were underpredicted both above and below
the flightpath.
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Preface

This report presents the results and efforts invested over a period of 12 month on the understanding of the
noise radiation of a low Reynolds number propeller at an angle of attack. It includes a background, based on
a literature study which was delivered as a separate deliverable, a description of the experimental set-up and
a description of the analytical methodology. The results of both the analytical and the experimental part are
presented and discussed after which conclusions are presented.

D.W. van Hoogstraten
Delft, June 2021
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1
Introduction

The term Unmanned Aerial Vehicle (UAV), or drone, refers to an automated flight vehicle. UAVs come in many
different configurations, sizes and functionalities, often with vertical take-off and landing (VTOL) capabili-
ties. They are highly manoeuvrable and versatile in the type of operation they can conduct. For example, at
TU Delft a drone was designed for medical purposes, carrying an Automated External Defilibrilator (AED) and
medication. In a short amount of time and with no hinder of traffic, this medical UAV can deliver emergency
supplies to a nearby place. While one drone only has limited coverage, multiple drones, placed at strategi-
cal locations, can become a life saving network [18]. Another example that illustrates the wide applicability
and functionality of UAVs is their deployment during natural disasters [19]. When infrastructure fails and
emergency teams are unable to aid and analyse the severity of the situation, UAVs can be deployed to reach
isolated areas and monitor the situation.

Although very valuable in times of emergency, this is not the only field in which drones have proven them-
selves useful. UAVs are widely used for military or surveillance applications, but also in agriculture, security
and transportation, to give a few examples [20]. UAVs are also gaining in popularity with consumers for pho-
tography and video purposes [21][22], since the VTOL capabilities and the ability to hover have led to new
perspectives and camera angles. Consumer adaptation brings the UAV more and more to the urban envi-
ronment, with drones becoming more able to manoeuvre in small enclosed, urbanlike spaces, very close to
people [23]. It is expected that the variety of applications of UAVs will only grow and their importance, espe-
cially in the urban environment, will increase [22][24].

While the popularity of UAVs is driven by their adaptability, functionality and their low-cost [20], their
presence does not go unnoticed. In Opinion No 01/2018, published by the European Aviation Safety Agency
in 2018, a noise level constraint of 60dB(A) was proposed on UAVs, measuring at 3m distance [25]. The acous-
tic characteristics of UAVs are therefore of great importance from an environmental and public acceptance
perspective. Hence, there is a need to gain more insight in the aerodynamic and aeroacoustic performance
of UAVs to reduce the noise.

1.1. Problem Statement
One of the main noise contributions of UAVs is emanated from the rotor [22] [26]. The physical mechanisms
generating rotor noise were categorised by Brentner and Farrasat [27]. They identified two noise sources
related to the rotation of the rotor: thickness and loading noise. Other noise sources are blade-vortex interac-
tion noise, turbulence ingested noise, blade-self noise and high-speed impulsive noise. For UAVs equipped
with small rotors, the fundamental noise generating mechanisms are the same, although not all are rele-
vant. For example, UAVs are unlikely to generate high-speed impulsive noise as their operating tip speeds
are unlikely to exceed Mach 0.3, as opposed to conventional rotorcraft for which it is not uncommon to op-
erate at transonic tip speeds. The acoustic characteristics that small scale and larger scale helicopter rotors
exhibit, have been shown to posses few similarities [28]. The difference lies to a great extent in the flow
regime that they experience: the Reynolds regime that a small UAV propeller encounters is of the order of
magnitude of Re < 105, while conventional manned rotor vehicles operate at a Re > 5 · 106, referring to a
laminar-transitional flow regime and a turbulent flow regime, respectively [22][29].

The aim of this study is to understand the effect of an angle of attack of a low Reynolds number propeller
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2 1. Introduction

on its noise spectrum. The propeller angle of attack causes a variation in loading along the azimuth which
leads to a variation in the loading noise produced by the propeller. The relevance of this is study is singular:
there is a need to reduce noise of UAVs. Because of the limited operation time, it is important that UAVs
can manoeuvre efficiently, completing their mission quickly and silently. This justifies the investigation of
aerodynamic and acoustic performance of UAVs at different angles of inflow. In this light, a low-fidelity noise
analysis method will be investigated in this thesis. To fulfil this goal the approach followed in this thesis to
gain insight in the noise that is generated because of unsteady loading on a low Reynolds number fixed-pitch
propeller is presented in the next paragraph.

1.2. Approach
Hypotheses and research questions are presented that act as a guide throughout this thesis. One research
question focuses on an experimental approach: during a wind tunnel experiment loading and noise data is
acquired by varying the propeller angle of attack for a given J . The noise is measured with a microphone
array to capture the noise emitted by the propeller above and beneath the flightpath. The experiment is
accompanied by an analytical model which approximates the noise using the loading data of a quasi-steady
modelling scheme. A comparison is made between experimental and numerical experiment and the validity
of the numerical model will be assessed.

1.3. Structure
The structure of this report is as follows. In chapter 2, first important concepts are presented after which
relevant literature is discussed. At the end of the chapter the research questions are discussed. chapter 3 is the
beginning of the experimental part and contains a description of the set-up. Next, the propeller performance
for zero-angle of attack are presented in chapter 4, after which a description of the experimental acoustic
results is presented in chapter 5. Finally, part of the analytical methodology is presented in chapter 6. In
chapter 7, the analytical results are presented together with the experimental results for comparison after
which the conclusions and recommendations are presented in chapter 8.



2
Background

2.1. Different types of inflow
When a UAV is operated, different flight conditions can be identified, varying from VTOL to forward flight or
hover [13]. Depending on the UAV configuration, the inflow angle of the rotor changes with operation. For
different configurations, such as multicopter or tilt-body, the rotor experiences different types of inflow. The
rotor might encounter inflow angles varying from αr = 0◦ up to αr = 180◦, which are associated with axial
inflow and reversed inflow, respectively [30]. The aerodynamic and aeroacoustic performance of the rotor
vary for different values of αr [9].

As an indicator for the operational state of the propeller, the advance ratio is commonly used, given in
Equation 2.1. The advance ratio, J , is a non-dimensional coefficient which is defined as the ratio between
the freestream velocity and the rotor tip speed. V∞ is the incoming flow velocity in m/s, n represents the
frequency at which the rotor rotates and D is the diameter of the rotor in meters [3]. In this report three
different types of flow corresponding to three flight conditions are mentioned: hover, axial inflow and non-
axial inflow. Hover is defined as the condition in which no freestream velocity is present. The advance ratio
in this condition is zero (J = 0). Axial inflow describes a non-zero advance ratio state in which the freestream
velocity is non-zero and aligned with the rotor axis, J 6= 0 and αr = 0. Finally, non-axial inflow describes a
state in which the propeller or rotor is positioned at an angle with respect to the freestream. This state is also
referred to as a propeller operating at an angle of attack, J 6= 0 and αr 6= 0.

J = V∞
nD

(2.1)

2.2. Propeller Performance
In order to be able to estimate the propeller performance, it is important to have a clear overview of how
the propeller produces thrust. A brief description of propeller performance following from a blade element
method and the corresponding coefficients is presented in this section.

A propeller is made of airfoil sections, or blade elements. In general, a propeller encounters an axial ve-
locity, dominated by the freestream velocity, and a tangential velocity, dominated by the rotational velocity of
the blade. In Figure 2.1, a schematic airfoil section of a propeller is presented with its corresponding velocity
components. The effective axial velocity is denoted as Wa , the effective tangential velocity as Wt and the ef-
fective velocity seen by the airfoil section is referred to as W [2]. The induced velocities are not shown here
for conciseness and an iterative approach is needed to approximate them [31].

The local angle of attack of the propeller blade section, α, is defined by the local pitch angle, β, which is
given by the blade design, and the inflow angle, ϕ, as given in Equation 2.2. The inflow angle of each blade
section can be derived from the effective tangential and axial velocity, as given by Equation 2.3.

α=β−ϕ (2.2)

ϕ= arctan

(
Wa

Wt

)
(2.3)
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4 2. Background

Figure 2.1: Blade section angle definition and components of the velocity triangle, adapted from [2].

Using the local angle of attack, the lift and drag coefficient of the airfoil section, cl and cd respectively, can be
obtained. With these, the blade section lift and drag can be determined using Equation 2.4 and Equation 2.5.

dL = 1

2
ρW 2cl cdr (2.4)

dD = 1

2
ρW 2cd cdr (2.5)

The sectional lift and drag force components are then resolved into the thrust and torque. The thrust and
torque produced per airfoil section is then determined by using Equation 2.6 and Equation 2.7. This is shown
schematically in Figure 2.2.

dT = dL cosϕi −dD sinϕi (2.6)

dQ = (dL sinϕi +dD cosϕi )r (2.7)

Finally, the total thrust and torque are acquired by (numerical) integration over the blade, as in Equation 2.6
and Equation 2.7.

T = B
∫ R

0
dT dr ≈ B

∑
r

dT∆r (2.8)

Q = B
∫ R

0
dQ dr ≈ B

∑
r

dQ∆r (2.9)

When assessing propeller performance often dimensionless coefficients are used. CT and CQ are the
thrust and torque coefficient presented in Equation 2.10and Equation 2.11, respectively. In these equations,
the variables D and n denote the propeller diameter in meters and the number of revolutions performed by
the propeller per second, respectively. The fluid density is represented by ρ.

CT = T

ρn2D4 (2.10)

CQ = Q

ρn2D5 (2.11)

ηpr op = J
CT

2πCQ
(2.12)

Finally, the propeller efficiency is given in Equation 2.12 and is defined as the ratio between the power that is
transferred from the propeller to the air mass moving through it and the mechanical power required to rotate
the propeller [31].
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Figure 2.2: Lift and drag components of the blade resolved in thrust and torque components, adapted from [2].

2.2.1. Reynolds number effects on propeller performance
As mentioned in the introduction, Reynolds numbers lower then 100,000 are not uncommon for small-scale
propellers. The Reynolds number is defined as the ratio between viscous and inertial forces. The Reynolds
number based on the chord length and velocity at the 0.75R radial position, where R denotes the tip radius

of the rotor is represented as Rec = ρ∞Ω0.75Rc
µ∞ , where ρ∞ is the density of the ambient air, Ω is the rotational

speed, c is the chord length of the blade and µ∞ is the dynamic viscosity of air [3], [32]. The freestream
velocity is assumed to be small with respect to the rotational speed and hence omitted from the equation. In
this review, propellers that are referred to as small have a diameter of D ≤ 0.3m and an operational Reynolds
number of Rec < 100,000. Propellers that are referred to as large have a diameter of D > 1m and operate
at a Reynolds number of Rec > 106, unless mentioned differently. This distinction is important because, in
general, lift and drag are largely influenced by the Reynolds number.

In Figure 2.3a, the values of the lift and drag coefficients of a SDA1075 airfoil are plotted for different
Reynolds numbers, illustrating an increase in drag and decrease in lift for lower Reynolds numbers. This
means that the efficiency, as a function of both thrust and torque, is also largely dependent on the Reynolds
regime in which the propeller operates, as illustrated in Figure 2.3b. The SDA1075 airfoil is used for the whole
span of the DA4002 blade, except near the hub. The Reynolds number is determined by Selig et al. by the
rotational velocity of the blade. When the Reynolds number is increased, a higher efficiency of the blade can
be observed [3].

(a) Lift and drag coefficient of the SDA1075 airfoil for different Reynolds
numbers obtained with Xfoil. (b) Efficiency of DA4002 propeller for different Reynolds numbers.

Figure 2.3: Figures retrieved from [3].

Because the behaviour of the boundary layer (BL) changes with Reynolds number in terms of flow sep-
aration, amount of laminar/turbulent flow and reattachment zones for example, the lift and drag change as
well [32]. At low Reynolds numbers a laminar separation bubble may develop on the airfoil. In Figure 2.4,
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a schematic representation of the development of a laminar separation bubble is presented. At point S, an
adverse pressure gradient forces the laminar flow to separate from the airfoil. A transition point can be iden-
tified at point T, where the separated flow transitions to turbulent. The turbulent flow re-energises from the
freestream and reattaches to the airfoil at point R. After point R, generally a turbulent boundary layer (TBL)
continues downstream. The TBL is less susceptible to separation because it is re-energised by the free stream
and hence remains attached to the airfoil. As the angle of attack is increased, the TBL will eventually separate
close to the trailing edge. Separation will lead to an increase in drag and a decrease in lift. When the angle of
attack is further increased, the separation point will move upstream over the airfoil towards the leading edge
and eventually stall will occur [32].

The size of the separation bubble has an influence on the lift and drag that an airfoil produces. When the
Reynolds number is decreased from 100,000 to 50,000, the thickness of the TBL and the separation bubble
both increase in dimension [32]. According to Selig et al., a decrease in Reynolds number will generally lead to
an increase in the size of the separation bubble [3]. As a consequence, the airfoil will experience a decrease in
lift and an increase in drag. As the Reynolds number represents the ratio between viscous and inertial forces,
the contribution of the viscous forces can be said to be higher in this regime. Between Reynolds numbers
from 10.000 to 50.000, the reattachment point lies relatively close to the trailing edge even at low angles of
attack. If the angle of attack is increased, the reattachment point moves further towards the leading edge,
creating a large separation zone [32].

In their research, Selig et al. pose a few hypotheses: the lift coefficient decreases and the drag coefficient
increases when the Reynolds number decreases. Consequently, the thrust coefficient decreases or the power
coefficient increases, or both occur at the same time. These hypotheses were verified by Selig et al. and an
increase in propeller efficiency was observed when the Reynolds number increases. Selig et al. note that,
despite the efficiency increase with increase in Reynolds number, the efficiency is still low when compared to
a full scale propeller [3].

Figure 2.4: Laminar separation illustration [4].

2.3. Propeller Noise Sources
The noise generation mechanisms are similar for all rotors and propellers. The dominant mechanisms, how-
ever, depend on size and operating Reynolds regime. When considering different types of noise of propellers
in general, a distinction is made between harmonic or tonal noise and broadband noise [33].

2.3.1. Harmonic Noise
Harmonic or tonal noise is related to the periodic motion of a propeller. When assuming an ideal propeller,
harmonic noise can be identified at the harmonics of the Blade Passage Frequency (BPF), which is defined as
the rotational frequency multiplied with the number of blades, given in Equation 2.13.

n ·BPF = n ·B
RPM

60
(2.13)

In this equation B is the amount of blades of the propeller. Multiple harmonic tones appear at multiples of
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the BPF. The multiples of the BPF are indicated by the n in Equation 2.13, where n > 0.
Propeller noise calculations are often derived from a solution of the Ffowcs-Williams and Hawkings equa-

tion (FWH)[34]. The FWH acoustic analogy decouples the propagation of the noise from its sound generating
mechanisms. This is done by reformulating the exact Navier-Stokes and continuity equation in the form of a
inhomogeneous wave equation. The different noise source mechanisms appear as source terms of the wave
equation [35].

The mechanisms that contribute to harmonic noise are related to a thickness source term, a loading
source term and a quadrupole source term. The quadrupole term has been shown to be only important
in transonic Mach regimes [36]. Consequently, if the propeller has thin blades and operates in the subsonic
Mach regime, the quadrupole term of the equation can be neglected. Thickness noise is a result of the fluid
displacement by the volume of the propeller blades, and can be described by a moving monopole [27]. The
loading counterpart is responsible for the steady and unsteady loading on the blade [37]. Loading noise is
generated by the pressure field around the blades, that generates forces: lift and drag. As the blade moves
through the air, it exerts these forces on the medium and hence creating pressure fluctuations from an ob-
server point of view. The noise of a moving force can be described by the radiation of a moving dipole [38].

When a non-axial inflow is introduced to the propeller, a constant change in loading over the azimuth
is observed for the blade. This change in loading over the azimuth is the result of a varying magnitude of
the velocity of the blade per azimuthal position. The in-plane velocity component, Vz , is, depending on
the azimuthal position of the blade, subtracted or added to the rotational velocity. In Figure 2.5, it can be
observed that when the blade is going up, the angle of attack of the blade section is smaller than when the
blade is going down, due to change in velocity with azimuthal position. As a consequence, the propeller
experiences asymmetric loading.

The thickness and loading pressure fluctuations are often calculated using Formulation 1A, expressed by
Farassat, of the FWH equation. The sum of the thickness and loading pressure gives the acoustic pressure
contribution to harmonic noise and can be written as [38][39]:

p ′(x, t ) = p ′
T (x, t )+p ′

L(x, t ) (2.14)

Where the acoustic pressure is given by p ′, x represents the observer position and the observer time is t .

Figure 2.5: Blade angle of attack variation due to propeller angle of attack [5].

2.3.2. Broadband noise
Broadband noise is related to the interaction of the blade with turbulent flow structures. In general, this noise
is shed at the interaction of the turbulent flow with the leading edge or the trailing edge [40]. It differs from
harmonic noise in the sense that it is random in nature: it is emitted at different amplitudes over a wide range
of frequencies [6]. An example of the amplitude of a broadband signal is given in Figure 2.6. Its spectrum
is presented in Figure 2.7. For propellers, the contribution of broadband noise to the overall sound pressure
level (OASPL) is regularly of less importance than the tonal contribution. Furthermore, a contribution to the
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Figure 2.6: Broadband noise time series example [6]. Figure 2.7: Broadband noise spectrum example [6].

broadband noise can be attributed to the possibility of flow separation [41]. The broadband spectra can then
be defined as the sum of these parts, as presented in Equation 2.15.

p ′
BB = p ′

T E +p ′
LE +p ′

S (2.15)

where,p ′
T E , corresponds to the trailing edge component, p ′

LE , to the leading edge component and p ′
S , to the

flow separation component [42]. An illustration in which the contribution of flow separation noise and TBL
trailing edge noise can be identified is presented in Figure 2.8. Flow separation contributes to the hump like
shape of the broadband noise.

2.3.3. Airfoil Self noise
In the laminar-transitional flow regime, two types of noise can be generated by the interaction with the BL.
The noise that is generated by a laminar boundary layer (LBL) differs distinctly from that generated by a TBL.
According to Yakhina et al. [43], a LBL is a necessary but not a sufficient condition for the generation of tonal
noise. To generate high-amplitude tones, a combination of a very thin separation bubble with an unstable BL
and an acoustic feedback loop are required. The noise is generated from the laminar separation bubble due
to scattering of a coherent structure at the trailing edge [44]. It is shown by Yakhina et al. that this mechanism
can be present in rotating blades. When the flow has transitioned, a TBL flows over the trailing edge of the
airfoil. The noise created by the interaction of the TBL and the trailing edge is affected by the location of
transition as this determines the BL thickness at the trailing edge. Where noise generated by the LBL is quasi-
tonal, the noise generated by the TBL can be classified as broadband.

2.4. Relevance of a propeller at an angle of attack
In this section, first several research papers with respect to large rotors, at an angle of attack are presented.
Afterwards, a small UAV multicopter rotor in forward flight is investigated in terms of loading and noise.

2.4.1. Large-scale propellers at an angle of attack
In the 80’s and 90’s endeavours were undertaken by the National Aeronautics and Space Association (NASA)
to capture the effect of a propeller angle of attack with respect to the freestream on its acoustic spectrum.

Figure 2.8: Data obtained for chord of 22.86 cm at α= 5.4◦ for two different velocities, adapted from [7].
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Five research papers are discussed in this subsection, of which the first four are by NASA and the last one is a
more recent endeavour.

To gain more insight in unsteady loading introduced by an angle of attack of a propeller, Takallu and
Lessard investigated the periodic aerodynamic loads produced by an advanced turboprop propeller [8]. The
propeller used for the simulations was the SR−7L, measuring a 1.37 m in diameter and counting eight blades.
The simulations were run for propeller angles of attack ranging from αr =−3◦ to αr = 5◦. The orientation of
the blade is given in Figure 2.9a. The forward velocity is given by V0 and V denotes the velocity seen by the
propeller. The propeller angle of attack is represented in the figure by αp and ω is the rotational velocity.

For the advancing blade that moves downward atΨ= 0◦, a larger velocity was observed when compared
to the retreating blade, moving upward atΨ= 180◦, at a positive angle of attack of the propeller. Furthermore,
the computed flow separation region that was observed for the Ψ = 0◦ position was smaller than at the Ψ =
180◦. This is reversed when the angle of attack of the propeller changes sign by tilting the propeller downward.
Although expected, the radial distribution of the blade section angle of attack increases when the propeller
inclination angle is increased, implying larger dynamic variations in instantaneous blade loads. Takallu and
Lessard conclude that, although the time averaged blade performance is not much affected by the incidence
angle of the propeller, the dynamic variations of the blade loading are large.

(a) Axis of the propeller system, adapted from [8].
(b) Schematic of the visual and the retarded position of the propeller with

respect to the observer, adapted from [9].

Figure 2.9

The results presented by Takallu and Lessard illustrate what the effect of an angle of attack of the propeller
on the blade loading can be. Although it was not investigated by Takallu and Lessard, the large variation in
loading of the blade with its phase angle will almost certainly impact the radiated noise by the blade.

A theoretical investigation of the sound of a propeller at an angle of attack was performed by Hanson [9].
Hanson derived that the angular inflow of a propeller may result in two effects: first, the angle of attack seen
by the blade sections varies along the azimuth and leads to unsteady blade loading. Second, he found that the
radiation efficiency under the flight path of the propeller (φ= 270◦, Figure 2.9b) was increased. The tilt of the
propeller increases the Mach number of the blade section relative to the observer and increases the efficiency
of noise radiation, leading to higher noise levels below the propeller. This effect is called differently through-
out literature, in this review the term "velocity effect" is adopted. In Figure 2.9b, θ is the angle between the
flight direction and the observer and α is the propeller angle of attack. The azimuth angle is denoted by φ.
The vector r denotes the distance between the propeller centre at the location of emission to the observer. A
prime indicates the axis of the tilted system.

It is shown by Hanson that the Doppler factor, given by 1−M cos θ, varies with φ′, which is the propeller
azimuth angle when the propeller is at an angle of attack. When α > 0 and the position of the observer
is underneath the propeller at φ′ = 270◦, cos θ increases and thereupon, the convective amplification factor,
denoted by 1/(1−M cos θ), increases. To summarise, the change in velocity of the propeller along the azimuth
causes a change in Doppler amplification. Consequently, there is a noticeable difference between the noise
radiated below the propeller at φ= 270◦ and above the propeller, φ= 90◦.

The Mach numbers investigated by Hanson for a 4m diameter propeller are M = 0.2 and M = 0.8. The
propeller angles of attack range from α= 0◦ to α= 15◦ for the M = 0.2 case and from α= 0◦ to α= 5◦ for the
M = 0.8 case. Hanson concludes with the remarks that at the BPF, unsteady loading and the velocity effect,
due to the angle of the shaft, equally affect the noise increase.

In another investigation that Hanson conducted together with Parzych, similar observations were found.
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Hanson and Parzych investigated how the harmonic noise is affected by angular inflow, both numerically
and experimentally [45]. They developed a frequency domain theory for the radiation of propeller harmonic
noise when subjected to angular inflow. The theory is based on Goldstein’s acoustic analogy [46]. The theory
developed by Hanson and Parzych is exact, in the sense that if the aerodynamic data and the geometry given
are correct, the noise predictions will also be correct. The resulting programme was called WOBBLE and
follows the notation of the report closely. The authors note that the theory is only applicable to angular
inflow and not distorted inflow. Hanson and Parzych observed two effects: an unsteady loading effect and an
unsteady velocity effect which affects both loading and thickness noise.

To demonstrate the influence of the blade loading on the predicted noise, the loading was determined
using a lifting line method and used as input for the noise prediction. The results were compared with exper-
iments of propeller and prop-fan data. The propeller had a diameter of 2.03 m and the inflow angle ranged
from −7.4◦ to +7.3◦. The prop-fan had a diameter of 2.74 m and the inflow angles ranged from −10◦ to 15◦.
The respective operational Mach numbers were 0.15 and 0.8. Where the inclusion of the unsteady loading
and the velocity effect showed good agreement with the propeller data over the range of inflow angles up un-
til the fifth harmonic, the prop-fan comparison was not so good. Hanson and Parzych believed that this was
due to poor aerodynamic data.

What can be taken from this investigation is that the harmonic acoustic part can be modelled accurately:
when the aerodynamic data is correct, the noise generation output is correct. As indicated, Hanson and
Parzych endeavoured to derive a theory for propeller harmonic noise and hence the broadband contribution
is not investigated. Therefore it remains uncertain how the broadband component of the noise is affected by
the propeller angle of attack.

(a) Prediction using steady blade surface
pressure, α= 0◦.

(b) Prediction using steady blade surface
pressure, α= 3◦.

(c) Prediction using unsteady blade surface
pressure, α= 3◦.

Figure 2.10: Experimental and numerical comparison of SPL of a propeller at BPF 1, Ma = 0.7, Mt i p = 0.886 [10].

Another investigation, in which the noise of a subsonic propeller at a propeller angle of attack was ex-
plored, was performed by Frota, Lempereur and Roger [10]. Their findings agreed with the earlier findings of
Hanson and Parzych: due to the incidence angle of the rotor the blade loading becomes unsteady and affects
the noise. According to the authors, the change in angle of attack has a double effect on the noise generation:
mostly this due to unsteady loading, but, as mentioned by Hanson [9], there is also a velocity effect. The
velocity effect amplifies the noise underneath the propeller.

They tried to capture the effects of a propeller angle of attack on the noise numerically and to validate
their findings with experiments. Their results are presented partly in Figure 2.10. The dataset used for their
noise calculations was obtained after interpolation of the test data from pressure transducers that measured
the pressure fluctuations at the blade surface. For the noise prediction a code named BR AV H A was used
which encorporates the time domain Formulation 1A of the FWH. In Figure 2.10, the experimental values
are represented by dots and the line corresponds to the numerical analysis. Note that in Figure 2.10a and
Figure 2.10b, a steady numerical model is used, as compared to Figure 2.10c, in which an unsteady module is
included.

The velocity effect can be identified when Figure 2.10a and Figure 2.10b are compared. Both numerical
noise calculations use the steady blade surface pressure, excluding the unsteady loading noise contribution.
An increase in the numerical noise for all microphone positions can be identified for the αr = 3◦ case when
compared to the αr = 0◦ case. When the numerical results are inspected a difference of 2 to 3 dB can be
observed. When the unsteady module is enabled, the numerical analysis in Figure 2.10c gives a better ap-
proximation to the experimental data than the steady analysis, presented in Figure 2.10b. Furthermore, when
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the angle of attack of the propeller is changed from 0◦ to 3◦ (Figure 2.10a and Figure 2.10b respectively), an
increase in perceived noise is observed for the experimental data varying between 5 and 7dB . Note that this
increase in noise is both due to the unsteady loading and the velocity effect.

Only a small difference in angle of attack can make a large impact on the sound level produced by a
propeller. Furthermore, the increase in unsteady loading is an important aspect of the noise signature which,
when left out, can lead to severe underestimation of the noise. It is important to state that Frota, Lempereur
and Roger only explored the influence of the angle of attack on the first 3 BPF. The higher harmonics and the
broadband component of the noise are omitted in this research.

Finally, a more recent investigation considering the noise of a low speed large propeller is performed by
Zolbayar [11]. In his thesis he explores the harmonic noise characteristics of isolated propellers which are
designed to operate at a tip speed of Mt i p = 0.3 and Mt i p = 0.4. The propellers have a diameter of 2.1m. In
designing the rotors, the forward speed, thrust and radius are fixed at 51.44 m/s, 1.05 m and 2800 N for all
rotors. The number of blades is given as input and the chord distribution is then given as design output. It is
noted that the chord distribution is not presented by Zolbayar and hence no approximation of the Reynolds
number can be made. The propellers were designed in CROTOR, which uses a blade element method com-
bined with a minimum induced loss routine [2]. Furthermore, the two designed propellers were compared to
a three bladed propeller with a tip speed of Mt i p = 0.7. The noise of the propellers was evaluated at an angle
of attack of αr = 0◦ and αr = 10◦.

To model the unsteady loading, introduced by the angle of attack of the propeller, Zolbayar adopted a
quasi-steady modelling approach. Zolbayar determined the velocity of the rotor tip at 30 different positions
along the azimuth. For each of these positions, the steady loading was calculated using the previously de-
termined tip speed. CROTOR outputs the lift and drag coefficients for each azimuthal position, which then
have to be made dimensional for the input in PSU-WOPWOP. A schematic illustration of the quasi-steady
modelling approach is presented in Figure 2.11.

The results obtained with the quasi-steady modelling approach agree with the earlier findings by Hanson
and Parzych, in the sense that an unsteady loading effect and a velocity effect can be observed. As can be
seen in Figure 2.12, an increase in noise underneath the flightpath of the propeller can be observed. It is
noticed by Zolbayar that the unsteady loading becomes more dominant at lower tip speeds, as the thickness
noise component appears to diminish quicker with tip Mach number than the loading noise component.
Furthermore, a slight decrease in the noise levels above the rotor (90◦) can be observed for the propeller
angle of attack case when compared to the zero angle of attack case.

The quasi-steady modelling method introduced by Zolbayar seems very interesting in the sense that, with
low degree of complexity, an approximation can be made of the unsteady loading of the propeller and its
noise. The quasi-steady modelling approach seems to correspond with the unsteady loading and velocity
effects found earlier. It is noted that the blades of the propellers are still large compared to a small UAV
propeller.

Some remarks are in order with respect to the model: it is not validated and the study was purely numer-
ical. Also, the broadband component of the noise spectrum was not taken into account. Furthermore, only
the OASPL was presented and no frequency spectrum was evaluated. The quasi-steady modelling approach
does not consider the possible interaction effects of the different azimuthal positions. Therefore, although

Figure 2.11: Quasi-steady loading calculation and noise prediction process implemented by Zolbayar [11].
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the modelling of the unsteady loading with this quasi-steady modelling method seems promising, a lot of
uncertainties still remain with respect to how the noise calculations would compare to experimental results.

In summary, it has been shown how an angle of attack influences the dynamic loading of the blade. The ef-
fects of angular inflow on its acoustic spectrum were observed by Hanson and Parzych and Frota, Lempereur
and Roger [10], [45]. Although the data fed into their acoustic prediction models differed, their conclusions
about the effect of the angular position of the propeller with respect to the freestream were similar. Two main
causes for the increase in noise were found, as stated later by Hanson [9]: first, the unsteady loading and
second, the increase in Mach number of the blade with respect to the observer. It was observed that no full
spectral analysis was performed in these studies, as only the first harmonics were investigated. Furthermore,
a quasi-steady modelling approach was introduced which combined a steady blade element method with a
variation of the tip-speed along the azimuth, resulting in a quasi-steady approximation of the unsteady load-
ing of the propeller. This method was found to approximate the unsteady effects introduced by the propeller
angle of attack well.

Overall, a clear increase in SPL of the harmonic component can be observed with a small increase in angle
of attack but no general, quantitative rule is derived. As mentioned before, although the same principles
with respect to noise generating mechanisms apply, a one-to-one comparison cannot be made because the
propellers from the mentioned studies and small UAV propellers, operate in different Reynolds regimes. From
the findings in this section, it has become clear that the harmonic noise of a small propeller will be affected by
an increase in propeller angle of attack. However, it remains uncertain how much the unsteady loading and
velocity effect will contribute. Furthermore, the influence of the propeller angle of attack on the broadband
component remains unknown.

2.4.2. Small-scale propellers at an angle of attack
Non-axial inflow occurs mainly in forward flight and transitioning from one operation phase to another. In
this section two papers discussing a multicopter propeller in forward flight are presented.

Experimental and numerical analyses were performed by Yang et al. to quantify the aerodynamic char-

Figure 2.12: Directivity plot of the thickness, loading and OASPL for three tip Mach numbers and two propellers of attack at an observer
distance of R=30 m [11].
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acteristics of a multicopter propeller while operating in forward flight [12]. The aeroacoustic characteristics
were determined experimentally. The rotor used in the experiment had two blades and a diameter of 0.206
m. The tests were conducted in an anechoic wind tunnel with a turbulence level of 0.05%. The propeller was
attached to a strut with a pivot enabling Yang et al. to adjust the angle of attack. For the numerical counter-
part of the experiment, a similar turbulence level was used in a CFD analysis. The Reynolds number was set
to 5.6 ·104 at the blade tip. The turbulence model that they used was the k −ω model. The authors note that
although a fully turbulent simulation of the flow is not ideal for the Reynolds number used in this experiment,
the findings correspond well to the experimental results. Only one simulation was performed at 6000 RPM
while the experiment was conducted for multiple rotational speeds.

The blade loading of the propeller is dependant on its circumferential position, denoted as the phase an-
gle,Ψ. In Figure 2.13a, the relative circumferential position of the blade and its corresponding angle of attack
are presented. The angle of attack is defined as the angle between the resultant velocity, URe , and the chord
line of the blade section. The resultant velocity is the sum of the axial velocity vector and the tangential veloc-
ity vector seen by the blade section. The axial velocity vector is the summation of the freestream component
in direction of the propeller axis and the induced axial velocity. The summation of the rotational speed, the
in-plane component of the freestream velocity and the induced tangential velocity represent the tangential
velocity. When Figure 2.13a is compared to Figure 2.13b, it can be observed that the angle of attack is larger
at Ψ = 90◦ than at Ψ = 270◦. This is due to the X-component of the free stream velocity, U∞cos(αs ), which
has an increasing effect on the resultant velocity of the blade section atΨ= 90◦ and a decreasing effect on the
resultant velocity of the blade section atΨ= 270◦, correspondingly increasing and decreasing their respective
angle of attack.

The thrust coefficient of two individual blades and the overall system is presented in Figure 2.14a. This
graph illustrates the dynamic loading of the individual blades and the propeller at different phase angles.
At Ψ = 105◦, the maximum thrust value of blade 1 occurs, while at Ψ = 264◦ the minimum thrust value is
identified. The difference between these values is not 180◦, as one might expect. This is probably because of
the asymmetric slipstream. The authors note that consequently the induced velocity is not symmetric either.
The phase angles at which the maximum and minimum value of thrust occur can be said to be a function of
the propeller angle of attack as well and may differ accordingly.

In Figure 2.14b, the thrust per blade at different phase angles is presented. The red lines in the graph cor-
respond to the advancing blade, the black lines correspond to the retreating blade. It becomes immediately
clear that the thrust produced by a single blade of the propeller is very much dependant on the phase angle
of that blade. It can be observed that the highest thrust happens at Ψ = 90◦ and a negative thrust can be
observed for the inboard part of the blade at phase anglesΨ= 225◦,270◦ and 315◦. It is also observed that for
the retreating blade, the decay of the thrust near the tip is less pronounced.

Futhermore, Yang et al. researched the pressure coefficient at 0.75R for similar blade angles,Ψ, as found
in Figure 2.14b. They observed a separation bubble at Ψ = 135◦. It is not known if flow separation occurred
at other radial locations, leading to additional disturbances. In this configuration, where the tip vortex is
convected in plane of the rotor, the risk of blade-vortex interaction is higher than for close-to-axial inflow
angles. This because in the latter case, the tip vortices are convected out of plane. If and where blade-vortex
interaction might occur for close-to-axial inflow, remains a topic for speculation but will surely depend on
the freestream velocity and the propeller angle of attack.

In Figure 2.15, the PSD of the sound pressure of the propeller at αs = 10◦, U∞ = 20 m/s and Ψmi c =
0◦ is presented. What can be observed is that maximum value of the PSD is at BPF 1 as expected. BPF 7

(a) Blade cross-section atΨ= 90◦. (b) Blade cross-section atΨ= 270◦ .

Figure 2.13: Effect of the inclination of the propeller at cross-sectional angle of attack at different azimuthal positions [12].
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(a) Unsteady loading on two small rotor blades. (b) Thrust distribution over the blade span at different phase angles

Figure 2.14: Unsteady loading and thrust distribution at αs = 10◦ RPM= 6000 and U∞ = 20 m/s [12].

corresponds with the polar number of the electric motor. The motor is assumed to give the main contribution
to the peak at BPF 7. Furthermore, what is interesting is that the tonal peaks seem to remain up until a
frequency of about 3500 Hz, corresponding to BPF 21 at 5000 RPM. Although lower in magnitude than BPF 1,
distinctive tones can still be noticed. This differs from the static and axial flow cases investigated earlier. This
is unmentioned by the authors and is probably due to the unsteady loading that affects the mid frequencies
[47].

The asymmetric inflow causes unsteady loading which influences the noise characteristics of the pro-
peller. It was observed that, as the advance ratio decreased, the SPL of BPF 1 increased. The OASPL directivity
followed the same directivity as that of the SPL at BPF 1 and hence it was concluded that the tonal noise is the
more dominant noise source for this propeller. Similar to what was observed by Marino, the SPL increases
when the advance ratio decreases.

Some comments can be made about the numerical analysis of Yang et al. as no noise analysis was per-
formed with the CFD results. The CFD results showed promising similarities with the experiments in terms
of capturing the dynamic thrust coefficient.

Yang et al. further explored the forward flight of a multicopter propeller by investigating the full per-
formance of a full-scale isolated rotor [13]. In this experiment, the same test-setup was used as in the pre-
vious experiment [12]. They observed that when the freestream velocity increases, the tonal as well as the
broadband noise increase, for a constant RPM and propeller angle of attack, as presented in Figure 2.16. The
authors note that the increased broadband noise might be because of increased wind tunnel jet velocities.
When the freestream velocity is increased, the axial component of the velocity increases and has a decreasing
effect on the thrust due to the decreased angle of attack of the cross section of the blade. Furthermore, the
in-plane component of the velocity has an effect on the incoming flow which varies with the phase angleΨ.
It increases the thrust on the blade in the first two quadrants and reduces the thrust in the third and fourth
quadrant.

A similar analogy can be made for a constant RPM and freestream velocity, as the thrust decreases due
to an increase in propeller angle of attack. This is because when the propeller angle of attack increases, the
axial component, U∞sin(αs ), increases. The angle of attack of the blade cross section is then reduced due to
the increased axial velocity component. Simultaneously, the angle of attack is decreased due to the in-plane
velocity component, which decreases when the propeller angle of attack increases. It can be observed in

Figure 2.15: Power spectral density of the sound pressure of the propeller at αs = 10◦, U∞ = 20 m/s andΨmi c = 0◦ [12].
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Figure 2.16: Comparison of SPL at different freestream velocities
at RPM= 7000, αs = 10◦ andΨmi c = 0◦ [13].

Figure 2.17: Comparison of SPL at different propeller angles of
attack at RPM= 7000, U∞ = 15 m/s andΨmi c = 0◦ [13].

Figure 2.17, that for an increasing angle the SPL decreases. The SPL at BPF 1 and the OASPL are presented in
Figure 2.18. As the freestream velocity increases, the SPL increases for both figures. This seems logical as the
difference in velocity between the retreating and the advancing blade increases when the velocity increases.
The noise then, increases accordingly. Furthermore, the OASPL follows the shape of the directivity of BPF 1.
It can therefore be concluded that, just as in the previous investigation, harmonic noise is the dominating
noise source.

From the previously mentioned investigations about small UAV rotors, none considered the forward flight
of a propeller configuration. For a propeller with close-to-axial inflow, the influence of a varying freestream
velocity or propeller angle of attack are opposite when compared to the lateral inflow investigated by Yang et
al. The axial flow velocity is given by U∞cos(αs ) and the in-plane flow component by U∞sin(αs ). This results
in an increase in the cross-section angle of attack as the propeller angle of attack increases and a decrease
in the in-plane flow component. Hence, for a constant RPM and freestream velocity, the thrust increases
when the propeller angle of attack increases. The in-plane flow component determines then the strength
of the asymmetry of the flow. A CFD analysis was performed to obtain the dynamic loading of the blade
but no acoustic analysis was performed with this data. This leaves the question of how a numerical analysis
of the noise spectrum of a small propeller at an angle of attack compares to experimental data, still one to
be answered. Furthermore, the angular inflow that causes the unsteady loading contribution can be best
investigated at BPF 1 [12].

2.5. Summary literature
To gain more insight in the unsteady motion of a propeller when it is placed at an angle of attack, different
investigations conducted in the 80’s and 90’s were discussed. Larger scale propellers were positioned at a
propeller angle of attack and showed a variation in loading of the blade over the azimuth. The noise levels
increased for the first BPF and its harmonics, when compared to axial inflow. Two main causes for the in-
crease in noise were found, as stated by Hanson: the unsteady loading and the increase in Mach number of
the blade with respect to the observer. It was found that for a propeller operating at angular inflow, noise
prediction theory is exact, in the sense that the noise prediction will be correct, when the blade loading and
the blade geometry are correct.

Further inquiry led to several studies examining the forward flight of a multicopter propeller, experimen-
tally and to some extent numerically. The forward flight of a multicopter propeller is mainly associated with
lateral inflow. Similar to the large-scale propeller, the thrust varied significantly with the change of the az-

Figure 2.18: Comparison of SPL at different freestream velocities at RPM= 7000, αs = 10◦ andΨmi c = 0◦ [13].
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imuthal position of the blade. Tonal noise occurred at BPF 1 and its harmonics. It was observed that for
a constant RPM and propeller angle of attack, the tonal noise increased when the freestream velocity in-
creased. Furthermore, for a constant RPM and freestream velocity, the thrust decreases due to an increase in
propeller angle of attack, leading to a decrease in noise. It was observed that the OASPL followed the form
of BPF 1 and hence the harmonic noise contribution is concluded to be the dominant noise source. To the
author’s knowledge, a full spectrum numerical noise analysis was not conducted for a small propeller at an
angle of attack.

2.6. Research goals and questions
From the presented literature in this study, it can be observed that there is an absence in the analysis of small
propellers at a small angle of attack. This propeller configuration is used in forward flight by, for instance,
tilt-rotor UAVs and differs in that sense from a multicopter forward flight. The noise produced by this pro-
peller configuration has been researched for larger rotors and only at the first harmonics but, to the author’s
knowledge, none has been conducted for small-scale propellers. Overall, a numerical analysis including both
harmonic and broadband noise for a low Reynolds number propeller at a small angle of attack seems absent
from literature. It can be argued that, for the sake of mission optimisation, this flight manoeuvre should be
investigated.

The results of a quasi-steady modelling approach that corresponded well with the noise characteristics
associated with a propeller at an angle of attack were discussed. This modelling method lies at the founda-
tion of this thesis and is elaborated on in section 6.2. Building on the findings of the state of the art, some
hypothesis about the noise spectrum of a small UAV can be formulated:

Hypothesis 1 (H1): When the propeller is at an angle of attack with respect to the inflow, the harmonic com-
ponent of the noise will increase for an observer under the flight path (as in Figure 2.9b), compared to operation
in axial-inflow conditions.

Hypothesis 2 (H2): When the propeller is at an angle of attack with respect to the inflow, the harmonic com-
ponent of the noise will decrease for an observer above the flight path, compared to operation in axial-inflow
conditions.

Where a propeller operating under steady conditions has varying aerodynamic properties along the span,
an additional variation along the azimuth is introduced when the propeller is placed at an angle of attack.
The azimuthal variation of the motion and its influence on noise while operating in the laminar-transitional
Reynolds regime holds many uncertainties. In order to fill this gap the following research questions are posed:

1. What is the change in noise spectrum of a low Reynolds number, fixed pitch propeller when an unsteady
motion is introduced by varying the angle of attack of the propeller from 0◦ to 7.5◦ and 15◦?

(a) What is the change in the harmonic noise contribution when a propeller angle of attack is intro-
duced? The variation in tip speed along the azimuth is expected to result in the onset of unsteady
loading resulting in more pronounced tonal noise.

(b) How do the spectra measured directly above and underneath the flightpath compare? When the
rotor is tilted with respect to the freestream a difference in loading and radiation efficiency is ex-
pected above and underneath the flightpath.

(c) How do the different propeller angles of attack compare to each other? The variation in tip speed
along the azimuth changes with rotor angle of attack.

2. How is the harmonic noise component affected by the unsteady motion introduced by a small angle of
attack of the propeller when it is modelled by a quasi-steady modelling approach?

(a) What is the change in blade loading along the azimuth when a propeller angle of attack is intro-
duced? The radiated noise due to unsteady loading is related to the variation in blade loading.

(b) What is the change in harmonic noise contribution when different angles of attack of the propeller
are considered? The change in noise contribution is an indicator of the variation in loading along
the azimuth.

(c) How does the prediction of the harmonic spectrum compare to the experimental harmonic spec-
trum? Relates to the applicability of the modelling approach.



3
Experimental Setup

In this chapter, the experimental setup to investigate the effects of a propeller at an angle of attack on its noise
spectrum is discussed.

3.1. Campaign Overview
The experiments for validation of the hypotheses is focused on capturing the noise emitted by a propeller at
different angles of attack and the thrust and torque corresponding to each condition. Different conditions are
measured to quantify the noise of the propeller. Two main setup configurations can be distinguished: one
where the propeller is level and has no angle of attack with respect to the freestream. In the other condition
the propeller is put at an angle with respect to the freestream. In these configurations different measurements
are performed as indicated in Figure 3.1.

Three noise cases are measured in level configuration: Background noise measurements are performed
to asses the noise levels of the room itself and to ensure that the measured signal is not contaminated by
any noise of the surroundings. The background noise measurements are performed for different freestream
velocities and angles. The rotor blades are not installed during these measurements.

Similar to the background noise measurements, the rotor blades are not mounted during the motor noise
measurements. The motor noise is measured at zero freestream velocity and different RPM’s. The motor
noise is similar for the cases at at an angle of attack.

Figure 3.1: Overview of the different elements of the wind tunnel experimental campaign.
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3.2. A-tunnel
The experiments are performed in the A-tunnel of Delft University of Technology. The A-tunnel is vertical
wind tunnel through which the flow moves from below through an open test section. The exit of the the wind
tunnel is circular and has a diameter of 0.6m. The contraction ratio of the exit nozzle 15:1. The turbulence
level of the tunnel is very low, smaller than 0.1 at flow velocities of 10 m/s and higher [48]. The A-tunnel
allows for aeroacoustic measurements up to 35 m/s with this nozzle. The ceiling and walls surrounding the
test-section are treated with melamine acoustic wedges. For a detailed description of the wind tunnel and its
acoustic features the reader is referred to the paper of M. Merino et al. [49].

3.3. Experimental setup
In this section a description of the experimental set-up is presented. First the propeller is described, after
which the test set-up and the different set-up configurations are discussed.

The propeller used in this experiment has a tip radius, Rt i p of 15 cm and a single profile along the span:
the NACA4412. At the root, an elliptical section morphs into the profiled section. The hub-radius is 1.25
cm long. In Figure 3.2a a CAD drawing of the blade can be found. The blade chord and twist of the profile
sections along the span are presented in Figure 3.2b. The maximum pitch angle of the blade is 43.6◦ and the
maximum chord length is 3.4 cm. The propeller is powered by a 3536 1520KV brushless outrunner motor
from Leopard Hobby. The motor has a maximum loading of 48 A, a maximum power of 550 W, 14 magnetic
poles and measures 27.8 mm in diameter. The power to the motor is supplied by a Delta Elektronika DC
power supply with an operational current range of 0 to 100 A and a voltage range of 0 to 15 V. The assembly
of the motor spacer and loadcell, to which the propeller is attached, is placed in an aluminium nacelle with a
diameter of 7.5 cm. The nacelle is put around the assembly to minimise its interference with the flow.

(a) CAD render of propeller geometry. (b) Propeller chord and twist distribution.

Figure 3.2

The experimental set-up is mounted on top of the nozzle of the wind tunnel. Four steel bars with a di-
ameter of 4 cm are installed to hold the nacelle in place. A NACA0012 profile of 8 cm chord length and 1.20
m width is attached to a nacelle in which the motor, cooling devices are positioned. The wiring of the of all
the components inside the nacelle is lead through the NACA profile outside of the jet of the win tunnel. Two
clamps in the form of the wing profile hold the nacelle structure and ensure a solid connection with the steel
rods. The rods that hold the structure are placed 5 cm off centre to ensure that the propeller centre is aligned
with the centre of the wind tunnel nozzle. The set-up is shown in Figure 3.3a. The propeller centre is posi-
tioned 4 propeller diameters from microphone 14 installed on the array, as indicated in Figure 3.3b1

To mimic a simultaneous measurement of the noise in an above and below the flight path configuration,
the nozzle on the exit of the wind tunnel with the set-up on top of it is turned 180◦. In Figure 3.5a, the
configuration of the set-up with respect to the microphone array is shown that corresponds to below the
flight path. In accordance with Hanson, the location of microphone 14 is set to 270◦ with respect to the
propeller centre [50]. This configuration is from now on referred to as array configuration 1. In a similar way,
in Figure 3.5b, configuration 2 of the set-up is presented in which the microphone array is located above the

1The numbers in the sketch are merely to indicate the amount of microphones mounted vertically. The only number corresponding to
its microphone number is the centre microphone, number 14. This is also the case in Figure 3.5a and Figure 3.5b.
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(a) Propeller set-up mounted in front of the microphone array in the
A-tunnel at TU-delft. (b) Schematic drawing of the propeller set-up mounted in the A-tunnel.

Figure 3.3

flight path of the propeller. In array configuration 2, the position of microphone 14 corresponds to an angle
of 90◦ with respect to propeller centre.

3.4. Measurement Techniques
Different measurement techniques and devices were employed to enable measurement of the propeller per-
formance and its noise emission. This section elaborates on the techniques that were used. In subsec-
tion 3.4.1, a description is given of the the propeller noise measurements set-up and in subsection 3.4.2,
the propeller performance methods are elaborated.

3.4.1. Propeller noise measurements
The propeller noise measurements are performed with 50 G.R.A.S 40 PH free field microphones with inte-
grated CCP preamplifiers [51]. The microphones are mounted on an array, which measures 2 m by 2 m. Their
positions are specified in Figure 3.4. The distance between the microphones is 7.5 cm from centre to centre.
The centre microphone of the array is positioned at a lateral distance of 1.2 m with respect to the propeller
centre outside the jet of the stream.

The microphones have a diameter of 7 mm and operate in the frequency range of 10 to 20 Khz with a
frequency response of ±1 dB. The maximum sound pressure level is 135dB. The microphones are calibrated
with a G.R.A.S. Pistonphone. A sampling frequency of 51.2kHz is used for each noise measurement. The
acquisition system for the microphone system consists of a National Instrument PXIe-4499 sound and vibra-
tions data acquisition module. The duration of the measurements varies with the type (background, motor,
or propeller) of noise that is measured and is indicated in Table 3.1.

3.4.2. Propeller performance measurements
The Wyler clinotronic plus inclination sensor was used to determine the angle of attack of the nacelle and
hence the propeller. The sensor is able to measure the absolute angle of the surface it is placed on over a
range of ±45◦ and has a resolution of 0.01◦ [14].

Figure 3.4: Microphone positions of the microphone array, the visual position of the array corresponds to the position left of the
microphone array, as depicted in Figure 3.3b.
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(a) Set-up configuration array 1. (b) Set-up configuration array 2.

Figure 3.5: Schematic representation of microphone array configuration 1 and 2.

Type of measurement Duration [s]
Background 20
Motor 20
Propeller 30

Table 3.1: Acquisition time for different noise measurements.

To measure the forces and moments, the ATI Mini40 F/T transducer with axial cable was integrated into
the setup. It has a thickness of 12.27 mm and a diameter of 40.1 mm. For the three Cartesian coordinates
the transducer is able to measure the forces and moments. The transducer system exists of the transducer
itself, a data acquisition system and a shielded cable [15]. The signal is provided by silicon strain gauges in
volts and then amplified and converted to digital data by the data acquisition system. The measurement
range of the loadcell is presented in Table 3.2 together with the measurement uncertainty. The measurement
uncertainty is given in percentage of the full load and express the maximum amount of error for each axis
[17]. Furthermore, the operational temperature of the loadcell ranges from 0 to 100◦C . A deviation of ±5◦C
from 22◦ leads to a typical gain error of 0.1%. The error increases to 0.5% when the temperature deviation
is increased to ±5◦. The sampling frequency used is 1000Hz and the measurement time was 10 seconds. A
schematic drawing of the loadcell can be found in Figure 3.6b. A thermocouple was used to measure the
temperature of the loadcell.

3.4.3. Oil-flow visualization

The flow over the blade is visualized by means of an oil-flow visualization. A layer of mixture of liquid paraffin
wax and fluorescent oil is applied to the suction side of the blade. The blade is then run for about 8 minutes
at constant conditions. Because of the density of the oil, the oil remains attached to the blade in the zones
where the flow is separated and follows the shape of the streamlines there.

(a) Wyler clinotronic plus inclination sensor [14]. (b) Schematic drawing of the loadcell with alternate cable exit [15].

Figure 3.6
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Fx Fy Fz Tx Ty Tz
Calibrated range(±) 20 N 20 N 60N 1Nm 1Nm 1Nm
Measurement uncertainty
(percent of full load)

1.25% 1.00% 0.75% 1.25% 1.25% 2.00%

Table 3.2: Operational range of loadcell and measurement uncertainty [17].

3.5. Measurement Post-Processing
The ATI loadcell outputs six channels corresponding to the force and moment components. The zero loading
off sett is determined by means of a bias measurement. This is used to obtain the actual forces and moments
produced by the propeller. This is elaborated on in subsection A.1.1. A detailed description of the error
quantification of the loadcell can be found in [52].

For noise post processing, the data signal of the microphones was converted to the frequency domain
using Welch’s method [53]. An overlap of 50% was used together with a Hamming window. The window
length was chosen such that the frequency resolution ranges between 1 and 4 Hz. Furthermore, because of
the small free stream Mach numbers used in the experiments, it is assumed that shear layer refraction will
not have a significant effect on the recorded directivity patterns [13].





4
Propeller performance

The performance of the propeller was measured to quantify the thrust and torque of the propeller. In this
chapter, a brief overview of the propeller performance at zero angle of attack is given. First an overview of the
measurements is presented, after which the loads of the propeller at an angle of attack are presented.

4.1. Zero angle of attack
The propeller performance measurements at zero propeller angle of attack were performed to obtain a data
set to validate the steady simulation. In order to be able to validate the steady model by Xrotor, a series of
measurements were performed corresponding at 4000 RPM and values of J . J is changed by altering the
freestream velocity.

Case V∞[m/s] J[-] Re0.75 ·104

1 0 0 7.38
2 2.4 0.12 7.40
3 4.8 0.24 7.42
4 7.2 0.36 7.47
5 8.0 0.4 7.49
6 9.6 0.48 7.53
7 12.0 0.6 7.62
8 14.4 0.72 7.72
9 16 0.8 7.80

Table 4.1: Propeller performance measurement case matrix for zero propeller angle of attack and RPM = 4000.

(a) Thrust coefficient corrected with bias measurements. (b) Torque coefficient corrected with bias measurements.

Figure 4.1: Bias measurements comparison at at RPM = 4000 for a range of J .

In Figure 4.1, the thrust and torque coefficient corrected with the different bias values are presented. Since
the set-up was not physically altered during the measurements, the difference in bias is noted as uncertainty.
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The thrust and torque coefficients corrected with the bias measurements are presented in Figure 4.2, together
with the propulsive efficiency. A parabolic trend with its maximum value at J = 0.12 is observed for the thrust
coefficient. This trend is also in line with observations by other authors for small propellers [3], [54]. From
J = 0 to J = 0.4 the root sections of the blade are separated, increasing the drag of the blade and contributing to
the high torque values found in this range. For higher advance ratios the torque decreases due to a reduction
in drag. The reduction in drag is caused by the reduction of the section angle of attack below stall angles [55].
The trend of the propulsive efficiency is expected to be the opposite of the torque: with a decrease in torque,
the efficiency increases to a maximum value of 0.67 at J = 0.6.

(a) Thrust coefficient. (b) Torque coefficient.

(c) Propulsive efficiency.

Figure 4.2: Propeller performance over a range of J at RPM = 4000.



5
Propeller Noise

In this chapter, an overview of the noise measurements is presented. First, the different noise sources are
identified in section 5.1. Next, in section 5.2, an analysis of the effect of the propeller angle of attack on noise
is given with respect to the hypothesis (which were presented in section 2.6).

Before the experimental results are presented a few caveats have to be discussed with regard to the ex-
periment. First of all, the variability of the RPM is not captured during the experiments. Because the RPM
variability adds to the variation in speed around the azimuth, this might cause unexpected variations in the
noise spectrum due to an increase or decrease in unsteady loading. Furthermore, it is not known if the RPM
variability is affected by the propeller angle of attack. Moreover, no quantification of the noise level varia-
tion between measurements has been obtained. It is therefore unknown what the variation in trends and
magnitudes will be when the experiment is repeated.

5.1. Identification of different noise sources
In this section an overview is given of the identified noise sources in the spectra. First a comparison between
the propeller noise and the motor and background noise of the wind tunnel is given for an advance ratio of 0.
Next, the advance ratio is increased and the changes are described.

In Figure 5.1a, the background noise of the wind tunnel, the noise produced by the motor (without
freestream velocity) and the noise produced by the propeller are plotted at an advance ratio of J = 0, to-
gether with the background noise of the tunnel. The background noise is measured to establish the noise
present in the room and to identify any noise sources that are present. In an ideal case, the background noise
goes down with a straight line and a difference between the noise source of interest and the background noise
level is around 10 dB [56]. For J = 0 this is the case for most of the spectrum.

The motor noise shows a peak at BPF 0.5 (67 Hz). Furthermore, a large bump ranging from 500 Hz to 19
kHz can be observed which is mainly due to the motor and vibrations of the structure. In this range some
distinct tones are also present. When the motor is loaded, the noise emitted by the motor is likely to change
[55]. Motor noise emitted by the installed propeller configuration might therefore differ considerably from
the noise produced by the isolated motor. Due to loading of the motor, e.g. by the propeller, discrete tones

(a) Full spectrum. (b) First ten BPF.

Figure 5.1: Background, motor and propeller noise measured with mi c14 at RPM = 4000, J = 0 with a level propeller configuration.
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(a) Full spectrum. (b) First ten BPF.

Figure 5.2: Background, motor and propeller noise measured with mi c14 at RPM = 4000, J = 0.4 with a level propeller configuration.

appear at the multiples of the motor shaft rotational frequency (BPF n+0.5). These are assumed to be due to
unbalanced loading of the motor shaft [57], [58]. This can be seen clearly when the peaks at 67 Hz and 200
Hz are examined. After the main harmonic at BPF 1, the harmonics BPF 0.5 and BPF 1.5 exhibit the greatest
magnitude in the spectrum. Furthermore, the motor noise influences the spectrum from BPF 7 onwards,
Figure 5.1b, and hence for the harmonic analysis in this thesis only the first 6 BPF are considered.

At BPF 1 and its multiples (n· 133.33 Hz) distinct tones are present. This becomes more clear when Fig-
ure 5.1b is examined. The most pronounced tone is at BPF 1 and is mainly due to the steady loading of the
blade [59]. As can be observed, the sound radiated by the propeller persists beyond the BPF at higher frequen-
cies. A decreasing trend in SPL can be observed for BPF 2 and 3. BPF 4 up until BPF 6 are of the same order of
magnitude. The persistence of the higher order multiples of the BPF are said to be due to non-uniformity of
the flow [60]. Beyond BPF 6, the propeller signal is contaminated with motor noise.

When a freestream velocity is introduced, increasing the value J, the spectrum changes when compared
to the J = 0 case. In Figure 5.2a, the spectrum obtained at J = 0.4 is presented. The propeller noise for low
frequencies follows the shape of the background noise. The motor noise measured at BPF 0.5 and BPF 1.5
appears to increases with respect to the J = 0 case. The high frequency bump due to the motor is of similar
magnitude. In the range of 300 Hz to 800 Hz, a decrease in SPL can be observed with respect to the J = 0 case.
The distinct peaks that could be identified in Figure 5.1a in this frequency range are now less pronounced
or even not present. In the J = 0, these tones are associated with unsteady blade vortex interaction noise
because the wake is not convected by the freestream [61]. When the high frequency range of the propellers
are compared, a bump can be identified. This bump was less pronounced when no freestream velocity was
present. In the J = 0 case, almost no bump is present from 4000 Hz to 20.000 Hz. Furthermore, the spikes
concentrated around 10.000 Hz are less pronounced and have less width than in the J = 0 case.

In Figure 5.2b, a clear decrease of BPF 1 can be observed when compared to the hover case at J = 0, this is
due to the reduction in thrust. Furthermore, a reduction of BPF 2 to BPF 4 is observed. Due to the freestream,
the wake of the rotor is convected and hence unsteady pressure fluctuations originating from the interaction
between blade and vortex are reduced. At BPF 3 and BPF 4, almost no tone is present anymore. Hereafter, the
SPL of the BPF multiples increases again.

The spectrum obtained at an advance ratio of J = 0.6 is presented in Figure 5.3a. For the background
noise, similar trends case can be observed as for the J = 0.4 case, although they are found to be 5 to 10 dB

(a) Full spectrum. (b) First ten BPF.

Figure 5.3: Background, motor and propeller noise measured with mi c14 at RPM = 4000, J = 0.6 with a level propeller configuration.
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b]

Figure 5.4: Directivity of first three BPF at RPM= 4000, J = 0.4 and αr = 0◦.

higher over the full spectrum due to the higher freestream velocity. The motor noise, measured at BPF 0.5 and
BPF 1.5, appears to increase with respect to the J = 0.4 case, giving rise to a tone at BPF 0.5, which is almost
equal in magnitude to BPF 1. A further increase in the SPL of the high frequency broadband bump, ranging
from 4000 Hz to 20.000 Hz can be observed. When Figure 5.3b is examined and compared to Figure 5.2b, the
magnitude of BPF 1 and 2 are lower than in the J = 0.4 case. This is because of the reduction in loading on the
blade at higher advance ratios.

Overall two effects can be identified, first, the background noise increases when the advance ratio is in-
creased. Secondly, with an increase of the advance ratio, the blade loading goes from heavily loaded to lightly
loaded, and correspondingly the BPF 1 harmonic decreases in magnitude.

5.1.1. Directivity
In Figure 5.4, the directivity of the first 3 BPF are plotted, scaled to an observer distance of 1.5 m. The first and
second BPF show a clear directivity pattern with a maximum value reached at about θ = 90◦. The third BPF
radiates towards the 55◦ and 305◦ at SPL levels of 10 dB.

5.2. Noise emissions from a propeller at an angle of attack
In this section the experimental results relating to the propeller angle of attack are discussed briefly. First,
the noise at two different angles of attack is assessed at two different microphone positions: underneath and
above the flightpath, corresponding with array configuration 1 and 2, respectively. For readability purposes,
the setup of the different configurations is presented again in Figure 5.5.

In Figure 5.6a, the full spectra of the propeller at an angle of attack of αr = 7.5◦ are presented and com-
pared to the spectra of the level propeller at αr = 0◦, in Figure 5.6b the first 6 BPF are shown. The operating
conditions are J = 0.4 at an RPM of 4000 which corresponds to a freestream velocity of 8 m/s.

Two main features can be observed when the plots in Figure 5.6 are inspected. For the first 3 BPF an

(a) Setup configuration array 1. (b) Set up configuration array 2.

Figure 5.5: Schematic representation of microphone array configuration 1 and 2.
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(a) Full spectrum. (b) First 6 BPF.

Figure 5.6: Propeller noise measurement with array configuration 1 at RPM = 4000, J = 0.4 with mi c14 and αr = 7.5◦.

increase in SPL can be observed with respect to the level propeller, in line with H1. As this array configuration
corresponds to the flightpath underneath the propeller, an increase in these peaks is expected due to the
unsteady loading of the blade as well as the velocity effect with respect to the observer. BPF 4 and BPF 5 show
little difference between the level and rotor angle of attack case. BPF 6 follows the trend of the first 3 BPF.
Secondly, the broadband hump, identified from 4000 Hz to 20.000 Hz in Figure 5.6a, shows a larger SPL at an
angle of 7.5◦ when compared to the level propeller.

When the propeller angle of attack is increased to αr = 15◦, presented in Figure 5.7, similar observations
can be made with respect to the level propeller. In Figure 5.7b an increase of the first 3 BPF can be examined.
Furthermore, when the different angles are compared, an increase of the first 3 BPF can be observed with an
increase in rotor angle of attack. Little to no difference is found for the BPF 4 and BPF 5, while BPF 6 follows
the trend of the first 3 BPF again. Furthermore, the broadband hump increases with increasing rotor angle of
attack.

In Figure 5.8, measurements are performed with array configuration 2 at a rotor angle of attack ofαr = 15◦.
For array configuration 2, the SPL is expected to decrease with respect to the level propeller. It is observed
from Figure 5.8a that the main harmonic noise component is due to the first BPF. A different trend can be
observed when it is compared to the SPL of the level propeller, as it decreases with increasing angle of attack.
With an increase in angle of attack, the noise measured at BPF 1 decreases, this is in line with H2. A similar
trend is observed for the second BPF where the noise emissions of the propeller at an angle of attack are lower
than that of the propeller at zero angle of attack. BPF 3 does not follow the trend of BPF 1 and 2. BPF 4 and 5
show similar characteristics as with array configuration 1 and BPF 6 seems to follow the trend of BPF 1 and 2.

When the angle of attack of the propeller is increased toαr = 15◦, a further decrease of BPF 1 and 2 can be
observed, Figure 5.9. The higher harmonics, in Figure 5.9b, follow similar trends to the αr = 7.5◦ case.

5.2.1. Directivity
In order to illustrate the effect of the angle of attack of the rotor on the directivity pattern, the directivity
of the first BPF and the OASPL of the first 6 BPF are presented in Figure 5.10. The image of the propeller
is for illustration purposes only and is presented to indicate the position of propeller with respect to the
microphones. It is stressed that changing the angle of the propeller also changes the respective angle of the

(a) Full spectrum. (b) First 6 BPF.

Figure 5.7: Propeller noise measurement with array configuration 1 at RPM = 4000, J = 0.4 with mi c14 and αr = 15◦.
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(a) Full spectrum. (b) First 6 BPF.

Figure 5.8: Propeller noise measurement with array configuration 2 at RPM = 4000, J = 0.4 with mi c14 and αr = 7.5◦.

propeller axis and the microphones. When αr = 0◦, the propeller axis is aligned with the horizontal 0◦ line.
From Figure 5.10a, it becomes clear that there is a difference between SPL measured above and under-

neath the propeller. For the observers placed underneath the flightpath, it is clear that when the rotor angle
of attack increases, the SPL increases for BPF 1. An opposite trend is expected above the rotor and at θ = 90◦,
it can be observed that the SPL decreases with increasing angle of attack. However, it seems that the directiv-
ity of the αr 6= 0◦ cases does not follow the expected trend: a minimum is expected at the rotor axis while in
Figure 5.10a, both the rotor angle of attack cases show a decrease from 70◦ to a minimum at about 55◦. After
which an increase for both cases can be observed of what appears to be a second lobe. The minimum appears
at the same location for both the cases. The directivity pattern appears only for array configuration 2 and for
a non-zero rotor angle of attack. A possible explanation for this could be that the local minimum and the
appearance of a secondary lobe are the result of reflective interference from the structure or the microphone
array. The acoustic treatment of the room avoids reflection above 150 Hz, while BPF 1 is at 133.33 Hz [49].
Furthermore, similar observations were made by other authors [9], [62]. Axial directivity patterns were found
for BPF 1 that consisted of multiple lobes, thought to be caused by reflections or other interference, this is
shown in Figure 5.11. At a visual angle of 60◦ the measurements obtained at a pitch angle from −10◦ to +5◦
show minimum. At a visual angle of 120◦, another minimum can be witnessed for all pitch angles. According
to the authors the side lobes are not indicative of the axial directivity of propeller noise.

In Figure 5.10b the OASPL of the first 6 BPF (110 to 805 Hz) is presented for the different array configura-
tions. A range of 5 Hz is left out at BPF 1.5 (200 Hz) because of excessive motor noise. A similar trend as with
BPF 1 can be observed for the observer position underneath the flightpath. Above the flightpath a decrease
of the OASPL is observed between the non-zero angle of attack cases and the level propeller for an observer
placed between 50◦ and 130◦. From 50◦ and 75◦, when the observer position is placed towards the observer
axis, a decrease in OASPL can be examined for the αr = 15◦ case.

5.2.2. Discussion
From the presented experimental results, it can be concluded that there is a difference between the noise
radiation above and underneath the propeller. The trend underneath the rotor is clearly visible: with an in-
creasing angle of attack the noise levels increase: bearing in mind the limited quantification of measurement
errors, H1 is confirmed.

(a) Full spectrum. (b) First 6 BPF.

Figure 5.9: Propeller noise measurement with array configuration 2 at RPM = 4000, J = 0.4 with mi c14 and αr = 15◦.
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(a) Directivity of the BPF 1. (b) OASPL from BPF 1 to BPF 6 (110 to 820 Hz) with BPF 1.5 removed.

Figure 5.10: Directivity of the SPL with array configuration 1 (θ = 0◦ to 180◦) and 2 (θ = 180◦ to 270◦) at RPM = 4000, J = 0.4 for different
αr .

For H2, to draw a similar conclusion a little more background is necessary: unsteady loading increases
the noise levels while a reduction in the velocity of the blade, encountered above the propeller in the direc-
tion of the microphones, decreases the noise level [63]. Another reason for the small difference between the
αr 6= 0 cases above the propeller, beside the uncertainties mentioned at the beginning of this section and
the discussion of anomalous experimental results at BPF 1, could be that the decrease of the velocity of the
blade in the direction of the observer is counteracted by the increase in noise levels of the unsteady loading.
Furthermore, with a decrease of the harmonic noise sources, the relative contribution of other noise sources,
e.g. motor noise, become more prominent. However, the OASPL above the propeller shows a decrease in
noise with respect to theαr = 0 case when the noise at BPF 1.5 is omitted. It is concluded, in accordance with
literature, that H2 is also confirmed [9].

Figure 5.11: BPF 1 at different rotor pitch angles [9].



6
Analytical Methodology

For this thesis, different methods of computation are employed. All of them are implemented in Python. A
general overview of the programme flow is presented in Figure 6.1. The analysis firstly requires the definition
of the blade geometry, the operating conditions and the different computational settings. After definition
of the input variables, the propeller performance is simulated. A steady simulation programme will be ex-
panded to a quasi-steady model, which should be able to approximate the performance of a propeller at
an angle of attack. To asses the noise of the propeller, the propeller performance data is used as input for
the noise module. The results can be processed and analysed at this point, after which the tool is stopped.
In section 6.1, the steady simulation tool is elaborated on and its workflow is explained. This section also
contains information about the input variables of the simulation programme and how they are obtained. In
section 6.2, the steady simulation is expanded to a quasi-steady simulation. Finally, in section 6.3, the method
for calculation of the propeller noise is discussed.

6.1. Propeller performance prediction
At the basis of the quasi-steady modelling scheme used for this thesis, lies a steady simulation programme.
This section follows the structure of the flowchart for the steady load calculation presented in Figure 6.2. The
propeller modelling tool implemented in this thesis is Xrotor [1]. Xrotor is a propeller modelling tool used
at the Flight Performance and Propulsion department of TU Delft. Xrotor can be used to asses the perfor-
mance of propeller and even propeller design. The flowchart of the steady propeller performance modelling
is presented in Figure 6.2. In subsection 6.1.1, details about Xrotor are presented.

6.1.1. Xrotor
Xrotor is a propeller performance and design analysis programme based on classical propeller lifting line
theory. Through iteration, Xrotor is able to calculate the circulation and the induced velocities, the local
angles of attack and the lift and drag coefficients. Xrotor outputs a data file containing all this information
when convergence of the iteration is achieved.

Xrotor provides three methods for calculation of the induced velocities and induced losses. In Xrotor, the

Figure 6.1: Blade section angle definition and components of the velocity triangle, adapted from [2].
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Figure 6.2: Flowchart for calculation of the steady loading of the propeller.

standard computation method for the axial and tangential induced velocities, ua and ut , respectively, is per-
formed using the potential formulation. In the potential formulation, the induced velocities are determined
through an exact potential flow field about the helical vortex field. The potential formulation used in Xrotor
is an extension of the Goldstein’s solution for two and four bladed propellers [64].

In order for Xrotor to run, the program requires several different input parameters: a list of aerodynamic
section variables, which can be found in Table 6.1 and are elaborated on in subsection 6.1.2, and a geometry
of the blade. The geometry is dependent on several variables of which three are given over the span of the
wing for each radial station.

The input variables are the non-dimensional radial location of each blade station, represented by r
R , the

non-dimensional local chord, given by cl oc
R and the local twist angle, β(r ). Furthermore the amount of blades,

B , is required together with the tip radius, Rt i p , the radius of the hub, Rhub and the freestream velocity for
which you design the geometry. For each individual blade section, the Reynolds number is determined, after
which the polars are generated with XFoil. A fitting is applied to the polars, through which the parameters in
Table 6.1 are determined.

Xrotor includes a correction for Reynolds number effect and an increase in drag at Mach numbers above
the limit of the critical Mach number. In Equation 6.1, the drag determined by Xrotor can be identified. It
is dependent on various variables given in Table 6.1. Note that the drag coefficient is scaled by the Reynolds
number seen by the blade section, indicated by Re, the reference Reynolds number and an exponent f . The
value of the Reynolds scaling exponent should be selected from the following list [1].

Note that the relation for the drag is reduced to a quadratic relation and that it might not be able to fully
capture non-quadratic Cd −Cl behaviour that might occur due to low Reynolds numbers or airfoil shape.

Cd ,X r otor =
[
Cdo +

dCd

dC 2
l

(Cl0 −Cl )2
]( Re

Rer e f

) f

+k(M −Mcr i t )n (6.1)

• −0.2 < f <−0.1 for high-Reynolds turbulent flow, Re > 2 ·106

• −0.5 < f <−1.5 for low-Reynolds, 2 ·105 < Re < 8 ·105

• −0.3 < f <−0.5 for mostly-laminar airfoils, Re < 1 ·105

6.1.2. Aerodynamic section properties
To determine the lift and drag coefficients of each blade section, Xrotor requires airfoil section properties to
be defined. The airfoil section properties exist of a number of airfoil parameters, which are used by Xrotor to
reconstruct the airfoil specific polars from which they are derived. Xfoil generates polars, after which a fitting
is applied and the input variables required by Xrotor are derived. A guide to fit the polars is provided by Drela
[65]. The different variables are presented in Table 6.1.
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Quantity Description
α0 Angle of attack at which Cl = 0
dCl
dα Lift curve slope
dCl
dα st al l Lift curve slope after stall

Clmax Maximum lift coefficient
Clmi n Minimum lift coefficient
∆Cl Cl increment to stall
Cd0 Minimum drag coefficient
Cl0 Lift coefficient at minimum drag value
dCd

dC 2
d

Parabolic drag parameter

Rer e f Reference Reynolds number at which parameters are determined
f Reynolds number scaling exponent
Cm Pitching moment coefficient
Mcr i t Critical Mach number

Table 6.1: Aerosection input requirements of Xrotor.

Xfoil analysis
To be able to perform an Xrotor analysis, the airfoil characteristics have to be assigned to each blade section.
Xfoil is an analysis tool for low Reynolds number airfoils, created by the same developer as Xrotor [66]. Xfoil
enables the user to perform viscous and inviscid analysis of a 2D airfoil.

The transition point on the airfoil where the flow transitions from laminar to turbulent flow, is determined
by the en method in Xfoil. The value of ncr i t can be varied, which is an indicator of the level of turbulence
that is present. By changing the value of n, the turbulence level is altered and the transition over the airfoil is
changed. Xfoil has an ncr i t default value of 9, where a smaller value represents a more turbulent flow and a
higher value of ncr i t results in less turbulence.

In order to make a sensible approximation of the polars using Xfoil, an estimation of the local velocity
at each blade section and the corresponding local Reynolds number are determined using Equation 6.2 and
Equation 6.3. With the local Reynolds number, a viscous analysis can be performed to obtain the lift and drag
polars. It is unnecessary to include the Mach correction in the Xfoil settings, as a Mach correction is already
included in the Xrotor routine.

Vloc (J ,r ) =
√

V∞(J )2 + (Ωr )2 (6.2)

Reloc =
ρVloc (J ,r )c(r )

µ
(6.3)

In these equations, the local velocity is represented by Vloc , which is dependent on the advance ratio and the
radial position of the blade. With the local velocity, the local Reynolds number can be obtained.

The critical Mach number can be estimated using the Prandtl-Glauert relation. The critical Mach number
is defined as the Mach number of the free stream at which the local Mach number over an airfoil section be-
comes equal to 1 [67]. Then, for an arbitrary free stream Mach number, M∞, the critical pressure coefficient,
denoted by Cp,cr i t , can be obtained using Equation 6.4. In this equation, γ represents the specific heat ratio
and M∞ corresponds to the free stream Mach number. This equation is used to construct an airfoil indepen-
dent curve, as presented in Figure 6.3. The airfoil dependent curve is determined through Equation 6.4.

Cp,cr i t = 2

γM 2∞

[(
1+ [(γ−1)/2]M 2∞

1+ (γ−1)/2

) γ
γ−1

−1

]
(6.4)

Cp mi n = Cp,0 mi n√
1−M 2∞

(6.5)

In this equation, Cp,0 represents the minimum pressure coefficient at the suction side of the airfoil. For
the NACA4412 airfoil the critical Mach number is determined at 0.63.
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Figure 6.3: Pressure coefficient of the airfoil independent curve and of the airfoil dependent curve plotted against free stream Mach
number.

6.2. Quasi-steady modelling
The method used in this thesis to model the unsteady loading on the propeller along the azimuth, is the
quasi-steady modelling approach [11]. In a steady simulation, it is assumed that one loading condition of
the propeller blade is valid along the azimuth. When an angle of attack of the propeller is introduced, this
is no longer the case. To account for the different blade loading encountered by the propeller blade along
the azimuth during the unsteady motion of the blade due to the propeller angle of attack, a quasi-steady
modelling approach is employed. The quasi-steady modelling approach models the unsteady motion of the
propeller, due to an angle of attack by varying the tip speed along the azimuth.

The tip speed is varied along the azimuth, according to Equation 6.6. In this equation, VF and Vt i p repre-
sent the forward velocity and the velocity of the propeller at the tip, respectively. One angle, α, indicates the
propeller angle of attack, whileψ indicates the azimuthal position of the propeller blade during one rotation.
In Figure 6.4, a schematic representation is given of the different speeds and corresponding loading along the
azimuth.

Figure 6.4: Blade loading modelled with the quasi-steady loading approach [16].

A flowchart of the quasi-steady loading scheme is presented in Figure 6.5. Multiple steady simulations are
run at different tip speeds (given as input to Xrotor in RPM), corresponding to the position of the blade ψ(i ).
The steady simulation by Xrotor is elaborated on in the previous section. The different blade loadings at the
different azimuthal positions are processed in the interface, which combines them into an unsteady blade
loading dataset which forms the basis for the unsteady loading noise computation.

In the quasi-steady modelling approach, the unsteady motion of the propeller blade is reduced to a series
of steady blade simulations positioned in time. Implementation of this method implies that data obtained
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Figure 6.5: Blade section angle definition and components of the velocity triangle, adapted from [2].

for the different azimuthal positions do not take into account any 3D or rotational effects that might translate
from one azimuthal blade position to another.

Vt i p =ΩR +VF sinα sinψ (6.6)

6.3. Tonal noise prediction
Tonal noise produced by a propeller consists of two main components, loading and thickness noise. In this
section the working equations of these noise contributions are presented.

6.3.1. Prediction of harmonic loading noise
Tonal noise generated by subsonic propellers can be expressed in the frequency domain by a complex-valued
sound pressure amplitude at the mth harmonic of the BPF [59]. By assimilating the individual blade segments
into point dipoles the radiation field everywhere in space can be described by Equation 6.7[68].

pLmB (x) = ikmB r

4π

∞∑
s=−∞

Fs (r )
{

cosθcosγ(r )G(1)
mB−s + sinθ sinγ(r )G(2)

mB−s

}
(6.7)

in which

G( j )
n = Ω

2π

∫ 2π/Ω

0
G j (t )einΩt dt , G1(t ) = eikR ′

R2

[
1− 1

ikR ′

]
, G2(t ) = sin(Ωt −φ)G1(t ) (6.8)

In Equation 6.7, the magnitude of the periodic force acting on the blade element is represented as the
complex coefficients, Fs (r ), of the Fourier series acting on the blade element. These complex coefficients are
called the blade loading harmonics (BLH)[68]. They refer to the sectional integrated forces, which make sense
as long as the sources are acoustically compact: the chord lengths are much smaller than the wavelengths of
interest ( c

λ << 1). For small-sized UAV rotors with small propeller blade sections, this condition is generally
met [59]. The compact condition applies to all blade sections modelled in this thesis. Furthermore, the
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wavenumber is given by kmB = mBΩ/c0 and each term of s expresses a spinning radiation mode of angular
phase speedΩs = mBΩ/(mB − s) [69].

Figure 6.6 shows a blade element located at radius r , travelling with a rotational mach number of M.
An observer is placed at an arbitrary point in space x, located at a distance of R from the propeller axis.
R’ represents the distance from the observer to the blade element. The position of the observer is further
described in the rotor reference frame with observer angles θ and φ. The force exerted by the blade element
is given by F (t ) where the angle γ represents the angle of the actual fluctuating lift.

6.3.2. Far-field formulation
In Equation 6.9, the far-field formulation is presented. When the acoustic and geometrical far-field condition
is met, Equation 6.7 can be simplified to the form presented in Equation 6.9. As soon as the distance between
the observer is large when compared both to the diameter of the rotor and the characteristic wavelength of
the sound, the rotor can be assumed to be in the far-field. The minimal observation radius is 8 rt i p with
respect to the propeller centre. Following the approach of Roger [59], by multiplying the observer distance by
2π, a larger value is achieved than the wavelength at the BPF (at an RPM of 4000 about 133.33 Hz).

pLmB (x) = ikmB B

4πR
eikmB R

∞∑
s=−∞

Fs (r )ei(mB−s)(φ−π/2)JmB−s (kmB r sinθ)×
[

cosθcosγ(r )− (mB − s)sinγ(r )

kmB r

]
(6.9)

pLmB (x) = ikmB

4πR
eikmB R BF0(r )eimB(φ−π/2)JmB (mB M sinθ)×

[
cosθcosγ(r )− (mB − s)sinγ(r )

kmB r

]
(6.10)

where Fs is given by:

Fs = Ω

2π

∫ 2π/Ω

0
F (t )einΩt dt (6.11)

The far-field noise due to the steady-loading noise reduces to the expression presented in Equation 6.10.
It differs from the expression in Equation 6.9 in the sense that for steady-loading noise, only the contribution
that is associated with the rotor-locked mode, n = mB , is taken into account and given by the mean force
F0. When all other BLH, Fs , are taken into account as well, unsteady-loading noise is simulated. The formula
assumes that location of the dipole on the blade is located on the eX axis at the origin of time.

For completeness of the harmonic sound amplitude the steady thickness source is added according to
Equation 6.12 [70].

Figure 6.6: System of coordinates for a single blade segment rotating dipole.
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pTmB (x) = i BkmBΩρ0c0

4πR
eikmB R∆Vk ei(mB)(φ−π/2) JmB (mB M sinθ). (6.12)

In Equation 6.12,∆Vk represents the volume of compact blade element k. As the velocity changes around
the azimuth, the thickness noise is known to have an unsteady component as well for a rotor at an angle of
attack [45]. In this thesis however, only the steady thickness contribution is considered, in both steady and
unsteady cases.





7
Synthesis

In this chapter the analytical results are presented and compared with the experimental results. First, a short
validation of the steady model is presented. Next, the noise case corresponding to αr = 0◦ is presented. In
section 6.2, the QS loading is presented together with a study on the BLH harmonics and the Bessel function.
Finally, the QS noise results are presented and discussed.

7.1. Steady loading
The data of Xrotor is compared to experimental data obtained for this thesis. The Xrotor simulations are run
with 11 local aerodynamic sections defined. The blade geometry is the same as described in chapter 3. The
elipsoid blade sections connecting the NACA 4412 sections to the hub are modelled as hub. The design point
of the rotors in Xrotor are at J = 0.4, meaning that the aerodynamic properties of the propeller are determined
using polar data at J = 0.4 at the corresponding Reynolds numbers.

It is known from oil flow measurements that a laminar separation bubble exists on the suction side of the
blade. In Figure 7.1, it can be observed that a LSB is present. The separation point is indicated by S and the
reattachment point is R. A LSB of approximately 45% of the chord at a radial position of 0.6 R indicated by
the white dotted line, for a more detailed explanation the reader is referred to the paper of Grande et al. [55].
Three values of ncr i t are compared in order to establish the transition point from laminar to turbulent with
the en method. As it is known that a LSB is present, higher values of ncr i t are presented corresponding to a
more laminar flow: ncr i t = 5, corresponding to a turbulence levels of 0.371% and ncr i t = 9, the standard value
of Xfoil. These are compared to a value of ncr i t = 0.01, corresponding to a fully turbulent boundary layer.

In Figure 7.2a and Figure 7.2b a comparison is made for different values of J modelled with Xrotor. At the
design point J = 0.4, all simulations show good agreement with the experiment, as derived from Table 7.1. For
a value of ncr i t = 9, a higher thrust is obtained when the propeller is heavily loaded compared to the other two.
When the torque coefficient is examined it can be observed that at the design point J = 0.4, the simulations
with a higher ncr i t value correspond well to the experimental data while the fully turbulent simulation is
slightly lower. In Figure 7.2a, the numerical simulations show an increase deviation from the experimental
values from J > 0.6, this is assumed to be due to the software as the design point is J = 0.4 and the properties
are scaled corresponding to J . This holds equally for the torque coefficient. For further simulations a value of

Figure 7.1: Oil flow visualization of the suction side of the blade at RPM= 4000 and J = 0.4.

39
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Case CT CQ

Value [-] Value [-]
Experiment 0.0775 0.0083
ncr i t = 0.01 0.0767 0.0076
ncr i t = 5 0.0775 0.0079
ncr i t = 9 0.0784 0.00800

Table 7.1: Thrust and torque coefficient for different values of ncr i t compared to the experimental values at J = 0.4 at RPM = 4000.

ncr i t = 5 is chosen because it matches the thrust and torque coefficients of the design point well.

7.1.1. Discussion
The aerodynamic performance part of the computation is validated using experimental data. In general, a
satisfactory agreement is found for the low Reynolds operating conditions. For the advance ratios considered
in this section, the propeller based on polars determined with a value of ncr i t = 5, gives good results with
respect to the thrust and torque coefficient. The largest difference between the different values of ncr i t appear
in the torque coefficient. However, little variation is found between all the simulations for different values of
ncr i t . The trend variations between the different ncr i t simulations correspond with literature [3]. It has been
noted before in subsection 6.1.1, that the transformation of Xfoil polars to Xrotor aero data is crude, in the
sense that the polars must obey a linear and quadruatic fit for the Cl −α and Cl −Cd curve, respectively. For
example, any non-linearities in the lift curve at low Reynolds numbers are not well captured [32]. It is assumed
here that the crude fitting is the reason for the small deviations between the simulations with different values
of ncr i t .

7.2. Steady noise
In this section the results obtained from the steady noise model are presented and compared to the experi-
mental values. The freestream velocity is coming from the 0◦ direction and is parallel to the propeller axis.

In Figure 7.3, the steady noise components are presented and compared to the experimental results. The
data are obtained at an RPM of 4000 and J = 0.4. The observer distance is scaled to a distance of 1.5 m. The
total noise is constituted by the lift, drag and thickness noise contribution.

The directivity of BPF 1 is presented in Figure 7.3a. The lift force is the dominant noise source and hence
the directivity of the total noise follows the shape of the lift contribution. In correspondence with theory,
the dipole shape does not radiate equally in all directions and is symmetric in the propeller axis [71]. The
noise radiation of the lift reaches its maximum value of 51.1 dB between θ = 90◦ and θ = 110◦ above the
flightpath and θ = 270◦ to θ = 250◦ underneath the flightpath. The minima are aligned with the propeller axis
corresponding to observer angles of θ = 0◦ and θ = 180◦. The thickness noise is symmetrical in the propeller
axis and reaches its maximum value at 37.1 dB at θ = 90◦ and θ = 270◦. A similar profile is found for the noise
contribution from the drag with a maximum value of 32.4 dB. The total harmonic noise is found to be 53.4 dB
at 90◦. The experimental value at this angle is found 55.4 dB and hence a difference of 2 dB is found at BPF 1.

(a) Comparison of thrust coefficients obtained with Xrotor for different
values of ncr i t .

(b) Comparison of torque coefficients obtained with Xrotor for different
values of ncr i t .

Figure 7.2: Xrotor simulation comparison with experimental results at RPM= 4000 for different values of J .
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The levels of the experiment appear to correspond well from θ = 60◦ to 130◦ in terms of both magnitude and
shape. From 50◦ to 60◦ the experimental values decrease at a quicker rate than the numerical values.

(a) Lift, drag and thickness noise at BPF 1 compared with the experimental
results.

(b) Lift, drag and thickness noise at BPF 2 compared with the experimental
results.

Figure 7.3: Noise obtained at J = 0.4, RPM= 4000 at a distance R of 1.5 m for BPF 1 and 2 for αr = 0◦.

The directivity of BPF 2 is presented in Figure 7.3b both numerically and experimentally. When the nu-
merical solution is compared to BPF 1, similarities in shape can be identified for all noise contributions. The
magnitude is, as expected, lower when compared to BPF 1. The shape of the total numerical noise seems
to follow the shape of the experimental data for most of the observer angles. Towards the edges however, at
θ = 120◦ to θ = 130◦, the deviation in magnitude increases. Similarly, this can be observed from θ = 220◦ to
θ = 230◦. Overall, the noise is underpredicted by the steady model with an average of 4 dB.

A comparison of the BPF and its multiples with respect to the spectrum obtained with mi c14 is given
in Figure 7.4. The distance of mi c14 is scaled to 1.5 m from the propeller centre and the numerical noise
data is presented accordingly. When the first 5 BPF tones are compared to the spectrum, an almost linear
decrease of the predicted harmonic noise is observed of about 26 dB per harmonic. It can be observed that
at the first two BPF the noise is underpredicted by a small margin. From BPF 3 onwards, the underprediction
increases and at BPF 4 and 5 the contribution of the numerical components are very small. The contribution
of each of the noise sources linearly decreases with increasing BPF. When the experimental steady loading
noise is compared to the theoretical noise it can be observed that the peaks persist at higher BPF frequencies
than those predicted by the theory. The cause of this is believed to be flow non-uniformity and is said to be
responsible for the conflict between theory and experiment here [60].

7.2.1. Remarks on the steady analysis
In this section, satisfactory correspondence was found between the experimental and numerical data at BPF
1. For higher harmonics the correspondence decreases but this is expected as BPF 1 is mainly dominated by
the steady loading contribution [59], [60].

Figure 7.4: Lift, drag and thickness noise at the first 5 BPF compared to the spectrum measured with mi c14, R = 1.5 m, f r = 1.11 Hz.
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7.3. Quasi-steady analysis
In this section the quasi-steady analysis is presented. First, an overview of the loading along the azimuth is
presented. Next, a noise analysis is presented showing how the noise profile is affected by the quasi-steady
loading.

7.3.1. Quasi-steady loading
For the QS loading cases the azimuth is discretized in 24 sections. For brevity, only the 24 discretization is
elaborated on. As mentioned in section 6.2, the variation in tip speeds is given as input to Xrotor in RPM.
Hence, in Figure 7.5, the variation in prescribed RPM is presented for different rotor angles of attack. The
steady case, where the RPM is constant along the azimuth, is presented as reference, which features for 4000
RPM and a freestream velocity of 8 m/s a total thrust of 3.42 N.

Figure 7.5: Azimuthal variation of the RPM of the propeller for different values of αr .

For a rotor angle of attack ofαr = 15◦ a maximum value of 4131.8 RPM and minimum value of 3868.2 RPM
are prescribed around the azimuth corresponding to a thrust of 1.94 N on the advancing blade (at azimuthal
position Ψ = 90◦) and 1.6 N on the retreating blade (Ψ = 270◦), respectively. The thrust corresponding to
4000 RPM is 1.755 N (Ψ= 0◦ &Ψ= 180◦)1. For αr = 7.5◦, the minimum and maximum RPM value are 3933.5
RPM and 4066.5 RPM, corresponding to a a thrust of 1.645 N on the retreating blade (Ψ= 270◦) and 1.805 N
on the advancing blade (Ψ = 90◦), respectively. The thrust corresponding to 4000 RPM is 1.725 N (Ψ = 0◦ &
Ψ= 180◦).

The variation of the sectional thrust coefficient (per unit span) along the azimuth is presented in Fig-
ure 7.6, for a rotor at both αr = 7.5◦ and αr = 15◦ in two isocontour plots in the rotor plane. The direction of
rotation is counter clock-wise and the field of vision is above the rotor. The respective high and low-thrust
regions are found at the azimuthal positions corresponding with those of the RPM at Ψ= 90◦ and Ψ= 270◦,
matching with the advancing and retreating side of the blades, respectively. The variations in force on the
blade, presented in Figure 7.6, are associated with unsteady-loading.

In order to establish if this is a reasonable estimate of variation in loading along the azimuth a comparison
is made with a high-fidelity simulation. The simulation is performed using Dassault Systèmes PowerFLOW
which encompasses a lattice Boltzmann very large eddy simulation approach. The simulation is performed
at an RPM of 6000 and J = 0.4, corresponding to a freestream velocity of 12 m/s and a rotor angle of attack of
15◦. The blade is tripped at 25% from the leading edge. For further details about the simulation the reader
is referred to [72]. The steady thrust was found to be 3.4 N per blade. At αr = 15◦, the thrust force varies
between 4.3 N at Ψ = 107◦ (maximum) and 2.8 N at Ψ = 288◦. Consequently, when the difference between
the maximum and minimum is normalized with respect to the steady thrust, a 44% variation in loading is
found along the azimuth. When the similar case is run, using the QS loading scheme, the thrust force varies
between 3.88 N at Ψ = 90◦ (maximum) and 3.18 N at Ψ = 270◦ (minimum), resulting in a thrust variation of
21%.

1The forward velocity, V f , is split up into an axial and tangential component. Consequently, the thrust for the unsteady case is higher at
4000 RPM when compared to the steady case.
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(a) αr = 7.5◦. (b) αr = 15◦.

Figure 7.6: Isocontour of the sectional thrust coefficient at J = 0.4 and RPM= 4000 for different rotor angles of attack.

7.3.2. Discussion
The QS loading scheme works in the sense that it shows variation in loading along the azimuth. The locations
of maximum and minimum thrust are Ψ = 90◦ and Ψ = 270◦. For αr = 7.5◦ at an RPM of 4000 and J = 0.4, a
variation in RPM of 3.3% leads to a variation in loading around the azimuth of 9.7%. When the angle of attack
is increased to αr = 15◦, the variation in RPM increases to 6.8% and the variation in loading increases to 21%.

When compared to the high-fidelity approach it becomes clear that the QS model approximation of the
variation in loading along the azimuth is less than half of the high-fidelity approach. At an RPM of 6000 and
J = 0.4 and αr = 15◦ the difference in loading along the azimuth of the high-fidelity approach is 44%, that of
the QS loading approach 21%. It can be concluded that the QS loading scheme can be employed for simple
analyses, related to an early design phase where simplicity is traded for accuracy.

7.4. Quasi-steady loading noise
In this section the quasi-steady loading noise results are discussed. First, in subsection 7.4.1 some properties
of the far-field noise formulation are discussed. Second, the noise results are presented in subsection 7.4.2.

7.4.1. Blade loading harmonics and the Bessel function
In order to asses the QS loading noise the BLH are determined. The absolute value of the BLH of the lift force
are presented in Figure 7.7. The BLH are obtained by aligning the azimuthal loading case,Ψ= 90◦, with the ex

axis in Figure 6.6. Only the first ± 3 BLH are considered in this thesis. In Figure 7.7a, the BLH of the propeller
at a rotor angle of attack of αr = 7.5◦ are presented. The steady component, F0, is the dominant harmonic
with a maximum value corresponding to 0.109. From the figure it can be derived that the BLH F±1 have a
magnitude of about 2.3 % of the steady contribution. At a rotor angle of αr = 15◦, the maximum value of the
steady component is roughly the same as for the smaller rotor angle of attack at 0.112. The BLH of order ±1
have a magnitude of 4.4 % when compared to the steady contribution. Here it becomes clear that a larger
rotor angle of attack increases the unsteady loading contribution.

Equation 6.9 states that the complex-valued pressure amplitude noise is dependent on the Bessel function
which operates as a radiation-efficiency factor. To illustrate the effect of the Bessel function, it is plotted as
an efficiency factor of the magnitude mB · JmB (mB ·X ), with X = Msinθ, for the steady-loading contribution
in Figure 7.8 (a). When an observer angle of θ = 90◦ is assumed, X corresponds to the Mach number of the
rotating force given in the legend. The Mach number of X = 0.175, corresponding to the red line resembles a
tip speed Mach number of a rotor blade at 4000 RPM and a rotor radius of 0.15 m. The function, F , is given as
a function of the BPF and its multiples where its magnitude is given in decibels. The vertical lines indicate the
first 3 BPF corresponding with (m = 1), (m = 2) and (m = 3). When the red line in Figure 7.8 (a) is examined, a
decay of 21 dB for the steady loading is found between BPF 1 and BPF 2 and for every step in BPF afterwards.

In Figure 7.7, the blade loading harmonics of the first three modes (±) are presented. The contribution
of unsteady loading mainly originates from the |F±1| BLH. To gain more insight in the radiation efficiency
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(a) BLH obtained at αr = 7.5◦. (b) BLH obtained at αr = 15◦.

Figure 7.7: Absolute value of the BLH at αr = 7.5◦ and αr = 15◦.

of these modes, the Bessel functions of the modes s = 1 and s = −1 are evaluated in Figure 7.8, (b) and (c)
respectively. When JmB−1(mB · X ) is evaluated it can be observed that the radiation efficiency factor of the
mode s = 1 exceeds the steady contribution of the Bessel function. For example, at BPF 1 the relative differ-
ence between the steady and the s = 1 mode is 20.6 dB. Steady loading noise dominates BPF 1 harmonic, but
the efficiency factor rapidly decreases. Consequently, unsteady loading noise is expected to overwhelm the
steady loading noise from BPF 2 up to higher harmonics. Furthermore, the contribution of the JmB+1(mB ·X )
can be neglected because it will never overwhelm the steady loading noise contribution.

7.4.2. Quasi-steady Noise
In this section the noise results obtained with the QS scheme for the loading are presented. First, the rotor at
an angle of attack of αr = 7.5◦ is discussed after which the αr = 15◦ case is presented. Finally, some remarks

Figure 7.8: Bessel function factors of steady loading noise (a) and of the first order, s = 1 and s =−1, harmonics of unsteady loading
noise in (b) and (c).
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BPF index Steady [dB] QSθ=90◦ [dB] QSθ=270◦ [dB]
1 53.17 54.42 55.45
2 26.13 29.75 31.31
3 -0.36 11.44 13.57
4 -26.34 -13.0 -11.05
5 -51.98 -38.24 -36.43
6 -77.38 -63.7 -61.8

Table 7.2: SPL values of the steady case compared to the QS case at αr = 7.5◦ at observer positions θ = 90◦ and θ = 270◦.

on the analyses presented here are made.

(a) Spectrum obtained with array 2 at observer angle θ = 90◦. (b) Spectrum obtained with array 1 at observer angle θ = 270◦.

Figure 7.9: Spectrum obtained with mi c14 compared to the harmonics of the BPF obtained with steady and QS model at RPM= 4000,
αr = 7.5◦, J = 0.4 and R = 1.5 m.

The spectra measured with array 2 and array 1, at αr = 7.5◦, are presented in Figure 7.9a and Figure 7.9b,
respectively. Furthermore, the contributions of the QS noise model are plotted at the BPF and its multiples,
together with the total noise of the steady case. When the total noise of the QS simulation is compared to
the total noise of the steady simulation, indicated by the yellow cross, two observations can be made: for
an observer angle of 90◦, in Figure 7.9a, similar values are found for BPF 1 for the QS case at 54.4 dB and
the steady case at 53.2 dB. This difference increases slightly for BPF 2 to a difference of 3.7 dB. For BPF 3 a
difference of 11.8 is found, increasing to 13.7 at BPF 5. When compared to the observer angle of 270◦, in
Figure 7.9b, slightly larger SPL values are found for the QS noise due to the tilt of the rotor, as can be seen in
Table 7.2.

For the rotor at an angle of attack ofαr = 15◦, the spectra together with the numerical results are plotted in
Figure 7.10 for two observer positions. Similar observations can be made as with the αr = 7.5◦ case however
a couple of remarks are in place: the tilt of the rotor is increased and hence the values found for θ = 90◦ in
Table 7.3 are lower when compared to the αr = 7.5◦, in Table 7.3. The opposite effect can be observed for
θ = 90◦. When the QS numerical results of the two figures are compared, a slight increase of the SPL values
can be observed at an angle of 270◦.

7.4.3. Discussion
The variation of the loading around the azimuth, determined with the QS model, leads to BLH harmonics
of the first order with a magnitude of 2.3% and 4.4% of the steady loading noise for αr = 7.5◦ and αr = 15◦,

(a) Spectrum obtained with array 2 at observer angle θ = 90◦. (b) Spectrum obtained with array 1 at observer angle θ = 270◦.

Figure 7.10: Spectrum obtained with mi c14 compared to the harmonics of the BPF obtained with steady and QS model at RPM= 4000,
αr = 15◦, J = 0.4 and R = 1.5 m.
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BPF index Steady [dB] QSθ=90◦ [dB] QSθ=270◦ [dB]
1 53.17 54.7 57.02
2 26.13 29.44 32.55
3 -0.36 10.36 15.26
4 -26.34 -13.39 -8.66
5 -51.98 -37.59 -32.96
6 -77.38 -61.85 -57.37

Table 7.3: SPL values of the steady case compared to the QS case at αr = 15◦ at observer positions θ = 90◦ and θ = 270◦.

respectively. The magnitude of the BLH increases with angle of attack, this is expected as the unsteady loading
contribution rises with an increasing variation in velocity around the azimuth. The contribution of the QS
loading increases the SPL with respect to the steady case for both above and underneath the flightpath. The
difference between the steady and QS noise becomes larger as higher BPF harmonics are considered. This is
mainly due to the decay rate of the Bessel function.

Furthermore, when a spectral comparison is made, the higher harmonics are still under predicted for
all harmonics above the BPF 1. Although an increase is observed for the SPL of the higher BPF harmonics
when a rotor angle of attack is considered, it seems that the measure at which the unsteady loading noise
contribution underestimates the contribution to the higher harmonics. It is known that the QS loading model
underestimates the amount of loading variation along the azimuth, however, it is unknown to which extent
the prescription of the variation in tip speed is responsible or that different causes for unsteadiness play a
part as well.

Using the method described in section 6.3 means that the complex pressure amplitude is a superposi-
tion of the different BLH components. In the QS model, the forward velocity is decomposed into an axial
and tangential component. Effectively this means that F0QS is larger than F0stead y , because of the reduced
inflow velocity. Furthermore, the velocity effect is not taken into account, which would alter the radiation ef-
ficiency of the noise above and underneath the flightpath [9], [45]. Considering these arguments means that
a decrease in noise of the QS case with respect to the steady case can not reasonably be expected. Similarly
to what was found in the experiment, unsteady loading noise may lead to an increase in noise levels every-
where, but the modulation of the noise is different above and underneath the propeller [63]. Furthermore,
the thickness noise component is expected to also contain an unsteady contribution which is not included in
the analysis [9].



8
Conclusion & Recommendations

A small UAV rotor has been subjected to angular inflow in order to investigate the effect of unsteady loading
on the blade due to the variation in velocity around the azimuth. The rotational velocity was set to 4000 RPM
and the operating condition was J = 0.4, corresponding to a freestream velocity of 8 m/s. A compact dipole
frequency domain formulation has been implemented in order to model the noise contribution emitted by
steady and unsteady loading on the blade. A compact monopole frequency domain formulation has been
implemented to model the harmonic contribution of the noise known as thickness noise. These results have
been compared with experimental data from acoustic measurements in an anechoic tunnel. The conclusions
from the results can be broadly divided into a an experimental and analytical part, related to the hypotheses
and research questions presented in chapter 2.

1. What is the change in noise spectrum of a low Reynolds number, fixed pitch propeller when an unsteady
motion is introduced by varying the angle of attack of the propeller from 0◦ to 7.5◦ and 15◦?

(a) What is the change in the harmonic noise contribution when a propeller angle of attack is intro-
duced? The variation in tip speed along the azimuth is expected to result in the onset of unsteady
loading, resulting in more pronounced tonal noise.

It was was found that when the rotor is placed at an angle of attack with respect to the inflow
the harmonic noise increases for an observer underneath the flightpath compared to axial-inflow
conditions. This confirms hypothesis 1.

It was found that when that when the rotor is placed at an angle of attack with respect to the inflow
the harmonic noise decreases for an observer above the flightpath when compared to axial-inflow
conditions. This confirms hypothesis 2.

(b) How do the spectra measured directly above and underneath the flightpath compare? When the
rotor is tilted with respect to the freestream a difference in loading and radiation efficiency is ex-
pected above and underneath the flightpath.

For the first two harmonics of the BPF a clear difference between the above and underneath the
flight path can be observed. Overall an increase in the first two harmonics of the spectrum is
observed for both αr = 7.5◦ and αr = 15◦ when the observer is located underneath the flightpath.
When the observer is positioned above the flightpath a decrease of the first two harmonics of the
BPF is observed. The 3 BPF is consistently higher when the rotor is at an angle of attack when
compared to the steady case both for underneath and above the flightpath.

(c) How do the different propeller angles of attack compare to each other? The variation in tip speed
along the azimuth changes with rotor angle of attack.

When the OASPL of the first 6 BPFs is examined, a clear increase of the OASPL underneath the
flightpath is observed when the rotor angle of attack is increased. The opposite is true for an
observer placed above the rotor.

2. How is the harmonic noise component affected by the unsteady motion, introduced by a small angle
of attack of the propeller when it is modelled by a quasi-steady modelling approach?
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(a) What is the change in blade loading along the azimuth when a propeller angle of attack is intro-
duced? The radiated noise due to unsteady loading is the related to the variation in blade loading.

The maximum blade loading at a rotor angle of attack of αr = 15◦, corresponding to a maximum
RPM value of 4131.8 of the advancing blade, is 1.94 N. The minimum blade loading, corresponding
to the retreating blade moving at an RPM value of 3868.2, is 1.6 N. This means that a variation in
blade loading of 21% is found along the azimuth. The thrust corresponding to 4000 RPM is 1.755
N per blade.

The maximum blade loading at a rotor angle of attack of αr = 7.5◦, corresponding to a maximum
RPM value of 3933.5 of the advancing blade, is 1.805 N. The minimum blade loading, correspond-
ing to the retreating blade moving at an RPM value of 3933.5, is 1.645 N. This means that a varia-
tion in blade loading of 9.7% is found along the azimuth. The thrust corresponding to 4000 RPM
is 1.725 N per blade.

(b) What is the change in the loading noise contribution when different angles of attack of the rotor
are considered? The change in noise contribution is an indicator of the variation in loading along
the azimuth.

It was found that the change in loading noise contribution increases when the rotor angle of attack
is increased. For higher harmonics, the contribution of the unsteady loading noise becomes more
important.

(c) How does the prediction of the harmonic spectrum compare to the experimental harmonic spec-
trum? Relates to the applicability of the modelling approach.

When a rotor angle of attack of αr = 0◦, corresponding to the steady case, is considered, a differ-
ence of 2.4 dB at the 1 BPF is observed for an observer placed directly above or underneath the
flightpath. The magnitude of the the higher harmonics decreases linearly with 26 dB.

When the rotor is placed at an angle of attack αr 6= 0◦ the harmonics of the spectrum correspond-
ing to above the flightpath are underestimated for BPF 2 to 6. The 1 BPF is overpredicted. The har-
monics corresponding to the spectrum underneath the flightpath are underpredicted from BPF 1
to 6. Furthermore, the difference in SPL associated with above and underneath the flightpath is
only due to the tilt of the rotor.

8.1. Recommendations
Experimental

1. In order to obtain acoustic measurements of better quality, it is advised to separate the configurations
for acoustic measurements and loading measurements. The set-up described in section 3.3 exists of
a nacelle containing the motor, propeller and loadcell. In order for the loadcell to operate correctly,
the loadcell has to be the only point of contact between the motor propeller system and the nacelle.
During the experiments it was noticed that excessive motor and structure noise were present during the
acoustic measurements. In order to isolate the noise emitted by the propeller, a set-up consisting of two
separate configurations is proposed: one in which the loads can be measured and the noise emissions
are not of importance. Another, in which the motor is securely clamped in a structure, minimising
structural vibrations induced by the propeller.

2. In order to characterize the RPM variability, the use of an encoder is advised. The pressure signal can
be related to the measured variation in RPM and hence the variation in dB due to the variability in RPM
of the set-up can be expressed. Similar procedure has been followed in [55].

3. In order to asses the noise level variation between different measurements, baseline measurements are
proposed in future research that help define the variation in measured noise levels between different
measurements.

Analytical
1. It is advised to not use Xrotor for future implementations. Xrotor is not easy to troubleshoot when,

for example, input errors are given. Furthermore, the data output is limited: e.g, the angle of attack is
not part of the standard output of the programme. It is advised to use or write a programme of which
the source-code can be altered and of which the output variables can be determined by the user. This
would also improve the flow of data and get rid of inconveniently formatted text documents.
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2. To capture the directivity of the propeller in a more accurate way with a frequency domain method,
it is recommended to use a source mode expansion [68]. This method can be directly coupled to the
loading per azimuthal position output of the quasi-steady modelling scheme. Furthermore, this ap-
proach would include the near-field contribution and hence would be valid everywhere in space. In-
stead of modelling the acoustic field of a rotating dipole, a circular distribution of stationary phase-
shifted dipoles can be positioned on a circle. The circle distribution can be discretized in N sections
having the properties corresponding to their azimuthal position [73]. This approach is extensively used
by Moreau and Roger [59] [69].

3. Instead of the source mode expansion a time-domain approach would also capture this effect. The
acoustically compact source approximation would still be valid. The QS modelling output can be listed
and linked to time in order to create the time history of the blade loading. This can be used as input for
the time-domain formulation of the compact acoustic dipole and monopole for loading and thickness
noise, respectively [16].

4. Additions to the method used in this thesis would include an unsteady thickness source and the expan-
sion of the compact dipole formulation to include the velocity effect, as given by Hanson [45][9].





A
Post-Processing Experimental Data

In this appendix, some of the post-processing methods are briefly elaborated on.

A.1. Data post processing routines
A.1.1. Loadcell performance measurements
The ATI Mini40 loadcell returns 6 voltages corresponding to the forces and moments in all Cartesian coordi-
nates. The measured voltages were converted to the actual moments and forces produced by the propeller in
a number of steps:

1. Application of calibration matrices
Before acquiring the loadcell data, the calibration matrix provided with the loadcell is loaded into Lab-
view. The measured signal stored in the data files is the calibrated data.

2. Offset determination of the loadcell
The data acquired with the loadcell displayed a non-zero value in unloaded conditions. This is because
the motor, hub etc., were also attached to the loadcell. In order to account for this offset bias, measure-
ments were taken at the beginning (nm = 1) and at the end of all zero-angle of attack measurements
(nm = Nm) and for all angle of attack measurements. Two bias measurements were taken for both zero-
propeller and non-zero angle of attack. The results of the bias measurements were averaged to obtain
the mean bias for all signals, Equation A.1.

Fibi as =
(

1
N

∑N
j=1 (Fi )nm=1

j + 1
N

∑N
j=1 (Fi )nm=Nm

j

)
2

(A.1)

3. Mean loads determination
A similar averaging is also applied to the data set containing the data during propeller operation:

Fir aw = 1

N

N∑
j=1

(Fi )nm=1
j (A.2)

4. Correcting the loading data for bias
By correcting the loadcell data with the bias, the actual loads exerted by the propeller on the loadcell
are obtained.

∆Fi = Fir aw −Fibi as (A.3)

In this equation, ∆Fi represents the average of the propeller forces and moments measured by the
loadcell.
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A.1.2. Propeller noise measurements
1. Power Spectral Density calculation with Welch’s method

The calibrated microphone signal is used to calculate the power spectral density with Welch’s method,
as incorporated by the scipy module in python [53]. The method of Welch consists of dividing the time
history of the input signal into a number of segments. These segments may or may not overlap. The dif-
ferent segments are Fourier transformed, after which the periodogram for each segment is calculated.
Finally, the average is taken over all the segments to obtain a final approximation of PSD for the entire
time history.

Splitting the time history of the signal into different segments over which is averaged has the benefit
that it produces a smaller variance of the PSD estimate when compared to a calculation that uses the
entire time history of the signal in one calculation. On the other hand, Welch’s method also results
in shorter data records, which reduces the resolution of PSD estimates. When using Welch’s method,
one should always consider that there is a trade-off between the reduction of the variance and the
resolution.

Below, some of the steps taken by Welch are briefly addressed [53]. In order to obtain the PSD, the data
set, X(j), j = (0, 1,..., N-1) is divided into K amount of segments which each have length L. The starting
point of each segment is denoted by distance D , as given in Equation A.4.

X1( j ) = X ( j ) j = 0, . . . ,L−1
X2( j ) = X ( j +D) j = 0, . . . ,L−1
XK ( j ) = X ( j + (K −1)D) j = 0, . . . ,L−1

(A.4)

By taking the discrete Fourier transform, the segmented time series are all converted to the frequency
domain.

Ak (n) = 1

L

L−1∑
j=0

Xk ( j )W ( j )e−2i j kn
L k = 1,2, . . . ,K (A.5)

In this equation, i is the imaginary number and W is the window function. The window function is
applied to each segment of the time series. A Hann window is used in the current analysis.

Next, the modified periodograms I are computed for each segment, indicated by k, using the trans-
formed Fourier data.

Ik
(

fn
)= L

U
|Ak (n)|2 k = 1,2, . . . ,K (A.6)

With fn and U defined by:

fn = n
L n = 0,1, . . . , L

2
U = 1

L

∑L−1
j=0 W 2( j )

(A.7)

The spectral estimate of the input signal is then determined by taking the average of over all segments:

P̂
(

fn
)= 1

K

K∑
k=1

Ik
(

fn
)

(A.8)

2. Computation of the Sound pressure Levels
The estimate of the power spectral density of the input signal is used to determine the sound pressure
level.

SPL( fn) = 10log10

(
P̂ ( fn)∆ f

p2
0

)
(A.9)

In this equation, ∆ f represents the frequency bin width. The variable p0 is the acoustic reference pres-
sure and has a value of 20µPa. The window length is chosen such that a frequency resolution ranging
from 1 to 3 Hz was obtained.
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The OASPL is calculated according to:

OASPL = 10log10

[(∫ fmax

fmi n

PSD( f )d f

)
/p2

ref

]
(A.10)
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