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ABSTRACT

The aviation industry requires continuous reductions in greenhouse gas and noise emissions, which is re-
sulting in a shift towards hybrid and fully electric aircraft. The propeller is an attractive form of propulsion
system for electric aircraft as it can achieve high efficiencies and has excellent scalability potential. However,
a major concern is the high community and cabin noise levels. It is possible to mitigate the propeller noise
levels by reducing the blade loading and shifting the loading inboard, though this will often adversely impact
the aerodynamic efficiency. Another method of reducing noise is by introducing blade sweep. This can result
in destructive interference of sound waves. The downside is that sweep may impose significant structural
deformations when the blade is loaded. These structural deformations may alter both the aerodynamic and
acoustic performance. The objective of this thesis is to identify how these structural deformations will im-
pact the aerodynamic and acoustic performance of low-noise, swept propeller blades. A parametric study
was performed where the blade sweep was parametrised. The aerodynamic, acoustic and structural perfor-
mances of these propeller configurations were then analysed to identify the relations between these three
disciplines.

A multidisciplinary propeller framework was used where aerodynamic, acoustic and structural tools could be
coupled. For the aerodynamic analyses, a Vortex Lattice tool was developed, which can perform inviscid, in-
compressible simulations of any propeller geometry. The acoustics were calculated using Hanson’s Helicoidal
Surface Theory, which models the blade sweep and dihedral as phase lag effects to model the interference be-
tween sound waves. The structural tool used the Euler-Bernoulli beam theory for bending deformations and
Saint-Venant’s torsion theory for twisting deflections. These three tools were coupled such that the final de-
formed shape of a loaded propeller could be obtained and evaluated. Each tool was validated individually
using high-fidelity and experimental data, confirming that accurate results may be obtained within the tool’s
applicable limitations.

The elastic blades were compared to their rigid counterparts to analyse how much the blade deformed, and
how these deformations impacted the aerodynamic and acoustic performance. It was found that bending de-
formations are caused by the centrifugal forces, opposing any bending moments caused by the aerodynamic
forces. The torsional deformations, mainly caused by the aerodynamic forces, result in a wash-out. Both the
bending deformations and wash-out of the blade reduce the local angle of attack, reducing the aerodynamic
loads acting on the propeller blades. Since these structural deformations are concentrated near the blade tip,
the local loading distributions are only impacted near the tip. This effectively shifts the loading inboard. The
loss in performance can be significant if substantial sweep is applied, with losses of up to 20% of the thrust
and torque. The efficiency, on the other hand, does not significantly change due to elasticity. The acoustic
performance was mainly altered due to the changes in aerodynamic performance, with any changes in blade
geometry having negligible effects. The overall sound pressure levels reduce by up to 2.5 dB, correlating with
the reduction in thrust and torque. By eliminating the noise’s dependency on the overall thrust level, a clear
correlation between the shifting of the local loading and the noise emissions was also found. These inboard
shifting loads reduced the thrust-specific sound pressure by up to 1 dB.

It is possible to reduce the effect of elasticity by letting the structural forces impose a twisting moment, re-
ducing the wash-out of the propeller blades. High bending deformations, or the addition of dihedral, allow
the moment arm of the centrifugal loads to grow enough such that the twisting moments of the aerodynamic
forces can be overcome. This can greatly diminish the aerodynamic performance loss. On the other hand, the
associated increase of the peakiness of the local aerodynamic loading distributions may increase the noise
emissions even when a net loss in aerodynamic performance is still present.

Clear relations between the aerodynamic, acoustic, and structural performance of elastic, swept blades were
identified. These changes in aerodynamics and acoustics are too great to be ignored for highly swept blades.
Analyses of such flexible, highly swept blades clearly require the inclusion of structural calculations to accu-
rately predict the aerodynamic and acoustic performance.
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NOMENCLATURE

SYMBOLS
Since some symbols may overlap, the context of each symbol is provided: AE=Aerodynamics, AC=Acoustics,
ST=Structures, PD=Propeller Design.

Symbol Context De�nition Unit

AL ST Cross-sectional area of the blade along the local coordinate system [m 2]
Aconv AE Wake axial velocity coef�cient [-]
Aexpan AE Wake axial acceleration coef�cient [-]
a AE Vortex in�uence coef�cient [-]
B PD Number of blades [-]
BD PD Chord to diameter ratio [-]
BN AC Blade passage frequency [Hz]
b AE In�uence coef�cient of the trailing vortices [-]
CD AE Drag coef�cient [-]
C f AE Maximum force of the normalised local load distribution [-]
CL AE Lift coef�cient [-]
CP AE Power coef�cient [-]
CQ AE Torque coef�cient [-]
CT AE Thrust coef�cient [-]
c/ R PD Chord to radius ratio [-]
c0 AC Speed of sound [m/s]
D AE Drag [N]
D PD Propeller diameter [m]
dl AE Panel length vector [m]
d t AE Time step [s]
dV ST Blade section volume [m 3]
E ST Elastic Modulus [Pa]
ex ,ey ,ez PD Global coordinate system [-]
e»,e´ ,e³ ST Local blade coordinate system [-]
er ST Radial vector [-]
Fx ,Fz ST Load applied at the tip in x- or z-direction [N]
F A AC Face Alignment [m]
f i AC Frequency of the acoustic pressure [Hz]
fq AC Normalised chordwise torque distribution [-]
f t AC Normalised chordwise thrust distribution [-]
G ST Shear modulus [Pa]
H AC Normalised chordwise thickness distribution [-]
I ST Moment of inertia [m 4]
i AC Imaginary unit [-]
J AE Advance ratio [-]
JmB AC Radiation ef�ciency factor [-]
kx AC Chordwise wave number [-]
L AE Lift [N]
l ST Total blade arc length [m]
M AE Mach number [-]
M ST Total internal moment [Nm]
M» ST Torsional moment along blade axis [Nm]
M ³ ST Bending moment along major principal axis of cross section [Nm]
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PLm AC Complex Fourier coef�cient of the lift pressure at m th harmonic [-]
PQm AC Complex Fourier coef�cient of the torque pressure at m th harmonic [-]
PTm AC Complex Fourier coef�cient of the thrust pressure at m th harmonic [-]
PV m AC Complex Fourier coef�cient of the thickness pressure at m th harmonic [-]
PmN B AC Complex Fourier coef�cient of the total pressure at m th harmonic [-]
p PD Maximum camber position [-]
p AC Pressure [Pa]
p re f AC Reference pressure of human hearing threshold [Pa]
p r ms AC Root-mean-square of the pressure waves [Pa]
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R PD Propeller tip radius [m]
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1
I NTRODUCTION

The propeller is experiencing a resurgence in interest as the aviation industry strives to adopt more envi-
ronmentally sustainable technologies [1]. Their high ef�ciency and scalability are proving to be invaluable
to future aircraft concepts. Yet there is still one signi�cant problem restricting the application of propellers:
noise emissions. These noise emissions pose a signi�cant environmental and �nancial challenge. Exces-
sive exposure to noise emissions may pose short- and long-term health complications [2]. Increasing airport
noise charges make it �nancially nonviable for airliners to operate loud aircraft [3]. Society and the aviation
industry have evolving needs that require new innovations.

The main sources of propeller noise emissions are the displacement of air as the propeller spins, and the
pressure �uctuations generated on the surface. It has been long known that these sources of noise can be
reduced using geometrical modi�cations, resulting in low-noise propellers [4]. Such low-noise propellers are
characterised by having a high number (>6) of thin, swept blades [4]. Nevertheless, it has been challenging
to implement such complex propeller con�gurations thus far. Any noise savings often comes at the cost of
aerodynamic ef�ciency. Furthermore, structural constraints may signi�cantly impose upon the suitable ge-
ometrical shape of low-noise propellers [4]. The design and analysis of low-noise propellers thus requires
detailed aerodynamic, acoustic and structural modelling, making it a multidisciplinary problem.

Signi�cant numerical and experimental research is ongoing to obtain propeller blade shapes that can re-
duce noise emissions without imposing on the aerodynamic ef�ciency. These studies use various techniques
to model the aerodynamics, acoustics and structures. Nevertheless, there is a lack of research on the effects
of structural deformations on the performance of low-noise propeller designs. While these structural defor-
mations are often included in the optimisation schemes, the effects of elasticity are not explicitly analysed.

This thesis aims to investigate the effects of structural deformations on the aerodynamic and acoustic perfor-
mance of low-noise propellers by means of a parametric study. Aerodynamic, acoustic and structural tools
will be coupled in a propeller framework to allow for the analysis of a broad set of propeller geometries over
a range of operating conditions. The aerodynamics, acoustics and structural results are then examined in
detail to identify the underlying mechanics. While recent studies by Bergmann et al. [5, 6, 7] do address the
in�uence of elasticity on swept propeller blades, only a single sweep distribution is applied. In this study,
the amount of sweep, and how this sweep is distributed, is varied to showcase the trends in aeroacoustic and
structural performance.

In the remainder of this chapter, state-of-the-art research on low-noise propeller is highlighted in Section 1.1.
The objectives and main research questions of this thesis are formulated in Section 1.2. Finally, the overall
structure of this report is explained in Section 1.3.
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4 1. INTRODUCTION

1.1. PROPELLERACOUSTIC OPTIMISATION
Current research regarding propeller acoustics often consists of propeller geometry optimisation. Many pa-
pers can be found with varying degrees of modelling �delity and optimisation criteria. This section highlights
the results obtained in some of these papers.

Geng et al. [8, 9] wrote multiple papers on the rigid acoustic optimisation of the propeller blade geome-
try. In their �rst paper, Blade Element Momentum (BEM) and the Hanson Helicoidal Surface Theory (HST)
were used to optimise the sweep distribution between the root and tip [8]. The goal was to achieve wave in-
terference due to sweep lag without compromising on the aerodynamic ef�ciency. They found a 2.9 dB noise
reduction while maintaining the aerodynamic ef�ciency of the baseline design with these low-�delity meth-
ods. The baseline and optimal design are shown in Figure 1.1. The total sweep at the tips are equal, but the
optimal design has more forward sweep near the root. This subtle change in geometry is enough to obtain a
2.9 dB reduction.
In a follow-up paper by Geng et al. [9], higher �delity methods were employed to optimise the propeller
blade shape again. Operating conditions are now set to re�ect those of conventional regional airliners like the
ATR72. The chord and sweep distribution were set as the design variables, and the aerodynamic performance
was constrained to match the baseline design. The optimised propeller design is shown in Figure 1.2. Com-
pared to the straight baseline blades, the optimised design has a similar sweep distribution as in Figure 1.1,
where the blade sweeps forward near the root and back towards the tip. The chord distribution is increased
near the root and decreased near the tip to move the blade loading more inboard. With these modi�cations,
a 1.69 dB noise reduction was achieved.

Figure 1.1: Baseline (left) and optimal (right) propeller blade design
by Geng et al. - 2021 [8]. Figure 1.2: Optimal propeller design by Geng et al. - 2023 [9].

The acoustic optimisations by Marinus et al. [10, 11, 12, 13] provide an interesting insight into the effects
of elasticity, as structural deformations were not included in all the optimisation results. To model the aero-
dynamic and acoustic performance, Reynolds-Averaged Navier-Stokes (RANS) Computational Fluid Dynam-
ics (CFD) simulations were coupled with Farassat's acoustic Formulation 1A. High-speed propeller blades
(M cr ui se Æ0.75) were then optimised for take-off and cruise conditions. The chord, sweep, twist and airfoil
shape were all included as design variables for the optimisation. Multiple optimised blades for the rigid pro-
cedure are shown in Figure 1.3. Unswept blades (a) and (b) reduce take-off noise by approximately 4 dB and
cruise noise by 10.5 dB. The swept blades (c) and (d) reduce take-off noise by approximately 1.5 dB and cruise
noise by 15 dB. Clearly, there is a Pareto front in terms of reducing noise in multiple operating conditions.
The structural deformations were included in a follow-up paper by Marinus et al. [11, 12] using Computa-
tional Structural Mechanics (CSM). These elastic optimised blades are shown in Figure 1.4. The sweep at the
tip has been signi�cantly reduced compared to the rigid blades of Figure 1.3. In terms of acoustic perfor-
mance, the noise emissions on average have increased for both the take-off and cruise condition. This seems
to indicate an adverse effect of the structural deformations on the noise emissions. The aerodynamic ef�-
ciency in take-off conditions has also decreased signi�cantly, from ´ r i g id Æ0.55 to ´ elast ic Æ0.48. In cruise
conditions, there is no signi�cant difference. The �ow in which these propellers operate is highly compress-
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ible. As such, the sweep is not only introduced to reduce noise emissions, but also to mitigate the effects of
compressibility on the aerodynamic performance.

Figure 1.3: Optimal rigid propeller blade designs by Marinus et al [10].

Figure 1.4: Optimal elastic propeller designs by Marinus et al. [11].

The most advanced research on low-noise propellers is currently ongoing as part of the joint European Clean
Sky 2 programme [2]. The IRON (Innovative turboROp con�guratioN) project aims to signi�cantly reduce the
noise emissions of regional airliners without compromising on the aerodynamic performance. The target is
a 6 dB reduction during cruise compared to a baseline design. 1:6 scaled models have already been tested in
the DNW wind tunnels. These scaled models are shown in Figure 1.5 [2]. The baseline design by Dowty in
Figure 1.5a shows a conventional scimitar design commonly used in current regional turboprops. Two low-
noise concepts were created by CENAERO and GE AAT, shown in Figures 1.5b and 1.5c respectively. These
two designs show very slender blades with a high sweep and even dihedral.
The scaled models are manufactured from titanium, chosen for its high strength-to-weight ratio. Extensive
wind-tunnel testing consisted of measuring the aerodynamic, acoustic and structural performance in low
and high-speed conditions. Structural de�ections were measured by capturing the yellow dots on the blades
with high-speed cameras [2].
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(a) Baseline design by Dowty.

(b) 8-blade design by CENAERO. (c) 9-blade design by GE AAT Deutschland.

Figure 1.5: Next generation low-noise propeller models in the transonic wind tunnel of DNW. (from [2])

Current research has shown the potential for signi�cant noise reductions by optimising the blade geometry.
In particular, the addition of sweep may induce destructive interference of sound waves without adversely
affecting the load distribution. Sweep may induce signi�cant structural deformations, altering the aerody-
namic and acoustic performance. There is currently a lack of public research on the effects of elasticity on
the performance of swept propellers. Only recently has research by Bergmann et al. [5, 6, 7] come out re-
garding this topic. In these papers, the effects of elasticity on the aerodynamic and acoustic performance are
computed for three sweep con�gurations. It was found that large diameter, low disc loading, and blade sweep
can signi�cantly decrease the aerodynamic performance, with a reduction of thrust up to 8%. The acoustic
levels were consequently also reduced due to decreased total loading.

1.2. THESIS OBJECTIVES& RESEARCHQUESTIONS
The previous section highlighted the ongoing research on low-noise propeller optimisation, both numeri-
cally and experimentally. This is a well-established research topic with a wide variety of methodologies and
applications. Nevertheless, the discipline of structures is often not included or not analysed carefully to iden-
tify the effects of structural deformations. This thesis aims to address this lack of knowledge on the effects of
elasticity on low-noise propellers. The main objective of this thesis is:

To identify the effects of elasticity on the aerodynamic and acoustic performance of low-noise propellers.

Research questions have been formulated to achieve this objective. These research questions will all be an-
swered in this report. The research questions are:

1. How does a swept low-noise propeller blade deform when put under load?

(a) How does each type of loading contribute to the structural deformations of swept low-noise pro-
pellers?
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(b) How does the amount of sweep affect the structural deformations of swept low-noise propellers?

(c) How does the sweep distribution affect the structural deformations of swept low-noise propellers?

(d) How do the structural deformations change under different operating conditions?

2. How do the structural deformations affect the aerodynamic and acoustic performance of swept low-noise
propellers?

(a) How does each type of deformation contribute to the differences between rigid and elastic aerody-
namic performance?

(b) What is the main contribution to the differences between rigid and elastic acoustic performance?

3. How does an elastic swept low-noise propeller perform compared to an elastic straight low-noise pro-
peller?

(a) How does blade sweep affect the aerodynamic and acoustic performance of rigid low-noise pro-
pellers?

(b) What is the main contribution to changes in performance when comparing elastic swept and straight
propellers?

These research questions will be answered by performing a parametric study of swept propellers. The aero-
dynamic, acoustic and structural performance of these swept propellers are analysed carefully to identify the
relations between the three disciplines. Previous studies on low-noise propellers have used a wide variety of
analysis tools, ranging from low-�delity tools to fully coupled CFD and FEM simulations. While these high-
�delity methods can predict the complex �ow and structural phenomena on low-noise propeller designs, the
computational costs are extremely high. The goal in this thesis is to analyse many different propeller con�gu-
rations, across a range of operating conditions. The computational costs of coupled high-�delity simulations
are too high to be able to apply these methods in this thesis. Low-�delity methods will be used to prioritise
the amount of data which can be obtained, instead of focusing on the accuracy of the results.

1.3. THESIS OUTLINE
This thesis is split up into �ve parts. This chapter is part of Part I, where background information is provided
on low-noise propellers performance and state-of-the-art research. Part II will explain the applied method-
ology for each of the three disciplines. The governing equations, limitations and assumptions of each tool
are carefully de�ned. The modelling method for each discipline was chosen based on an extensive literature
research performed previously. The sections of this literature research on choosing the modelling methods
are included in Appendix A.
The accuracy of each tool is validated in Part III. High-�delity and experimental data are used to compare
to the results of the developed low-�delity tools. The suitable region of conditions of each tool is identi�ed.
The parametric study set-up and results are shown in Part IV. The results are mainly outlined in the form of
contour plots, showing the effect of each sweep parameter on various performance indicators. Relations be-
tween the aerodynamic, acoustic and structural performance are identi�ed. Finally, conclusions are drawn
in Part V. Limitations of this research, and potential recommendations for future research to build upon this
thesis are outlined.





2
LOW-N OISE PROPELLER PERFORMANCE

This chapter provides background information on the aerodynamic, acoustic and structural mechanics of
propellers. Special attention is given to any unique characteristics of low-noise, swept propellers. Section 2.1
�rst discusses the aerodynamics of propellers. This is followed by an explanation of the mechanics of pro-
peller acoustics in Section 2.2. Finally, the structural behaviour is described in Section 2.3.

2.1. PROPELLERAERODYNAMICS
A propeller is a set of blades which are shaped like wings. By spinning the propeller, the air is accelerated
backwards, producing thrust. This is shown in Figure 2.1, which shows the propeller streamtube. Air is sucked
into the propeller, or actuator disk, and accelerated axially. This is accompanied by a pressure jump across
the disk. As the streamtube contracts behind the disk, the �ow accelerates further, until the induced velocity
downstream is twice the velocity induced at the rotor disk. This is a simple explanation of how a propeller
produces thrust.
A detailed breakdown of the velocities on a propeller blade explains how these forces are generated. Figure 2.2
shows the breakdown of the velocities on an airfoil cross-section of the propeller blade. The airfoil section is
set at an angle ¯ . The blade experiences an axial velocity V1 due to the forward speed of the aircraft and a
tangential velocity n £ r due to the rotation of the propeller. Induced velocities are generated by the forces
acting on the blade. The �ow is axially accelerated by w a due to thrust. The tangential velocity is reduced
by w t due to the torque. Adding these induced velocities to the freestream and rotational velocity results in
the resultant velocity vector V . The angle between the resultant velocity vector and the plane of rotation is
the in�ow angle ' . V forms an angle of attack with the chord line of the airfoil. Thus, lift and drag forces are
generated. These forces are decomposed into the local thrust and torque components:

T 0ÆL0cos' ¡ D0sin ' (2.1) Q0ÆD0cos' Å L0sin ' (2.2)

Figure 2.1: Drawing of the propeller streamtube.

9
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Figure 2.2: Breakdown of velocities and forces acting on propeller
airfoil section.

Figure 2.3: Typical induced velocity distribution of a lightly loaded
propeller blade. (from Veldhuis [14])

The propeller spins around an axis, thus the rotational velocity component is a function of the distance from
this axis of rotation. The pitch angle ¯ is also varied radially. Consequently, the axial and tangential induced
velocity distribution is approximately shaped as shown in Figure 2.3 [14]. As a result, the thrust and torque
will also vary radially. In fact, due to tip effects and this distribution of induced velocities, the maximum load-
ing of a propeller blade is located more outboard compared to a traditional wing.

One characteristic of low-noise propeller design is that the blades are often swept. Numerical and experi-
mental research has shown that this may result in complex �ow phenomena. CFD simulations by Sinnige et
al. [15] in Figure 2.4 show leading-edge vortices forming due to the high sweep, a sharp edge and high local
angle of attack. Oil-�lm interferometry measurements were performed by Schülein et al. [16] to map the
�ow topology of a swept propeller blade, shown in Figure 2.5. Many viscous �ow phenomena were identi�ed.
Signi�cant parts of the �ow become turbulent as the loading increases. The laminar �ow separates from the
surface near the root due to trailing-edge separation bubbles. Towards the tip, the laminar �ow is separated
by leading-edge bubbles and vortices.

Figure 2.4: Leading edge vortex forming on a highly swept propeller
blade. (from Sinnige et al. [15])

Figure 2.5: Flow topology over a swept blade for low advance ratio
(From Schülein et al. [16])
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Scaling parameters are required to compare the aerodynamic performance of different size propellers and
operating conditions. The performance indicators used in this research are given below. The thrust coef�-
cient CT and the torque coef�cient CQ are indicative of the local blade loading. The ef�ciency of the propeller
says how much of the shaft power is converted into useful thrust.

CT Æ
T

½n2D4 (2.3)

CQ Æ
Q

½n2D5 (2.4)

CP Æ
P

½n3D5 (2.5)

´ Æ
TU1

P
Æ

CT

CP
J (2.6)

Besides these performance indicators, it is important to de�ne the operating conditions of the propeller. For
most modern propellers, both the rotational speed and the pitch setting can be set. These operational set-
tings both alter the local angles of attack of the blade and, thus, affect the forces generated. The rotational
speed n is nondimensionalised using the propeller diameter and the freestream velocity. This results in the
advance ratio J, shown in Equation (2.7). The advance ratio is the ratio between the freestream velocity and
the blade tip speed. It can also be seen as the forward distance travelled in a single revolution, divided by
the propeller diameter. In addition to the advance ratio, the blade pitch angle can be set. This angle is often
taken at 70% of the blade radius, ¯ 0.7R. The advance ratio J and pitch setting ¯ 0.7R, together with the Reynolds
number and the Mach number, describe all the operational conditions.

J Æ
U1

nD
(2.7)

2.2. PROPELLERACOUSTICS

2.2.1. NOISE SOURCES
A propeller generates noise due to it displacing air as it spins and the resulting pressure �uctuations on the
blades. The propeller forms one of the biggest sources of noise on an aircraft due to a lack of a casing and
the high tip speeds [17]. Propeller noise can be categorised into two types, each of which will be explained
further:

• Tonal noise

• Broadband noise

Tonal noises are periodic, meaning they repeat at a constant rate [4]. In the case of a propeller, these periodic
pressure �uctuations are due to the blades spinning at a constant RPM. Thus, these noises occur as peaks
at integer multiples of the blade-passage frequency. The blade-passage frequency is the rotational speed of
the propeller n , multiplied by the number of blades B [4]. These tonal noise characteristics are also shown in
Figure 2.6. The tonal noise sources can be further divided into different sources.

Thickness noise occurs due to the displacement of air by the physical blades. As such, it is proportional
to the volume of the blade and is in�uenced by the blade shape and the rotational speed. This noise source
becomes dominant at high speeds but can be reduced by using thin, swept blade sections [4].
The loading noise is the result of the pressure �eld that forms around the blades. Although this pressure �eld
forms the thrust and torque of the propeller, it also propagates as noise. This noise source is prevalent at
low to moderate speeds and can be reduced by reducing the loading on the blade. This can be achieved by
increasing the diameter or number of blades [17].
Unsteady-loading noise may occur when there is a source of in�ow distortion, such as when the propeller
shaft experiences an angle of attack. This will result in a circumferential variation of blade loading during a
revolution of the blade. This source of noise may interact with the loading noise, in the form of destructive or
constructive interference [4].
The �nal tonal noise source is the quadrupole noise. While the thickness and loading sources are linear at
moderate blade speeds, nonlinear effects grow at transonic speeds. The quadrupole noise includes the tran-
sonic effects on the thickness and loading noise [17].
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Figure 2.6: Tonal noise characteristics of a propeller. (from Hubbard
[4])

Figure 2.7: Broadband noise characteristics of a propeller. (from
Hubbard [4])

Broadband noise is a random source of noise. It contains pressure �uctuations across the entire frequency
spectrum, as shown in Figure 2.7. The broadband noise sources are all due to �ow turbulence acting on the
blades [4]. Turbulence-ingestion noise is the interaction between in�ow turbulence and the leading edge of
the blades. It is only relevant under high-in�ow turbulence [17]. Trailing-edge noise is due to the turbulent
boundary layer near the trailing edge of the blade. This turbulent boundary layer results in a �uctuating
blade loading that propagates as noise [4]. For full-scale propellers, tonal noise sources are dominant. As
such, broadband noise is often omitted, as it does not signi�cantly contribute to the total noise emissions of
a propeller [4].

2.2.2. NOISE SCALING PARAMETERS
The noise level is most commonly de�ned using Sound Pressure Level (SPL), which describes the ampli-
tude of the acoustic waves by taking the root-mean-square of the pressure waves. The equation is shown in
Equation (2.8). The SPL is made dimensionless with a reference pressure value. The most common refer-
ence pressure used is the threshold of human hearing, which is p re f Æ20¹ Pa. The convenience of using the
threshold of human hearing is that it can easily be related to the loudness of noises that everyone is familiar
with. The SPL is a function of the frequency and the axial directivity angle µ. The dependence of frequency
is removed with the Overall Sound Pressure Level (OSPL) in Equation (2.9), which rates all frequencies equally.

SPLÆ20log
µ

p r ms

p re f

¶
(2.8) OSPL(µ) Æ10log

nX

i
10SPL( f i ,µ)/10 (2.9)

OSPL is scaled using properties of the human hearing. This property is in no way related to the physical
propeller and its operating conditions. As such, it cannot be used as a valid scaling parameter. Instead, Geng
et al. [8] propose the use of a thrust-scaled acoustic performance indicator, namely the Thrust-Speci�c Sound
Pressure (TSSP). This acoustic indicator is scaled with the propeller diameter and generated thrust, shown in
Equation (2.10). As such, it can be used to compare different propeller sizes and operating conditions. The
lack of Mach number still poses a problem though, as the Mach number greatly affects the noise levels. Thus,
if one were to compare different experiments, the Mach number needs to match to allow for a fair compari-
son.

T SSPÆ20log
µ

p r ms D2

T

¶
(2.10)
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2.2.3. LOW-N OISE PROPELLERCHARACTERISTICS
The noise emissions can be reduced by altering the propeller shape and operating conditions. This is mainly
done by reducing the blade loading and the local Mach number [4]. In fact, reducing the propeller rotational
speed is one of the most effective methods for reducing noise emissions. This is because the radiation ef�-
ciency of all noise sources is a function of the relative velocity.
The thickness noise is a function of the total blade volume. As such, by decreasing the blade volume a signif-
icant contribution of noise in high-speed cruise may be reduced. The blade volume is reduced by lowering
the airfoil thickness, the chord and the overall diameter [4].
The loading noise, which is most prominent at low speeds, is a function of the radial blade loading. De-
creasing the overall blade loading and moving the blade loading more inboard are both effective methods
of reducing this noise contribution. In terms of propeller shape, this means changing the twist and chord
distribution such as to increase the loading near the root. This may have adverse effects on the aerodynamic
ef�ciency though. By adding more blades to the propeller, the overall loading on a single blade can be re-
duced. But the addition of blades changes the frequency of the noise, and the overall blade volume could
increase [4].
Finally, all sources of noises can be reduced by introducing a blade sweep. Blade sweep acts as a phase lag
which can induce interference between sound waves. The concept of this destructive interference is shown
in Figure 2.8. The bene�t of blade sweep is most apparent at high Mach numbers such as during cruise con-
ditions [4].

Figure 2.8: Destructive wave interference due to blade sweep. (From Hubbard et al. [4])

Many of these geometrical characteristics can be combined to lower the overall noise emissions of a propeller.
As such, these low-noise propeller designs can be distinguished due to having a high number (>6) of slender,
swept blades.
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2.3. PROPELLERSTRUCTURES

2.3.1. PROPELLERDEFORMATION M ODES
The propeller experiences signi�cant forces that may cause the blades to deform. The types of loading acting
on the propeller are shown in Figure 2.9. These loadings are:

• The thrust load.

• The torque load

• The centrifugal load.

Figure 2.9: De�nition of the types of loading on a propeller blade.

The two aerodynamic loads act on the centre of pressure, which varies radially. The thrust load q T results
in a bending moment around the local z-axis. The torque load qQ results in the bending moment around
the local x-axis. Because the centre of pressure does not coincide with the centre of gravity, the aerodynamic
load will also generate a twisting moment around the local y-axis. The shear forces acting on the blade from
the aerodynamic load are often neglected as they are small compared to the bending and twisting moments
[18].
A resultant centrifugal load q c acts on the local centre of gravity, pointing away from the axis of rotation. This
centrifugal load is mainly a tensile force for straight blades, thus it will not generate any (signi�cant) bending
moments.

A propeller blade can be modelled as a cantilevered beam, where the root is clamped. The bending and twist-
ing moments will then generate stresses in the blade and deform the shape elastically. Due to the bending
moments, the blade can bend in the xz-plane. The tensile forces from the centrifugal load may elongate the
blade radius slightly. The twisting moments will cause changes in the blades twist angle. Even small changes
in the twist angle can cause large changes in the aerodynamic loading of the propeller as the range of zero lift
angle of attack to stall may only be 10 ± [19].

2.3.2. LOW-N OISE PROPELLERDEFORMATIONS
The bending and torsional deformations of a low-noise propeller blade may be signi�cantly higher than a
conventional straight blade, mainly due to sweep. Similarly to a swept aircraft wing, a swept propeller blade
will experience a bending-twisting coupling. This can result in wash-in or wash-out, depending on the sweep
direction. The aerodynamic loads on a backwards swept wing will cause the blade to wash-out, meaning that
the angle of attack decreases.
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The two bending modes around the x and z-axis are also heavily coupled, as was observed by Sodja et al.
[20, 21]. The twist distribution causes the major and minor principal axes directions to vary signi�cantly
throughout the blade radially. This results in bending in one direction ( x or z), also causing bending in the
other direction. This can be seen in Figure 2.10 (note the different coordinate system de�nition). This �gure
shows that a simple tip load applied in one direction induces signi�cant bending in both y and z. In fact, the
tip load Fz causes almost equal deformation in the y and z directions.

Figure 2.10: Bending coupling of a swept propeller with an applied tip load. (From Sodja et al. [21])

The centrifugal load q c always points towards the axis of rotation. While this results in a mainly centrifugal
force for straight blades, any sweep or dihedral will also cause the centrifugal load to generate signi�cant
bending and twisting moments. The centrifugal load tries to straighten the blade back towards the rotational
plane, as seen in the drawing by Sodja et al. in Figure 2.11 [21]. This �gure shows a blade with dihedral,
or coning. No matter whether the blade has positive or negative coning, the centrifugal forces will try to
straighten the blade back towards the rotational plane. The same is true for any sweep, the centrifugal loads
will pull the blade straight so the sweep reduces. Due to the varying sectional centre of gravity position, a
twisting moment may also be induced.

Figure 2.11: Straightening of the propeller blade due to the centrifugal loads. (From Sodja et al. [21])
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3
PROPELLER FRAMEWORK

In this chapter, the propeller framework that is used for this research is shown. The capabilities and features
of the framework are �rst shown in Section 3.1. The parametrisation of the propeller blade is discussed in
Section 3.2, and the propeller construction is demonstrated in Section 3.3.

3.1. FRAMEWORK FEATURES
To couple the three tools of aerodynamics, structures and acoustics, a base framework is required which can
construct the propeller geometry and calculate any properties needed by any of the attached tools. Such
a framework has already been developed in Matlab by G. Margalida at the Delft University of Technology
1.Figure 3.1 contains an overview of the work�ow of the Smart Rotors framework. A non-dimensional blade
is �rst constructed based on a set of inputs. This blade is then converted into a full-scale propeller con�gu-
ration. Aerodynamic, structural and acoustic performance can be analysed using any exchangeable tool. For
the aerodynamic solver, a BEM tool and multiple Lifting-Line Theory (LLT) implementations are available.
Polar databases can be used to improve the accuracy of these aerodynamic tools. For acoustic analyses, a
version of Hanson's Helicoidal Surface Theory is available, developed by J. Goyal[22]. Structural deforma-
tions of straight blades can be calculated using a simple Euler-Bernoulli (EB) beam theory tool. With this
work�ow, it is possible to perform stand-alone analyses, batch analyses and blade shape optimisations.

Figure 3.1: Work�ow and features of the Smart Rotors framework 1

1Smart Rotors Project: Gabriel Margalida (Accessed in June 2023) [Unpublished]
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For this thesis, a new aerodynamic tool is developed for this framework in the form of a Vortex Lattice Method
(VLM) code. The acoustic tool is modi�ed such that it can process the results of the VLM tool. The structural
tool is rebuilt such that it can process swept propeller blades.

3.2. BLADE PARAMETRISATION
Propellers are constructed from dimensionless blade structures. These dimensionless blade structures are
entirely parametrised using 7 radial distributions. The airfoil is discretised into Nc elements, with a cosine
spacing. The shape is based on the NACA 4-series, shown in Figure 3.2a. The three distributions to describe
a NACA 4-series airfoil are:

• t / c, thickness to chord ratio.

• m , maximum camber.

• p, maximum camber position.

The airfoils constructed from these three radial distributions are stacked on top of each other according to
the remaining four radial distributions, as can be seen in Figure 3.2b. Cosine spacing is used at the root and
tip to stack Ns number of airfoils on top of each other. Thus, the external surface of the blade is described by
a total of Ns £ (2Nc) 3D-coordinates. The four distributions to de�ne the airfoil stacking are:

• c/ R, chord to radius ratio.

• ¯ , twist angle.

• xc/4 , x-alignment of the quarter chord (sweep).

• yc/4 , y-alignment of the quarter chord (dihedral).

These distributions can either be input as a custom set of Ns data points, or using cubic bézier curves. Cubic
bézier curves produce smooth lines with six parameters.

(a) De�nition of the airfoil parameters, based on the NACA 4-series (b) Stacking of the airfoil nodes to obtain the blade geometry

Figure 3.2: Parametrisation of the airfoil and blade as de�ned by the Smart Rotors framework
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3.3. PROPELLERDEFINITION
The nondimensional blades are dimensionalised using the propeller radius R and the hub radius Rh . The �rst
blade out of an Nb-bladed propeller system is positioned in the global coordinate system such that its Pitch
Change Axis (PCA) lies on the global y-axis, as shown in Figure 3.3. In this coordinate system, the propeller
rotates around the negative x-axis. Thus the effective �ow rotates positively around the x-axis. The in�ow
velocity is de�ned as positive along the x-axis. The remaining blades are distributed equally over the actuator
disk, as shown in Figure 3.4. Each of these blades produce a rotational wake at its trailing edge. The wake
modelling is discussed in more detail in Chapter 4.

For uniform �ow, it can be assumed that the aerodynamic performance of each blade is identical. This as-
sumption is used to perform the structural and acoustic analyses only on the blade placed on the y-axis. The
results for this �rst blade are then converted to the remaining blades since it can be assumed that these blades
would respond identically.

Figure 3.3: De�nition of the dimensionalised propeller blade
assembled in the global coordinate system.

Figure 3.4: Multiple propeller blades with their wakes assembled
into the global propeller system.





4
AERODYNAMIC TOOL

In this chapter, a detailed explanation of the aerodynamic model is provided. For the aerodynamic analysis
of a propeller geometry, the Vortex Lattice Method is used. The general methodology is �rst explained in
Section 4.1. The modi�cations required to make the method applicable to propellers are shown in Section 4.2.
The assumptions and limitations of the tool are summarised in Section 4.3.

4.1. GENERAL VORTEX LATTICE M ETHODOLOGY
The Vortex Lattice Method is a potential �ow method which uses �ow singularities with varying strengths to
model the inviscid potential �ow. Straight vortex segments, such as the one in Figure 4.1, are positioned on
the lifting surface. The velocity induced at any point P by such a straight vortex segment with strength ¡ can
be calculated using the Biot-Savart law:

q Æ
¡

4¼

r 1 £ r 2

j r 1 £ r 2 j2
r 0 ¢(

r 1

r 2
¡

r 2

r 1
) (4.1)

Figure 4.1: Flow on point P induced by a straight line vortex segment with strength ¡ .

The lifting surface is split up spanwise and chordwise into quadrilateral panels to model the potential �ow
over the entire surface. The properties of a quadrilateral panel are shown in Figure 4.2a. The collocation
point is located on the 3/4 quarter chord point, where the normal vector n is de�ned. Singularities are then
positioned on the quadrilateral panels to form different types of panel elements. The two most common sin-
gularity elements used for the VLM are the horseshoe vortex and the vortex ring element, shown in Figure 4.2b
and Figure 4.2c respectively. The horseshoe panel consists of a bound vortex at the 1/4 chord position and

23



24 4. AERODYNAMIC TOOL

two trailing vortices which extend to 'in�nity'. Alternatively, the vortex ring element consists of four vortex
line segments. Two bound vortices, AB and CD are positioned at the panel's 1/4 chord and 5/4 chord posi-
tions. The two trailing vortices BC and D A close the loop. Vortex ring elements have been chosen for this
VLM application due to their programming simplicity and bene�ts in wake modelling.

(a) Quadrilateral Panel

(b) Horseshoe Vortex Panel (c) Ring Vortex Panel

Figure 4.2: De�nition of the VLM panel.

The camber surface of the lifting surface is covered in vortex ring elements, as depicted in Figure 4.3. The
thickness of the lifting surface is ignored. Each ring element has its unique circulation strength ¡ i , j . These
circulation strengths are solved for by applying the boundary condition, which states that the �ow shall be
tangent to the camber surface. This means there shall be no normal component of the �ow at the collocation
points, as described in Equation (4.2).

r (©1 Å Á) ¢n Æ0 (4.2)

For the remainder of the �gures and equations in this section, the conventions shown in Figure 4.4 are used. A
lifting surface is divided into M columns of chordwise panels and N rows of spanwise panels. Thus the entire
surface is comprised of m ÆM £ N ring panels. The panel counter K starts at the leading edge of the wing root
and counts from the root to the tip for each column of chordwise panels. Using these conventions, a panel
and its properties may either be referred to with its position within the surface, or with the panel sequence
counter K, i.e. ¡ i , j and ¡ K .

Figure 4.3: Discretisation of a lifting surface by placing multiple vortex ring panels.
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Figure 4.4: Numbering and ordering conventions of the discredited panel surface.

To model the wake and satisfy the Kutta condition such that there is no circulation at the trailing edge, wake
panels need to be shed from the trailing edge. Shown in Figure 4.5, ring elements which align with the local
streamlines are added to the trailing edge along the entire lifting surface. Since only steady aerodynamics are
considered, all the wake panels have the same circulation strength as the trailing edge panel from which they
are shed.

Figure 4.5: Modelling of the wake surface by positioning wake panels at the trailing edge.

With the lifting surface panel array and wake panel array constructed, the system can be solved. The basic
principle is that the velocity induced by each ring panel with a unit circulation strength is calculated on each
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collocation point. As each panel is sequenced through for each collocation point, there are two sequence
counters: counter K to indicate the collocation point and counter L to indicate the vortex ring panel. The
induced velocity on a collocation point by a ring panel with unit strength is called the in�uence coef�cient,
and is de�ned as in Equation (4.3). Since each ring element consists of four vortex segments, the Biot-Savart
law is applied four times.

aK L Æ(u,v,w )K L ¢n K Æ
·
(u,v,w )AB Å (u,v,w )BC Å (u,v,w )CD Å (u,v,w )D A

¸

K L
¢n K (4.3)

Since there are m total ring elements, and m total collocation points, there are a total of m £ m in�uence
coef�cients that need to be calculated. These are arranged in a matrix such that the vertical rows indicate the
different collocation points, and the horizontal columns indicate the vortex rings, as in Equation (4.4). Note
that since the wake panels have the same circulation strength as the trailing edge panels, the in�uence of the
wake panels is added onto the in�uence coef�cients of the trailing edge panels a1...m ,m¡ N ...m . The in�uence
coef�cient matrix is multiplied by the circulation strength matrix to obtain the total induced velocity by the
panels at each collocation point. The boundary condition stated that the induced velocity plus the freestream
velocity shall be tangent to the surface at the collocation point. Thus, the right-hand side of the system in
Equation (4.4) is constructed, which is the normal component of the freestream �ow at each collocation
point.
To solve the system of Equation (4.4) for the panel strengths ¡ , the in�uence coef�cient matrix is inversed
and multiplied with the right-hand side of the equation.
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With the circulation strength of each vortex ring known, the generated forces can be found. The lift generated
at the centre of each bound vortex is calculated using the Kutta-Joukowski theorem:

¢ L i , j Æ½U 1 £ ¢ l i , j (¡ i , j ¡ ¡ i ¡ 1,j ) for i È 1

¢ L i , j Æ½U 1 £ ¢ l i , j ¡ i , j for i Æ1
(4.6)

The induced drag is found by calculating the induced downwash at each collocation point [23]. This down-
wash is the velocity induced by all trailing vortices. The procedure of �nding this is similar to the system
of Equation (4.4), the in�uence of all the bounding vortices have been removed however. This results in
the new system of Equation (4.7), which can be easily solved for w i nd as the circulation strengths ¡ are all
known. With the induced downwash at each collocation point known, the induced drag can be calculated
using Equation (4.8). 2
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¢ D i , j Æ ¡½w i nd i , j £ ¢ l i , j (¡ i , j ¡ ¡ i ¡ 1,j ) for i È 1

¢ D i , j Æ ¡½w i nd i , j £ ¢ l i , j ¡ i , j for i Æ1
(4.8)
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4.2. PROPELLERVORTEX LATTICE M ETHODOLOGY
The previous section described a general Vortex Lattice Method for a lifting surface. Several modi�cations are
required to make this method applicable to propellers.

4.2.1. ROTATIONAL EFFECTS
A rotational component of the velocity is induced over the blade as the propeller spins. A new boundary
condition is required which states that the sum of the freestream velocity, the rotational velocity and the
induced velocity needs to be tangent to the body surface:

r (©1 Å ©­ Å Á) ¢n Æ0 (4.9)

The equations of the previous section need to be updated to include this new total velocity. First of all, the
rotational velocity is included in the right-hand side of Equation (4.4). The rotational velocity at each panel
is a function of the vectorised rotational speed ­ and the vector r from the rotational axis to the collocation
point.

RHSK Æ ¡(U 1 Å ­ £ r K ) ¢n K (4.10)

The rotational velocity U ­ is also included in the lift equation of each panel:

¢ L i , j Æ½(U 1 ÅU ­ ) £ ¢ y i , j (¡ i , j ¡ ¡ i ¡ 1,j ) for i È 1

¢ L i , j Æ½(U 1 ÅU ­ ) £ ¢ y i , j ¡ i , j for i Æ1
(4.11)

4.2.2. WAKE M ODELLING
The wake panels of the generalised VLM have to be adapted to represent the accelerating and contracting
wake of a propeller. Within the Smart Rotors framework, it is possible to model a frozen, semi-free, or free
wake. The frozen wake only models the acceleration of the wake using a set of user-chosen inputs. The semi-
free wake is an iterative scheme where the acceleration and contraction of the wake are solved for iteratively,
requiring multiple VLM simulations. The free wake uses a time step to calculate a new wake panel that sheds
from the trailing edge. Multiple VLM simulations are then performed to create a suf�ciently long enough
wake surface. The frozen wake is used for this research as its results are adequate, and no iterations are re-
quired, signi�cantly reducing the computational time.

The frozen wake is constructed using the two parameters Aconv and Aexpan . Aconv sets the axial velocity
of the wake at the trailing edge as a fraction of the freestream velocity, scaling from 0 to 1. Aexpan sets the
pitch between the wake surface rotations. The �nal axial velocity of the wake is then calculated with Equa-
tion (4.12). Overall the effects of these wake parameters are not signi�cant. As such, Aconv is �xed to the
middle point of its range at 0.5. Aexpan is �xed to 10, but with the number of wake panels used, its effect is
negligible on the wake panel positioning.

uwake ÆU1 (1Å e¡ Aexpan ¤dt Aconv ) (4.12)

4.2.3. PROPELLERI NTERACTIONS
Finally, one needs to account for multiple blades and the interaction effects between them. This is done by
modelling all the blades and their wakes as ring panel lattices. Then, assuming steady aerodynamics and
uniform �ow, the circulation strength distribution of each blade will be identical. This means that one needs
to solve for the circulation strengths of only a single blade. Thus, the size of the matrices in the system of
Equation (4.4) does not increase if more blades are added. Figure 4.6 shows two blades and their wakes. The
collocation points are only located on blade 1. The in�uence coef�cient of vortex panel L on collocation point
K now consists of the sum of the induced velocity of panel L on blade 1 and the induced velocity of panel L
on blade 2. For B blades present, the in�uence coef�cient is calculated as in Equation (4.13).

aK L Æ
·
(u,v,w )K L,1 Å (u,v,w )K L,2 Å ...Å (u ,v,w )K L,B

¸
¢n K ,1 (4.13)

This means that while the size of the system in Equation (4.4) does not increase, the computational time
does increase. This is due to the extra Biot-Savart calculations that are required to calculate the in�uence
coef�cients of each panel.
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Figure 4.6: Discretisation of a propeller with multiple blades.

4.3. VLM ASSUMPTIONS & L IMITATIONS
The assumptions and limitations of the implemented VLM tool are summarised below.

• No viscous correction is present. With no viscous �ow correction, this tool remains purely potential
�ow. Complex �ow phenomena such as �ow separation, leading-edge vortices and cross�ow are not
accounted for. This limits the suitable operation conditions in which the VLM tool may be applied.
In particular, high-loading and negative-loading conditions are unsuitable for analysis. The lack of
viscosity also affects the results of the VLM tool in the linear �ow regime. It is expected for the thrust to
be overestimated, due to the lack of decambering effect. The torque will be underestimated, as pro�le
drag will not be present. This combination of errors will result in an overestimation of the propeller
ef�ciency.

• No compressibility correction is present. This limits the operating conditions and dimensions of the
propeller. Regarding operating conditions, the in�ow velocity U1 and the rotational speed should be
limited such that the resultant propeller tip speed does not exceed into compressible �ow region. Be-
sides limiting the operating conditions, the size of the propeller is also constrained, as a large propeller
with a high rotational speed will quickly induce compressible �ow at the tips.

• The �ow is assumed to be uniform. The incoming �ow is constant across the entire propeller face.
This means that all the blades of a propeller experience the same incoming �ow, and will thus generate
identical forces. Non-zero angle of attack situations can not be simulated.

• The �ow is assumed to be steady. This means that the �ow is constant over time. The wake is stabilised,
and new wake panels do not need to be shed off the trailing edge.

• The propeller is assumed to be isolated. Any interactions between the propeller, pylon and wing are
neglected. In reality, these structures will interact with each other altering the propeller performance.

• The blade thickness is neglected. The Vortex Lattice Method models the entire lifting wing using only
the camber surface. Thick blades may not be accurately modelled.



5
ACOUSTIC TOOL

The noise emissions of the swept propellers are calculated using the acoustic tool. This is done using Hanson's
far-�eld Helicoidal Surface Theory, as it models the phase lag effects of non-straight blades. A Matlab code
of this model has been developed by J. Goyal [22]. This model has been modi�ed to be compatible with
the aerodynamic results generated by the VLM tool. In this chapter, the main principles and equations of
the Helicoidal Surface Theory are explained. A more detailed explanation can be found in the paper by D.B.
Hanson [24].

5.1. H ELICOIDAL SURFACE THEORY
The Helicoidal Surface Theory (HST) represents the blades as advancing helicoidal surfaces, on which the
blade surface is swept out by a radial line, rotating at the angular speed ­ and translating at the freestream
velocity U1 . This helical coordinate system is shown in Figure 5.1 [24]. The sweep of the blade is de�ned
as the Mid-chord Alignment (MCA), which is the distance from the pitch change axis to the midchord. Any
dihedral is de�ned as Face Alignment (FA), which is the perpendicular distance between the pitch change
axis and the chord line.

Figure 5.1: Helical coordinate system of the Helicoidal Surface Theory. (From Hanson [24])
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The aerodynamic loading and thickness sources are transferred to the advance helix for the radiation calcu-
lations. The far-�eld pressure is then obtained using Green's function in Equation (5.1). PmN b represents the
Fourier transform of the pressure at the mth harmonic of blade-passage frequency for a propeller with Nb

blades. The blade-passage frequency is the number of blades Nb multiplied with the rotational speed.

p(t ) Æ
1X

mÆ¡1
PmN b e¡ imN b ­ t (5.1)

PmN b consists of the two noise sources considered in this model, the thickness and loading noise. The loading
noise can be further split into either the lift and drag noise, or the thrust and torque noise. In this derivation,
only the thrust and torque noise are further considered.

PmN b ÆPV m Å PLm Å PDm ÆPV m Å PTm Å PQm (5.2)

The general equation for the far-�eld pressure harmonics is given by Equation (5.3) [24]. In this equation, the
ambient density ½and the speed of sound c0 represent the atmospheric conditions. The observer's position
is set using the radiation angle µ and the observer distance yo. Nb is the number of blades, D is the propeller
diameter, BD is the chord-to-diameter ratio and tb is the maximum thickness to chord ratio. Three differ-
ent Mach numbers appear in Equation (5.3); M x is the �ight Mach number, M r is the section relative Mach
number and M t is the tip rotation Mach number.
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(5.3)

The sweep and dihedral of the blade are modelled as phase lag effects, using the MCA and FA, which were
de�ned in Figure 5.1. The equations for the phase lag effects Áo and Ás are shown in Equations (5.4) and (5.5).

Áo Æ
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µ
M 2

r cosµ ¡ M x

1¡ M x cosµ

¶
F A

D
(5.4)

Ás Æ
2mN bMT

M r (1 ¡ M x cosµ)

MC A

D
(5.5)

The frequency domain source terms ª V , ª T and ª Q are found by integrating along the chord length for each
radial position. For the thickness source term, the thickness distribution of the airfoil is normalised along
the nondimensional chord length, like in Figure 5.2. The total thickness source term is then calculated using
Equation (5.6). The source term ª V is not very sensitive to the thickness distribution. As such, the thickness
distribution is approximated to be parabolic. Figure 5.3 shows the difference in thickness noise when the
thickness distribution is approximated as a biconvex parabolic distribution [4].

ª V (kx ) Æ
Z 1/2

¡ 1/2
H (x)ei k x xdx (5.6)

Figure 5.2: Shape function of the chordwise thickness distribution. (From Hubbard [4])
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Figure 5.3: Approximation of the thickness noise source by simplifying the thickness distribution. (From Hubbard [4])

The loading source terms ª T and ª Q are found using Equations (5.7) and (5.8). These equations use the
chordwise normalised thrust and torque distributions. These distributions can be approximated as parabolic
or uniform distributions, as can be seen in Figure 5.4. The loading source terms are much more sensitive to
the loading distributions. Speci�cally, strong peaks can increase the noise signi�cantly. As such, the actual
loading distribution obtained from the aerodynamic analysis is used, instead of any of the approximations.

ª T (kx ) Æ
Z 1/2

¡ 1/2
fT (x)ei k x xdx (5.7)

ª Q(kx ) Æ
Z 1/2

¡ 1/2
fQ(x)ei k x xdx (5.8)

Figure 5.4: Approximation of the chordwise loading noise by simplifying the chordwise loading distribution. (From Hubbard [4])

These source terms are all a function of the chordwise wave number kx , shown in Equation (5.9). This nondi-
mensional parameter is a measure of the chordwise noncompactness. The �nal important parameter of
Equation (5.3) is the radiation ef�ciency factor JmN b . This is a Bessel function of the mN b th order.

kx Æ
2mN bBD M t

M r (1 ¡ M x cosµ)
(5.9)
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The pressure �uctuations obtained from the Fourier transforms of the pressure with Green's function (Equa-
tion (5.1)) are transformed into the root mean square wave signal by time integration in Equation (5.10). The
pressure is cyclic since only steady sources are considered. As such, the time limits only have to cover a single
revolution.

p r ms Æ

s
1

T2 ¡ T1

Z T2

T1

p(t )2dt (5.10)

Finally, the p r ms is converted to the logarthmic decibel scale using either Equation (5.11) or Equation (5.12).
The contribution of each noise source can be isolated by calculating the pressure �uctuations p(t ) using only
a single noise source term ª . This way, contributions to the noise due to thrust, torque or thickness can also
be expressed in the decibel scale.
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¶
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5.2. HST ASSUMPTIONS & L IMITATIONS
The assumptions and limitations of the HST tool are summarised and some of the potential effects on the
results are discussed.

• The propeller blade is assumed to be thin such that all noise sources are positioned on the mean sur-
face. This results in an error of the Face Alignment, and thus a phase lag error. This error is negligible
near the plane of rotation at all frequencies [24].

• The thickness distribution of the airfoil is modelled as a parabolic function. The shape of the thickness
distribution is negligible, as was shown in Figure 5.3.

• Broadband noise sources are omitted. This has a negligible effect on the results, as tonal noise sources
are considerably louder.

• Unsteady noise sources are omitted. Since the aerodynamic model is fully steady, any unsteady noise
sources can not be modelled.
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STRUCTURAL TOOL

The structural tool calculates the stresses and deformations of the blade due to the aerodynamic and inertial
loading. The structural model by Sodja et al. [20, 21] is used. This model allows for the analysis of swept
propeller blades using the Euler-Bernoulli (EB) beam model in combination with the Saint-Venant theory of
torsion.

6.1. EULER-BERNOULLI M ODEL
In this structural model, the propeller blades are represented as slender, pre-twisted cantilever beams of
variable cross-sections with homogenous and isotropic elastic materials [20]. The structural model de�nes
new local coordinate systems along the blade axis, shown in Figure 6.1. The blade axis is the curve connecting
the centre of gravity of each cross-section. s is the arc length of the blade axis spanning from 0 at the propeller
hub to l at the blade tip. The local coordinate systems of e», e¤

´ and e¤
³ is de�ned such that e» is tangent to

the blade axis, using Equation (6.1). e´ and e³ are aligned with the principal axes of the local cross-section
by accounting for the blade twist angle, using Equation (6.2). The twist angles used in the structural model
are not identical to the twist angles as de�ned in the propeller framework, due to the different coordinate
systems. ¯ L refers to the local twist angles along the blade axis.

Figure 6.1: Local coordinate system de�nitions for the structural model.
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The forces acting on the propeller blade consist of the aerodynamic loads q a and the inertial forces q c. The
aerodynamic loads come from the VLM tool from Chapter 4. The chordwise loads at each radial station are
summed and averaged to obtain a resultant force and its centre of pressure. The internal moments due to the
aerodynamic loads, M a (s), are then calculated as in Equation (6.3). The integral is taken w.r.t. u , which spans
from the local cross-section to the blade tip for each cross-section. The integral is the cross-product of the
aerodynamic force and the vector from the blade axis (centre of gravity) to the centre of pressure.

M a (s) Æ
Z l

s

£
(r a (u ) ¡ r q (s)) £ q a (u )

¤
du (6.3)

The blade spinning results in centrifugal forces acting on each blade element. These centrifugal forces are
proportional to the section mass, radial position and angular velocity, as shown in Equation (6.4). The vector
er points from the section's centre of gravity to the axis of rotation of the blade. Equation (6.5) is the formula
used to obtain the internal moment due to the inertial loads.

q c Æ½bdV ­ 2r er (6.4)

M c(s) Æ
Z l

s

£
(r q (u ) ¡ r q (s)) £ q c(u )

¤
du (6.5)

M (s) ÆM a (s) Å M c(s) (6.6)

The loads and internal moments are all de�ned in the global coordinate system of the propeller framework.
The total internal moment M is decomposed into the three local components via simple dot-product opera-
tion:

M»(s) ÆM ¢e»

M ´ (s) ÆM ¢e´

M ³ (s) ÆM ¢e´

(6.7)

The constitutive equations for the bending and twisting of the blade can then be constructed. For the bend-
ing deformations of the blade in (global) ex and ez directions, the Euler-Bernoulli beam theory principles are
applied. The torsion of the blade around the e» vector is obtained using the principles of Saint Venant's theory
of torsion, for which warping effects are neglected. It is important to note that there will be a coupling be-
tween the bending and twisting of the blade due to any sweep or dihedral in the blade axis. This is accounted
for by introducing the curvature of the blade axis in each principal axis direction:

1
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ey ¢e»
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½³
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(6.8)

The constitutive equations are set up to relate one (un)deformed state to another deformed state, shown in
Equation (6.9). These equations are assembled in an ordinary differential equations solver to obtain the new
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local twist distribution ¯ L and the new x- and z-coordinate distribution of the blade axis.
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(6.9)

The system of Equation (6.9) allows one to connect one deformed state to another undeformed state using
the initial internal moments M0 and 1

½0
. To go from an undeformed state to a deformed state, the internal

moments M0 are set to zero. When no internal moments are applied, both M0 and M are zero. Integration
of the blade initial state ¯ L0, 1

½0
will return the initial blade axis coordinates. To go from a deformed state 1

to a deformed state 2. The initial moments M0 correspond to the internal moments at state 1, and the blade
initial states ¯ L0 and 1

½0
correspond to the twist and curvatures of the blade at state 1.

The contributions to the normal stresses within the blade consist of the axial forces (mainly centrifugal) and
the two bending moments M ´ and M ³ , thus the total normal stresses within the blade are calculated with
Equation (6.10). The shear stress consists only of the torsional moment M», calculated with Equation (6.11).
The total stresses within the blade are expressed using the Von Mises stress, de�ned in Equation (6.12).

¾Æ
(q a Å q c) ¢»

AL
Å

M ´ ´

I ´
¡

M ³ ³

I ³
(6.10)

¿Æ
2M»

I»
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6.2. EB ASSUMPTIONS & L IMITATIONS
The assumptions and limitations of the Euler-Bernoulli (EB) tool are summarised and some of the potential
effects on the results are discussed.

• The propeller blades should be slender such that the length is an order of magnitude higher than the
chord length. This is a limitation of the Euler-Bernoulli beam theory.

• The deformations should remain small. Accurate bending of up to 15% of the blade radius and torsion
of up to 6 ± has been validated by Sodja et al. [21].

• Warping effects due to torsion are neglected as they are expected to be small [20].

• The cross-section is assumed to be solid. Detailed propeller structures with stringers and ribs can not
be evaluated with the current structural model. With the cross-section being solid, the moment of inter-
tia will be overestimated compared to a real propeller structure. The sectional mass is also signi�cantly
increased, increasing the centrifugal forces.

• The material is assumed to be isotropic. Anisotropic materials such as composites can not be applied.
This makes the results obtained in this research less applicable to current propellers, which are often
made of composites.

• Any axial de�ections elongating the propeller blade are neglected.





7
D ISCIPLINE COUPLINGS

Since the outcome of one discipline may impact the results of another discipline, couplings are required
to �nd a converged state. In this chapter, all the required couplings are identi�ed and explained. Section 7.1
starts with the coupling between the aerodynamic and structural disciplines. The acoustic couplings with the
other disciplines are explained in Section 7.2. The �nal architecture which will be used to analyse propeller
designs is shown in Section 7.3 in the form of an XDSM diagram.

7.1. AERODYNAMIC AND STRUCTURAL COUPLING
The aerodynamic and structural tools are directly coupled as their results impact each other. The aerody-
namic loads cause a change in structure, this change in blade geometry will cause a change in aerodynamic
loads. As such, a coupling is required to �nd the equilibrium position of the structure so that the aerodynamic
loads stay constant and do not change the structure any further.

The aerodynamic and structural tools can be coupled iteratively using the constitutive equations of the struc-
tural model, shown again below in Equation (7.1). These equations allow for the calculation of one deformed
state to the next deformed state. A converged aerodynamic and structural solution should then result in a
propeller blade that does not deform any further, as the initial state internal moments M0 and the new in-
ternal moments M should be equal. As such, the M ¡ M0

EI should reduce to zero, and the system of differential
equations will return the initial blade axis geometry.
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(7.1)

However, a simple iterative aerodynamic and structural coupling yields undesired behaviour, as shown in
Figures 7.1 and 7.2. Starting from the undeformed state, the blade deforms due to the aerodynamic and iner-
tial loads. With no damping or relaxation factors applied, the blade deformations jump around the converged
solution, slowly diverging as the de�ections get bigger. This can continue until the blade has deformed such
that it becomes unusable in the propeller framework.
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Figure 7.1: The difference in tip de�ection after each iteration

Figure 7.2: The blade geometry after each iteration

Clearly, some type of damping is required to restrict the coupling from diverging. Two different types of re-
laxation factors were applied to be able to get the system to converge. Firstly, the jump from the undeformed
blade to the initial deformed blade was found to be too big for highly swept blades due to the inertial forces.
As such, the propeller's RPM is increased slowly from 0 to the desired RPM using a relaxation factor ®RPM

which slowly increases from 0 to 1. This is done only in the structural solver such that the new inertial forces
are calculated with Equation (7.2). Thus the aerodynamic solver still uses the �nal RPM setting.

q c Æ½bdV (®­ ­ )2r er ,

with 0 · ®­ · 1
(7.2)

The implementation of ®­ reduces the tendency for the system to diverge. Nevertheless, divergence is still
possible at high RPM settings. Furthermore, consecutive analyses at the �nal RPM setting will still make
the system diverge. This is because the M ¡ M0 terms in Equation (7.1) rarely reduce to exactly zero. This
residual will cause the system to oscillate around the converged solution again, eventually diverging. To
counter this behaviour, the relaxation factor ®d is also added to the applied deformations. The blade shape
found from the differential equation system of Equation (7.1) is thus not directly used, instead, a fraction of
these deformations is taken to �nd a new blade shape, shown in Equation (7.3). ®d is initially set to 0.15. This
factor is reduced further if the deformations start to increase again during the �nal converging iterations.

¯ i Å1Ǣ i Å ®d (¯ de f or med ¡ ¯ i )

xi Å1Æxi Å ®d (xde f or med ¡ xi )

zi Å1 Æzi Å ®d (zde f or med ¡ zi )

(7.3)

The combination of the relaxation factors ®­ and ®d resulted in the most stable behaviour of the aerodynamics-
structures coupling. Furthermore, the amount of iterations required to reach convergence is signi�cantly
reduced compared to using only one of the relaxation factors.
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7.2. ACOUSTIC COUPLING
The acoustic tool requires the results of both the aerodynamic and structural solvers to calculate the noise
emissions. From the VLM tool, the aerodynamic force coef�cients of each panel are required as inputs to the
radial and chordwise loading distributions. The �nal shape of the propeller blade, in particular the face and
mid-chord alignment are obtained from the structural tool.

The acoustic signature has no impact on the aerodynamic or structural performance of the propeller. As
such, the acoustic tool does not need to be included in some form of iterative scheme. Instead, the acoustic
tool only needs to be run after the aerodynamics-structural coupling is done.

7.3. ANALYSISARCHITECTURE
An XDSM diagram is constructed to schematically show the coupling between the three tools. The diagram
is shown in Figure 7.3. This XDSM diagram shows a converger receiving an initial propeller as input. This
propeller data is �rst given to the aerodynamics discipline, which calculates the aerodynamic loads qa . The
propeller geometry and the aerodynamic loads are given to the structural discipline. The structural tool cal-
culates a new propeller geometry, which has deformed due to the loads. The new propeller geometry is given
back to the converger. This loop keeps repeating until the propeller geometry has converged. Only after this
converger loop is done will the acoustics discipline be activated. The acoustics tool receives the converged
propeller and aerodynamic load data. The noise emissions in the form of SPL and TSSP are then calculated,
�nishing the entire analysis.

Figure 7.3: XDSM Diagram of the performance calculations of a fully elastic propeller.





III
TOOL ERROR ANALYSIS
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8
GRID CONVERGENCESTUDY

In this chapter, the ideal con�guration for the propeller blade discretisation is found. The propeller blade
is discretised into spanwise, chordwise, and wake panels. The minimum grid required for convergence is
determined by slowly increasing the grid density for each tool, and comparing the results to the results of a
very �ne grid simulation. The grid sensitivities of the aerodynamic, structural and acoustic tools are shown
in Sections 8.1, 8.2 and8.3 respectively.

8.1. AERODYNAMIC GRID CONVERGENCE
The aerodynamic tool depends on all three grid parameters; Ns, Nc and Nw . To �nd the sensitivity of the
aerodynamic tool to all three grid parameters, propeller geometries with all possible grid size combinations
are input into the aerodynamic tool. The resultant CT and CP are compared to the results with a �ne grid
of Ns Æ72, Nc Æ72 and Nw Æ200. The characteristics to identify are the errors of CT / CT,f ine , CP / CP,f ine

and the rate at which this error reduces. Shown in Figure 8.1 are the errors of CT for the three combinations
of couples of Ns, Nc and Nw . These combinations are plotted to see if there are any interactions between
the grid parameters. For Ns, the aerodynamic tool quickly converges with only 20 panels. Signi�cantly more
chordwise panels are required to reduce the errors. Though the error only reduces to exactly zero when the
maximum amount of chordwise panels is reached, with 40 panels the error has been decreased suf�ciently.
The addition of wake panels is relatively cheap in terms of computational time. Regarding the error, only 60
panels are suf�cient for the tool to converge.

Figure 8.1: Grid convergence of the VLM tool for all three grid parameters.

8.2. ACOUSTIC SENSITIVITY ANALYSIS
The acoustic tool is only a function of Ns and Nc. The amount of wake panels Nw will only affect the acoustic
results due to a change in aerodynamic loads. The acoustic tool is isolated from the aerodynamic tool to
determine the convergence rate however. This is done by interpolating �xed aerodynamic results at Ns and
Nc positions. Thus the convergence grid will show if having more radial and chordwise stations will increase
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the tool's accuracy. The error of the maximum SPL for various amounts of span and chord panels is shown in
Figure 8.2. It can be seen that the error is almost negligible already at most grid con�gurations. The problem
is that the behaviour is inconsistent from one grid con�guration to the next if the amount of panels is low. As
such, for the tool to be stable, at least 24 spanwise panels are required, and 32 chordwise panels.

Figure 8.2: Grid convergence of the acoustic tool for Ns and Nc .

8.3. STRUCTURAL SENSITIVITY ANALYSIS
The structural tool has an interesting relation with each grid parameter. It is mainly the amount of span
panels that should affect the convergence of the structural tool. A higher Ns will discretise the forces more
and calculate the de�ections at more radial stations. The amount of chord panels will dictate the accuracy of
the moment of inertia calculations, as this is done using the cross-section at each radial station. The number
of wake panels does not directly affect the structural tool; it only does so through a change in aerodynamic
loads in the aerodynamic solver. The structural tool is isolated from the aerodynamic solver by replacing
the aerodynamic loads with a constant distributed load. Propellers with varying amounts of span and chord
panels are then input into the structural tool. The results of each propeller size are compared to the results
of the �nest propeller. The error of the total tip de�ection ±t i p and twist deformation ¯ t i p are shown in
Figure 8.3. It can be seen that signi�cant errors occur if the amount of span panels is set too low. However,
these errors quickly reduce, with an error of less than 2% with a minimum of 32 span panels. The error only
reduces to zero when the maximum amount of spanwise panels is reached. In terms of the chordwise panels,
only 20 panels are required for the tool to converge.

Figure 8.3: Grid convergence of the structural tool for Ns and Nc .
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8.4. FINAL GRID SIZE
A �nal grid is chosen based on the grid convergence analyses of the previous sections. It is important to not
set the grid too �ne, as this will signi�cantly increase computational time. The errors of some tools do not
reduce to zero unless the maximum amount of panels is reached however. As such, a maximum boundary
of 2% error compared to the �ne mesh results is imposed. This results in the required grid con�gurations of
each tool as shown in Table 8.1. Since the minimum number of panels for each discipline is relatively similar,
a constant grid can be chosen. This grid can then be used throughout the work�ow, and results do not need
to be interpolated between disciplines. The highest minimum grid number for each parameter is taken to
obtain the �nal grid size of the propeller; Ns Æ32, Nc Æ40, Nw Æ60.

Discipline Ns Nc Nw

Aerodynamics 30 40 60
Acoustics 24 32 N.A.
Structures 32 20 N.A.

Table 8.1: Minimum required panels for each discipline.





9
TOOL VALIDATION

In this chapter, each tool is validated against experimental or high-�delity data. By �rst validating each tool
individually, the accuracy and suitable conditions are determined. The coupling between each tool is also
validated to check whether these couplings have been implemented correctly.

9.1. AERODYNAMIC TOOL VALIDATION
The aerodynamic VLM tool is validated using both CFD and experimental data. Considering a wide range of
operating conditions is important since no viscous effects have been added to the numerical tool. As such, it
is expected that signi�cant errors may occur when viscous effects are signi�cant, such as during high loading
and windmilling conditions. The VLM tool is extensively validated against multiple XPROP data sets. The
XPROP propeller is a simple straight propeller for which an abundance of high-�delity and experimental data
is available. The geometry of the XPROP propeller is described in Ref [25].

9.1.1. CFD VALIDATION
CFD simulations of a 50% scale XPROP have been done Van Arnhem [25]. The results of these simulations
are compared to results calculated by the VLM in Figure 9.1. It can be seen that the VLM results match almost
perfectly between 1.4 · J · 2.2. The �ow separation at J · 1.4 present in the CFD simulations are clearly not
captured by the VLM tool, as there is no viscosity correction present. Near the zero-thrust condition, the �ow
is also highly viscous, and thus the VLM tool also loses accuracy compared to the CFD data. The errors in
CT and CP are compounded in the ef�ciency, thus resulting in bigger differences between the VLM and CFD
results. Nevertheless, at maximum ef�ciency ( J Æ2), the results are near-identical.

Local force distributions are also available from the CFD simulations. These can be compared to the distri-
butions obtained by the VLM tool to validate not only the global performance but also local forces. Figure 9.2
shows a comparison of the dCT / dr and dCQ / dr distributions for two operating settings. J Æ1.40 occurs
just before �ow separation occurs. J Æ2.00 is the point of maximum ef�ciency. It can be seen that for both
settings, the CFD simulations predict a higher tip loading, with the peak being closer to the tip. Despite the
differences in local force distributions, the overall performance of the propeller is nearly identical, as was
seen in Figure 9.1. It is important to keep this discrepancy in local forces in mind, as it could impact the noise
predictions.

47
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Figure 9.1: Comparison of XPROP performance curves calculated by VLM and CFD.

Figure 9.2: Comparison of XPROP local force distributions calculated by VLM and CFD.

9.1.2. EXPERIMENTAL VALIDATION
A considerable amount of wind tunnel data is available for the XPROP propeller. The test campaigns of
Stokkermans and Veldhuis [26], Li et al.[27] and Van Arnhem et al.[28] are combined to obtain a wide range
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of operating conditions. The comparison of VLM results and this experimental data is shown in Figure 9.3.
Three different operating settings are used. Generally, the VLM tool overestimates the thrust, and underes-
timates the power. This results in an overprediction of the ef�ciency across the entire operating range. The
difference between VLM and experimental data increases as the thrust coef�cient nears 0, indicating an in-
crease of viscous effects. Flow separation can also be seen at low advance ratios when the pitch is set to
¯ 0.7R Æ45±. This is not captured by the VLM tool.

Nederlof et al.[29] completed a full test campaign of the XPROP, focusing on the negative thrust conditions.
Since the VLM tool does not have any viscosity corrections, results in the negative thrust condition will be in-
accurate and will thus not be compared. Instead, only the positive thrust region is compared, delving slightly
into the negative thrust condition to compare the transition point of positive thrust to negative thrust. The
comparison of the VLM tool and Nederlof's experimental data is shown in Figure 9.4. It can be seen that
the inaccuracies of the VLM tool increase as the negative thrust condition is approached. The exact advance
ratio at which this transition occurs is overpredicted, as the potential �ow predictions remain linear while
the experimental data changes in slope due to the highly viscous �ow. The regions of positive thrust when
¯ 0.7R Æ25± and ¯ 0.7R Æ30± do show better agreement between the VLM tool and experimental data.

Figure 9.3: Comparison of XPROP VLM and experimental results. (Data from Stokkermans and Veldhuis [26], Li et al.[27] and Arnhem et
al.[28].)
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Figure 9.4: Comparison of XPROP VLM results and Nederlof's experimental results [29].

9.2. ACOUSTIC TOOL VALIDATION
The acoustic tool has already been validated by Goyal et al.[30], where the HST tool was coupled with a BEM
and CFD aerodynamic solver. It was found that the acoustic tool is sensitive to errors from low-�delity aero-
dynamic data such as obtained by BEM. This results in inaccurate predictions of noise levels. Nevertheless,
the tool is suitable for a comparative analysis of different propellers and operating conditions as it can still
predict trends in noise emissions accurately [30].

The coupling between the VLM tool and the HST tool is validated here by comparing the noise directivity
to Lattice Boltzmann Method (LBM) data by Goyal et al. [31]. Numerical data was generated using the XPROP
for the positive and negative thrust regimes at multiple angles of attack. Broadband noise was also included in
the simulation. Figure 9.5 shows the comparison of the noise emissions at zero angle of attack at J Æ0.60 and
¯ 0.7R Æ15±. Figure 9.4 showed that the aerodynamic predictions by the VLM tool for these conditions are ac-
curate. The contributions of the loading and thickness noise are plotted separately. The VLM+HST coupling
shows good agreement for these noise sources with the LBM data for axial directivity angles between 45 ± and
135± degrees. The broadband noise becomes the main noise source beyond these directivity angles, which is
not modelled by the HST tool. The total noise agreement is slightly worse. This may be due to differences in
the interference pattern. Goyal et al. [30] already stated that any differences in local loading distribution can
result in observable differences in acoustic emissions. Furthermore, Section 9.1 already showed that the local
loading distributions calculated by the VLM tool differs slightly from high-�delity data. As such, differences
between this low-�delity method and high-�delity data are to be expected.
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Figure 9.5: Comparison of noise directivity calculated by VLM+HST and LBM simulations (Data from Goyal et al. [31]).

9.3. STRUCTURAL TOOL VALIDATION
The Euler-Bernoulli structural tool has been extensively validated by Sodja et al. [20, 21]. It was found that
the low-�delity structural tool can accurately predict the general behaviour of straight, forward-swept and
backwards-swept blades. Coupled with a BEM aerodynamic model, the aerodynamic-structures coupling
successfully captured aeroelastic effects [21]. The propeller framework of this research and the one used by
Sodja et al. are fundamentally different [20, 21]. This has been accounted for in the implementation of the
structural tool. Some additional validation is performed in this section to ensure the structural tool works
correctly with the propeller framework employed for this research. This validation is done in the form of FEM
simulations using Ansys.

A swept version of the XPROP propeller is generated using the propeller framework. This geometry is then
imported into Ansys. Point loads are applied at the propeller tip, and the results of the EB tool and FEM sim-
ulations are compared.

The comparison between the EB tool and the FEM simulations is shown in Figure 9.6. It can be seen that
the bending deformations, ¢ x and ¢ z, show very good agreement between the two methods. The bending
coupling is also captured successfully, with a tipload in a single direction causing de�ections in both x and
z. The twisting deformations ¢ ¯ show similar trends between the EB tool and FEM simulations. The EB tool
estimates higher torsion along most of the blade but ends up underestimating the torsion at the tip.
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Figure 9.6: Comparison of structural de�ections due to a tipload calculated by the EB tool and Ansys FEM simulations.

9.4. AERODYNAMICS-STRUCTURESCOUPLING VALIDATION
It is possible to validate the coupling of the aerodynamic and structural tool by using data from Sodja et al.
[21]. In this paper, CFD and FEM were coupled to simulate three different blades; the Straight blade (SB),
the Backwards-swept blade (BB) and the Forwards-swept blade (FB). These blades are shown in Figure 9.7.
The exact properties of these blades can be found in Ref [21]. Each blade is reconstructed in the propeller
framework. However, due to the difference in propeller frameworks, it was not possible to reproduce the
blade geometries exactly. As such, it is expected that differences may occur between the results obtained
here and those obtained by Sodja et al. [21].
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(a) Straight blade (SB). (b) Backwards swept blade (BB). (c) Forward swept blade (FB).

Figure 9.7: Three swept blade designs by Sodja et al. [21].

The deformations of the blades are evaluated at four operating conditions. The structural deformation com-
parisons between the VLM-EB coupling and the CFD-FEM coupling are shown in Figures 9.8 to 9.10. The
aerodynamic results are shown in Figure 9.11, these provide valuable context for the structural deformations.

The bending deformations of the straight blade in Figure 9.8 show very good agreement in terms of bending
deformations for all operating conditions. The torsional deformations are signi�cantly underestimated, as
was also found by Sodja et al. [21]. For straight blades, the exact position of the chordwise centre of pressure
is important as it will dictate whether the blade will twist positively or negatively. The difference in torsional
deformations may be due to the VLM inaccurately predicting the centre of pressure location. Nevertheless,
the overall aerodynamic performance in Figure 9.11 shows good agreement for CT , with CP being underesti-
mated. The �ow separation occurring before J Æ1.1 is not captured. Despite this, the structural deformations
at J Æ0.87 are still very accurate, which could indicate that the inertial forces are dominant for deformations.

In the case of the forwards-swept blade, in Figure 9.9, the VLM-EB coupling generally underpredicts bending
deformations. Though clearly the discrepancy for ¢ x/ R is bigger than that for ¢ z/ R. The centrifugal and
aerodynamic bending moments are opposite of each other in the x-direction. An underprediction of ¢ x/ R
would thus indicate an overestimation of the aerodynamic forces or an underestimation of the centrifugal
loads. However, the aerodynamic performance in Figure 9.11 generally shows a good agreement, only over-
estimating the aerodynamic forces after �ow separation occurs in the Computational Fluid Dynamics (CFD)
data when J · 1.20. Additionally, the ¢ z/ R bending de�ections and torsional deformations agree well with
the high-�delity data. Therefore, the cause of the discrepancy in ¢ x/ R remains unclear.

The deformations of the backwards-swept blade are shown in Figure 9.10. Signi�cantly bigger discrepan-
cies can be identi�ed here, with an underestimation of the bending deformations and an overestimation of
the torsional deformations. It is important to note however that the overall bending deformations of the
backwards-swept blade are quite small. The overestimation of the torsional deformations by the low-�delity
model was also found by Sodja et al. [21]. The aerodynamic performance in Figure 9.11 shows an overesti-
mation of both the thrust and power, which could explain the increase in torsional deformations and ¢ z/ R.
Higher aerodynamic forces would also result in more negative ¢ x/ R deformations however, which is not
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replicated in this case. The difference in structural deformations could be attributed to the discrepancies in
replicating the propeller geometry using the Smart Rotors propeller framework. With the backwards-swept
blade having the most sweep out of all three blades, the geometrical differences are expected to be the most
signi�cant. Furthermore, accurate results were obtained using the low-�delity model by Sodja et al [21]. With
the accurate results for the straight and forward-swept blades obtained here and the fact that the underlying
mechanics of the model remain the same regardless of the propeller geometry, it is likely a failure to adapt
the backwards-swept blade to the Smart Rotors framework is to blame.

Figure 9.8: Comparison of the structural deformations of the straight blade, calculated by VLM-EB coupling and CFD-FEM coupling.
(Data from [21]).



9.4. AERODYNAMICS-STRUCTURESCOUPLING VALIDATION 55

Figure 9.9: Comparison of the structural deformations of the forward swept blade, calculated by VLM-EB coupling and CFD-FEM
coupling. (Data from [21]).

Figure 9.10: Comparison of the structural deformations of the backwards swept blade, calculated by VLM-EB coupling and CFD-FEM
coupling. (Data from [21]).
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Figure 9.11: Comparison of the aerodynamic performance of three swept blade designs, calculated by VLM-EB coupling and CFD-FEM
coupling. (Data from [21]).
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10
ANALYSIS SETUP

The parametric study is set up to obtain the relevant data required to achieve the thesis objective. A baseline
propeller is �rst obtained in Section 10.1. The sweep distribution parameterization is de�ned in Section 10.2.
Finally, the exact design space of the parametric study is established in Section 10.3.

10.1. BASELINE PROPELLER
A baseline propeller is required on which varying amounts of sweep angles can be added. This propeller
needs to remain within the suitable operating range of the analysis tools. So far, the XPROP has been used
often to validate the tools. This has shown that accurate results for this size and operating conditions may be
obtained. The research aim is to investigate low-noise propellers, of which the XPROP has no such properties.

Instead, an optimisation study has already been performed using the Smart Rotors propeller framework by
G. Margalida 1. The chord, twist, camber, camber position and thickness distributions were all optimised
for noise emissions over three operating conditions. Critically, no sweep or dihedral was added to the pro-
pellers. A Pareto front was found where the propeller ef�ciency has to be traded for noise emissions, as seen
in Figure 10.1. Structural constraints were also implemented to limit the stress and bending of the blades.
Figure 10.1 highlights a point on the Pareto front where these constraints no longer impact the propeller ge-
ometry, and the blade shapes become identical. The propeller found at this point has been chosen as the
baseline propeller for this research. At this point, the propeller has decreased noise emissions compared to
the XPROP. Structural constraints are not active such that there is some freedom to add blade sweep, which
will increase the bending and stress.

Figure 10.1: Optimisation study of low-noise propeller designs with multiple different constraints. (From Smart Rotors Project
[Unpublished])

1Smart Rotors Project: Propeller Optimisation by Gabriel Margalida (Accessed in December 2023) [Unpublished]
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The propeller geometry is shown in Figure 10.2, with the geometric distributions displayed in Figure 10.3.
The operating conditions for which the propeller has been designed are summarised in Table 10.2. To limit
the scope of this research, only the pitch setting of the climb conditions will be analysed. This setting has
been chosen as this is one of the �ight phases in which noise reductions may be most bene�cial for the en-
vironment. The low-noise propeller was originally designed with aluminium as the material. Since adding
sweep may signi�cantly induce extra bending and stresses, the material has been changed to titanium alloy,
with the properties shown in Table 10.3. Titanium alloy has been used for experimental swept propellers like
those tested in the DNW wind tunnels [2]. It allows for very high stresses, but its lower elastic modulus (com-
pared to steel) should still highlight the effects of structural deformations.

Figure 10.2: Design of the baseline, six-bladed low-noise propeller.

Propeller Properties
Nb 6
R 0.2032 m
Rh / R 0.1978
¯ 0.7R 36.2±

yo 10R

Table 10.1: Properties of the baseline low-noise
propeller

Parameters Take-off Climb Cruise

J 0.67 1.09 1.95
U1 40 m/s 60 m/s 68 m/s
¯ 0.7R 25.7± 36.2± 45.2±

½ 1.225 kg/m 3 1.225 kg/m 3 1.225 kg/m 3

Table 10.2: Operating conditions of the low-noise propeller.

Material Properties
Material Ti-6Al-4V
½b 4430 kg/m 3

E 120 GPa
G 44 GPa
v 0.36
¾yield 1000 MPa

Table 10.3: Material properties of the chosen material [32].
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(a) Chord distribution. (b) Twist distribution.

(c) Thickness distribution. (d) Camber distribution.

Figure 10.3: Baseline propeller geometrical distributions.

10.2. SWEEP PARAMETRISATION
The baseline propeller of Section 10.1 has no sweep applied to it. The goal is to add varying amounts of sweep,
and change the sweep distribution, to investigate the impact on the performance. To achieve this, the sweep
is parametrised such that it can be simply added to the baseline propeller.

The sweep is parametrised using Equation (10.1), with which the total sweep, the sweep distribution and
the forward sweep between the root and tip can be adjusted. Equation (10.1) is the relation between the
offset distance z/ R and the nondimensional distance from the blade root y/ R. The z/ R distribution is then
applied to centre of gravity distribution at the speci�c setting of ¯ 0.7R Æ36.2± of the nondimensional blade
construct of the propeller framework. By applying it to the centre of gravity distribution at this speci�c pitch
setting, the entire blade will remain within the rotational axis when undeformed. This means that there is no
dihedral at this pitch setting. Additionally, the sweep is applied such that the tip of the blade remains on the
same actuator disk of the straight propeller, so that the radius of the propeller remains constant.

z

R
Æ¤

³ y

R

´d¤
Å ·

µ³ y

R
¡ 0.5

´2
¡ 0.25

¶
(10.1)

The sweep parameterization of Equation (10.1) is determined by three sweep parameters; ¤ , d¤ and · . The
de�nitions of these three sweep parameters are shown in Figure 10.4. The tip sweep parameter ¤ sets the
z/ R distance at the tip of the blade. Traditionally the sweep is represented by an angle ¸ . In this case, tan ¸ is
represented as the linearised amount of sweep at the tip with ¤ .
The second sweep parameter, d¤ , sets the curvature of the sweep distribution between the root and tip. It
can be seen in Equation (10.1) and Figure 10.4 that it represents the degree of the monomial. By increasing
d¤ , the sweep distribution between the root and tip changes without increasing the total amount of sweep
at the tip. The blade becomes straight near the root and starts to sweep back aggressively near the tip as it is
increased. ¤ is not an independent parameter however, as no sweep curvature can be applied if there is no
tip sweep present. Therefore the slope of the blade tip is represented by ¤ d¤ .
The �nal sweep parameter is · . This parameter allows for the addition of forward sweep between the root
and tip, without altering the total amount of sweep near the tip. The part including · in Equation (10.1)
represents a parabola between y/ R Æ0 and y/ R Æ1. Increasing · increases the depth of this parabola at
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y/ R Æ0.5. The summation of this parabola and the monomial curve described by ¤ and d¤ then form the
�nal sweep distribution.

Figure 10.4: De�nition of the sweep parameters ¤ , d¤ and · .

The ranges of the three sweep parameters are shown in Figure 10.5. Physical propeller geometries with dif-
ferent sets of ¤ , d¤ and · are shown in Figure 10.6. The tip sweep ¤ ranges from 0 to 0.25. The tip sweep
curvature d¤ ranges from 1 to 8.0. The forward-backwards sweep parameter · can be set anywhere between
0 to 0.5.
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(a) Tip sweep ¤ (d¤ Æ1.0, · = 0.0) (b) Sweep curvature d¤ (¤ Æ0.25, · Æ0.0)
(c) Forwards-backwards sweep · (d¤ Æ4.5,

¤ Æ0.125)

Figure 10.5: Ranges of the three sweep parameters: (a) tip sweep ¤ , (b) sweep curvature d¤ , and (c) forward-backwards sweep · .

(a) ¤ (d¤ Æ1.0, · = 0.0) (b) d¤ (¤ Æ0.25, · Æ0.0)

(c) · (d¤ Æ4.5, ¤ Æ0.125)

Figure 10.6: Propeller blades with different ¤ , d¤ and · values.
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