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Summary

In the last decades, the increment of oil prices and the growth of environmental awareness raised the desire
for more fuel efficient aircraft engines. As a consequence, there is renewed interest in the field of propeller
propulsion systems. Due to the higher potential propulsive efficiency of a propeller compared to a turbofan,
propellers can provide a significant reduction in energy consumption for future aircraft, including hybrid-
electric and all-electric aircraft. However, since there is no casing around a propeller, noise emissions for
propeller engines are significantly higher compared to the emissions for turbofans. As noise emissions around
airports have a significant negative impact on residents living near those airports, a requisite for realizing the
potential of propellers is to reduce noise emissions by propeller blade design and propeller operation. Research
focused on blade design showed that application of blade sweep can lead to significant noise reduction while
only mildly affecting the aerodynamic performance.

This thesis aims to quantify the impact of blade sweep on the trade-off for aerodynamic and aeroacoustic
performance characteristics of an isolated propeller by means of an optimization study. Therefore, only aeroa-
coustic and aerodynamic performance are considered in this study and structural and aeroelastic modelling is
not performed. In order to meet the research objective, both an aerodynamic and aeroacoustic analysis model
are used to obtain the key performance indicators for propeller efficiency and noise, respectively.

The aerodynamic analysis model used to calculate thrust coefficient, power coefficient and propeller effi-
ciency is a classic BEM-model implementation with a capability of modelling blade sweep. The effect of this
blade sweep on aerodynamic performance in the model is included by a correction of lift and drag coefficients.
Since the Blade Element Momentum(BEM)-model is a low-order numerical model, a computationally cheap
analysis is realized. Validation of this model indicated that evaluating propellers with highly swept blades and
high blade solidity resulted in inaccurate findings, indicating that these propeller blade types should be avoided
in this analysis. However, for propellers with a low sweep and low blade solidity the BEM-model showed accu-
rate results. Verification of this model was performed using a second BEM-model with a different approach of
modelling blade sweep. This verification showed that the implementation used in this thesis is more accurate
when operating at low thrust coefficients. The aeroacoustic analysis model used for the calculation of propeller
noise emissions is the frequency-domain method by Hanson. This model was verified by comparing it to an-
other independent model implementation with equal inputs. Validation of this model was not performed, since
it has extensively been validated by others.

To keep the process computationally cheap, the size of the design vector was deliberately limited by repre-
senting the blade sweep distribution with a Bézier-curve defined by four control points. Using this relatively
small design vector, the propeller blade geometry could still be represented with a high level of accuracy. The
optimization study was performed using a 6-bladed propeller with a diameter of 0.4m (XPROP) as a baseline
propeller. For this baseline propeller, the operational variables - advance ratio and pitch - were changed to ob-
tain an optimum aerodynamic or aeroacoustic performance. Additionally, the blade sweep angle was added to
the design vector, which allowed for assessment of blade sweep on noise reduction. Throughout the optimiza-
tion study, an equal thrust coefficient T¢ of 0.15 was maintained. In this thesis, the thrust coefficient is defined
with respect to the dynamic pressure of the freestream velocity experienced by the aircraft. For multi-objective
optimization, a weighting factor was used to include multiple objectives into the objective function. An alter-
native approach was to use a minimum value for propeller efficiency and optimize the design variables. Both
methods were applied. Furthermore, the optimization algorithm was a gradient based method, which allows
for fast convergence.

Optimization results were generated for a thrust coefficient T¢ = T/ poo Vozon7 of 0.15, a freestream velocity
of 60 m/s and a corresponding freestream Mach number of 0.17. For a design vector containing advance ratio and
pitch, the difference in results between optimizing for pure aerodynamic and pure aeroacoustic performance
were 11dB in propeller noise and 5% in propeller efficiency. High aeroacoustic performance was obtained by
operating at high pitch and high advance ratio, since the resulting low Mach numbers at the blade sections
led to reduced noise emissions. On the contrary, high aerodynamic performance was obtained by operating at
lower advance ratio and pitch, to obtain an optimum overall thrust-to-torque ratio. An error-type function fit
through the optimization results enabled additional quantification of results. The gradient of the fit showed that
a larger penalty in terms of propeller efficiency led to larger noise reductions, whereas the sensitivity of noise
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reduction decreased as the maximum allowed propeller efficiency penalty increased. For the design point for
minimum noise, a gradient of 0.31dB for each percent efficiency was found, whereas at the point for maximum
propeller efficiency, this gradient was found to be 9.4dB for each percent efficiency.

The impact of blade sweep application on aeroacoustic and aerodynamic performance yielded a 0.5dB noise
reduction for the generated swept-bladed design with respect to the straight-bladed design considering pure
aeroacoustic optimization. The shape of the blade featured a gradual increase of forward sweep from root to
tip and a large backward sweep near the tip. Analysis showed that the main noise reduction mechanism was
the shift of blade loading to smaller radii due to the application of blade sweep, since loading noise is dominant
at low flight Mach numbers. Due to the small noise reduction, the sensitivity of the phase cancellation effect
due to blade sweep on noise reduction was assessed. It was presumed that the phase lag caused by blade sweep
is proportional to the MCA-to-A ratio. To assess if the increase of the MCA-to-A ratio led to a noise reduction
by phase cancellation, this ratio was increased by application of a larger blade sweep MCA. To solely assess the
effect of phase cancellation on noise reduction, only the effect on thickness noise was assessed. An increment
of the application of blade sweep led to a reduction in thickness noise, which proved that noise reduction was
indeed caused by an increase of the MCA-to-A ratio. For the initial climb phase, the effect of blade sweep
application to reduce noise remained small due to the low freestream Mach number. However, within the
optimization space, other variables such as the blade number, chord and twist were ignored, which could be
used in future studies to enhance the effect of blade sweep application in order to further reduce thrust specific
noise.

The results presented in this thesis emphasize the sensitivity of aerodynamic and aeroacoustic performance
of propellers to the application of blade sweep. It was shown that the achievable noise reduction is proportional
to the applied blade sweep in relation to the wavelength of sound, which can be increased either through
increasing the freestream Mach number, increasing the blade count or increasing blade sweep application.
In addition, this thesis showed that a significant noise reduction in the initial climb phase can be achieved
by optimizing the operational variables for high aeroacoustic performance compared to high aerodynamic
performance. The knowledge gained from this thesis can be used to benefit the design of future low noise
propellers.
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Nomenclature

Variables

a angle of attack, rad

X design vector

B blade pitch angle, rad

B blade twist angle, rad

AV velocity change, m/s

m mass flow, kg/s

i JC1/Cp, propeller efficiency

Np 2/(2 + AV / V), propulsive efficiency

Nmin minimum allowed propeller efficiency

Y Induced angle due to lift, rad

Y climb angle, rad

Y heat capacity ratio

A blade sweep angle, rad

A wavelength of sound, m

7 dynamic viscosity, kg/(ms)

Q propeller rotational speed, rad/s

bo phase delay contribution due to lean

bs phase delay contribution due to sweep

N lean angle, rad

¥Yp Fourier source transform of loading noise due to drag

Y Fourier source transform of loading noise due to lift

Yy Fourier source transform of thickness noise

00 ambient density, kg/m®

o blade solidity

0 retarded radiation angle from propeller to observer point, rad
0, visual radiation angle from propeller to observer point, rad
7] inflow angle, rad

¢ induced angle due to induction, rad

Yo inflow angle without induction, rad

A area of actuator disk, m?

a speed of sound, m/s

ag axial induction factor

a; tangential induction factor

a; tangential induction factor

Bp chord-to-diameter ratio

BPF nNp, blade-passage frequency, Hz

c chord length, m

Co ambient speed of sound, m/s

Cp sectional drag coefficient

Ct sectional lift coefficient

Cp P/ poongD?,, propeller power coefficient (defined wrt tip speed)
Cp Pressure coefficient

Co Q/ poonzDz, propeller torque coefficient (defined wrt tip speed)
Cr T/poo nzD‘;?, propeller thrust coefficient (defined wrt tip speed)
CP control point

D drag, N

D, propeller diameter, m

ix



X Nomenclature

dar segment length on a blade, m

F torque, Nm

f prandtl correction factor

fpX) drag shape function

f1(X) lift shape function

frup prandtl hub correction factor

frip prandtl tip correction factor

FA Face Alignment, m

h height, m

H(X) thickness shape function

] advance ratio

TmB bessel’s function of order mB

k optimization weighting variable

ky dimensionless chord-wise wave number

ky dimensionless chord-wise wave number

L lift, N

M Mach number

m harmonic of blade passing frequency

M, sectional relative Mach number

M; tip rotational Mach number

M, free stream Mach number

MCA mid-chord alignment, m

n mB, harmonic of shaft frequency

n degree of Bézier curve

n propeller rotational speed, Hz

Ny,B propeller blade count

Nerir critical amplification factor

p acoustic pressure, Pa

Poo ambient pressure, Pa

Ppm loading components of complex Fourier coefficient of acoustic pressure at m‘" harmonic
Prm loading components of complex Fourier coefficient of acoustic pressure at 7" harmonic
P complex Fourier coefficient of acoustic pressure at m" harmonic
Pref reference acoustic pressure, Pa

Drms acoustic pressure in root-mean-squared form, Pa
Pym volume components of complex Fourier coefficient of acoustic pressure at m*" harmonic
R Propeller radius, m

R gas constant, J/(kg K)

r radial coordinate, m

Re Reynolds number

SPL sound-pressure level, dB

T temperature of air, K

T thrust, N

t observer time, s

t time, s

ty maximum thickness-to-chord ratio

Tc T/pso VozoDi, propeller thrust coefficient (defined wrt freestream velocity)
TSSP thrust specific sound-pressure, dB

TSSPyean  average of thrust specific sound pressure, dB

% velocity, m/s

Vo axial velocity, m/s

Voo freestream velocity, m/s

Vg induced axial velocity, m/s

Vs velocity along swept blade section, m/s

Vi tangential velocity, m/s

vy induced tangential velocity, m/s

Velimb climb velocity, m/s



Nomenclature

xi

Verr
W

X
XCp;
y

ycp;
Z

effective velocity, m/s

weight, N

design variable

y-coordinate of the ith control point
observer distance from propeller axis
y-coordinate of the ith control point
normalised radial location

Sub- and superscripts

oo freestream

0 initial optimization point

0.7R radial station at 70% of the blade

amb ambient

b blade

des design

eff effective velocity in the rotational frame
loading contribution due to loading

max maximum

min minimum

opt optimum

rms root mean squared

t tip

thickness  contribution due to thickness

X in axial direction
Abbreviations

APIAN Advanced Propulsion Integration Aerodynamics and Noise
BEMT Blade Element and Momentum Theory
CFD Computational Fluid Dynamics

HST Helicoidal Surface Theory

KKT Karush-Kuhn-Tucker

NURBS Non-Uniform Rational B-Splines
OASPL Overall Sound Pressure Level

RANS Reynolds-Averaged Navier-Stokes

SQP sequential quadratic programming
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Introduction

1.1. Propeller Research Motivation

The first successful powered flight by a heavier-than-air aircraft from the the Wright brothers in 1903 was
powered by a propeller. In the four decades that followed, propellers were the main propulsive device to power
aircraft. At the end of the Second World War, the turbojet and subsequently the turbofan made their entrance.
Since jet-engines can cover a larger speed-range, this has been the choice of aircraft propulsion type for most
passenger aircrafts to date. However, in the last few decades, the increment of oil prices and the growth of
environmental awareness have raised the desire for engines that are more fuel efficient. As a result, there is a
renewed interest in the field of propeller propulsion systems, due to their high potential propulsive efficiency.
The reason for this higher propulsive efficiency can be displayed with two simple equations:

T = mAV (1.1)

2
- ° 12
M= S AVIV, (12)

Equation 1.1 approximates that a thrust force T is solely the result of a change in momentum, therefore
ignoring the pressure difference contribution. Equation 1.2 states that a resulting propulsive efficiency n, is
highest when there is little velocity increment of accelerated flow. Thus, a high propulsive efficiency exists
when thrust is produced by means of a high mass flow instead of a high velocity increment. In general, a large
propeller leads to a large mass flow, subsequently leading to a high propulsive efficiency. This principle is
illustrated in figure 1.1, where it becomes clear that the propulsive efficiency of a turboprop is higher compared
to the propulsive efficiency of a turbofan, due to the potential higher mass flow rate. As a result of their higher
potential propulsive efficiency, there has been a renewed rise in the use of turboprops in aviation[1].
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Figure 1.1: Approximate propulsive efficiency for different forms of aircraft propulsion in installed conditions[2]
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Besides its propulsive efficiency characteristics, a propeller has the advantageous characteristic that it is a
propulsive device which can easily be scaled to be coupled to multiple electric motors on an aircraft. Therefore,
the propeller is capable of powering any all-electric and hybrid-electric aircraft, such as a small passenger
aircraft, a drone or an unmanned aerial vehicle (UAV). There are numerous examples of novel electric aircraft
concepts available, ranging from distributed propulsion to a single propeller configuration. An example all-
electric single propeller aircraft is the Pipistrel Velis Electro, which is the first EASA-type certified electric
aircraft[3] (figure 1.2).

Figure 1.2: Pipistrel Velis Electro, the first EASA-type certified electric aircraft[3]

For a turbofan engine, the casing and nacelle reduce the axial Mach number at the rotor allowing a high
flight velocity. Additionally, noise emissions generated by the whole propulsor are partially contained by the
casing. As propellers are not surrounded by a casing, propellers are exposed to the freestream velocity which
can ultimately lead to a limitation in the flight velocity and extensive noise emissions. The limitation of flight
speed is caused by high Mach numbers at the propeller blade tip, which leads to a large amount of drag at
high Mach numbers. Additionally, high tip Mach numbers can also lead to extensive noise generation by the
propeller. The absence of the casing leads to a direct emission of noise to the observer. Studies have been
performed to assess the effect of aircraft noise on passenger comfort and on the health of those living near
airports[4, 5]. Sleep disturbance and psychological effects are examples of the effects experienced by a large
group of people.

Due to fuel-saving possibilities of propeller use in aircraft propulsion, research is conducted to mitigate both
the limitation of cruise speed and the extensive noise emissions. Both these limitations can be mitigated to a
certain extent by carefully designing the propeller blades. The focus of this thesis will be on reducing propeller
noise emissions, while also maximizing propeller aerodynamic performance. Reducing noise emissions of a
propeller could lead to more widespread use of the propeller, which ultimately has the potential to reduce the
environmental impact. A reduction of noise emissions can be achieved by using advanced blade design methods.
Typically, a certain amount of variable blade sweep is incorporated in advanced propeller blade designs, which
is both beneficial for reducing noise emissions and for increasing the speed limit of propeller aircraft. An
example of a propeller with swept blades is the propeller used by the Airbus A400m, shown in figure 1.3.

The propeller geometry is highly dependent on the design goal to be achieved. The application of sweep
to the blade is less favorable if a low speed propeller is purely designed for high propulsor efficiency for exam-
ple. If, however, the propeller is designed for multiple objectives, certain compromises have to be made in the
design thus making the design process an optimization study. In this thesis, the focus is on optimum propeller
geometries for a maximum propulsor efficiency and minimum noise emissions for an isolated propeller. This
means the propeller plane is not subjected to nonuniform inflow caused by an upstream wing or the fuselage
for example. The choice of the aerodynamic and aeroacoustic numerical model influences the proximity of
the obtained optimum to the real optimum. Therefore, both aerodynamic and aeroacoustic performance mod-
els are a topic of extensive research, as well as research in propeller optimization between aerodynamic and
aeroacoustic performance.
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Figure 1.3: Airbus A400m propellers shown at the 2009 Paris airshow [6]

Previous optimization studies have been performed with varying objectives, constraints and different aero-
dynamic/aeroacoustic models. For each of these optimization studies, an isolated propeller was assumed. In
these studies, the resulting blade geometries have been different in shape, caused by these differences in ap-
proach thus underlining the importance of accurate numerical models and a well-defined optimization frame-
work. Marinus et al.[7] presented a method in which multiple objective functions were chosen and the aero-
dynamic performance was calculated using a Reynolds-Averaged Navier-Stokes (RANS) to create a surrogate
model. On the contrary, Gur et al. [8] relied solely on the BEM-model as their aerodynamic model, while Pagano
et al.[9] used the BEM-model in conjunction with a more advanced CFD-model. These examples of optimiza-
tion studies illustrate the numerous approaches in both numerical model and optimization setup which can
be taken to obtain an optimum propeller geometry. However, all of these studies resulted in propeller designs
which showed that the use of a blade sweep angle is beneficial in reduction of noise emissions. A depiction of
a blade generated by Pagano et al. is shown in figure 1.4 [9].

Figure 1.4: Comparison of a baseline (left) and an optimum blade (right) design by Pagano et al.[9]

Throughout this optimization study, a search for optimum propeller designs for maximum aeroacoustic
and aerodynamic performance is conducted. As discussed, the choice of aerodynamic and aeroacoustic model
is of great importance. Higher-fidelity models catch the attention due to their accuracy of computing results.
However, often the use of higher-fidelity models in propeller optimization often results in excessive computa-
tional times. Therefore, surrogate models are introduced, which are built upon the results of CFD-simulations.
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However, the performance of these surrogate models is not always satisfactory, as encountered by Marinus[7].
Therefore, in this study, low order numerical models are used to generate results. Using low-order methods
requires a thorough verification procedure to build confidence in these models, especially in the method of
modelling blade sweep. By a comparison to existing CFD- and experimental results an assessment can be made
if these low-order numerical tools are suitable for the use in propeller optimization studies. If low-order nu-
merical tools can be accurately used in optimization studies, this may lead to new knowledge of improving
propeller blade design for both aeroacoustic and aerodynamic objectives. Subsequently, the improvements in
design can make the propeller more attractive as a choice for a propulsion device, either for an all-electric
aircraft, a drone or a turboprop.

1.2. Thesis Aim and Objectives

As discussed, the application of blade sweep seems to be a promising design step to reduce propeller noise
emissions. However, there is little knowledge of the impact of blade sweep on the trade-off between aeroacous-
tic and aerodynamic performance of a propeller. Therefore, the main objective of this thesis is formulated as
follows:

“To quantify the impact of blade sweep on the trade-off for aerodynamic and aeroacoustic perfor-
mance of an isolated propeller by means of an optimization study."

In order to reach this objective, the following research questions are defined:

1. Which fast and accurate aerodynamic and aeroacoustic performance models for an isolated propeller
derived from literature are suitable to be applied in an optimization framework?

2. Which suitable optimization method should be selected such that an adequate optimization is performed?

3. How to quantify the trade-off between aerodynamic and aeroacoustic performance for an isolated pro-
peller only considering pitch and advance ratio as design variables?

4. What is the influence of blade sweep, pitch angle and advance ratio on aerodynamic and aeroacoustic
characteristics of a propeller in isolated conditions?

A vital part in answering these research questions and reaching the research objective is the choice of numeri-
cal model and the method of modelling blade sweep. These models are subjected to a validation & verification
process in order to build confidence in the generated results. Besides, a suitable optimization framework should
be defined which allows for an assessment of the effect of blade sweep. Additionally, it should be noted that
this study is only focused on the aerodynamic and aeroacoustic performance of a propeller. This means aeroe-
lasticity or structural constraints are not included in this study. Therefore, the optimization setup is defined
such that infeasible blade designs are avoided.

1.3. Thesis Outline

The body of this thesis is divided into four different parts, as visualized in figure 1.5. Part I contains back-
ground information about propeller performance and propeller design. Chapter 2 includes the basic principles
of propeller aerodynamic and propeller aeroacoustic performance, which is followed by a discussion of pro-
peller design considerations in chapter 3. This part is largely based upon the performed literature study in
preparation for this thesis[10].

Subsequently, part II consists of a discussion of the research tools used to generate optimization results. The
foundation of this research is the method of geometry parametrisation, which is discussed in chapter 4. The
aerodynamic and aeroacoustic performance models which are used to calculate key performance indicators for
the optimization are discussed in chapter 5 and chapter 6, respectively. Additionally, in chapter 7 the entire
optimization setup is documented.

Thereafter, in part III, the optimization results and model validation & verification are elaborated. The
purpose of this part is to give an overview of the generated results and to assess these results using a proper
model verification & validation. Chapter 8 gives an overview of the verification & validation steps for both the
aerodynamic and aeroacoustic model, while chapter 9 gives an overview and an assessment of the optimization
results. In part IV, this thesis is concluded by chapter 10, in which the conclusions and recommendations are
stated.
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Additionally, experimental work was performed, which eventually did not contribute to the research ob-
jective of this thesis. However, it could be used as a reference for future work. Therefore, the setup of the
experimental work is included in the appendix (appendix B).
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Figure 1.5: Research outline






Propeller Aerodynamic and Aeroacoustic
Performance

This chapter provides a background on aerodynamic and aeroacoustic propeller performance for isolated propellers.
The provided discussion serves as a basis for the numerical models discussed in chapter 5 and 6. Extensive research
is available on both aerodynamic[11, 12] and aeroacoustic performance [13, 14] of an isolated propeller, which is
concisely reviewed in this chapter. Propeller aerodynamic performance and propeller aeroacoustic performance are
discussed in section 2.1 and section 2.2, respectively.

2.1. Aerodynamic Performance

The main goal of a propeller is to provide a force, which can be thrust to fly an aircraft or lift to operate a
drone for example. Preferably, a propeller should be able to produce the highest amount of force using the
least amount of power, that is to operate at the highest propulsor efficiency. In this section, the mechanisms
for generating propulsive or lifting force and key performance indicators of propellers are discussed.

Propeller blade loading

Thrust is generated by a set of blades, which can each be considered as an individual lifting surface. In figure
2.1, a 2D blade section at radial position r of such a lifting surface is depicted (based on Geng et al.[15]. The
thrust and torque of the propeller are the result of lift and drag-forces generated by lifting surfaces (blades),
of which a cross section is shown in figure 2.1. The propeller blades experience a certain angle of attack a,
which is the consequence of the rotation and translation of the propeller and ultimately causes the propeller to
generate a force.

2mrn,

Figure 2.1: Propeller blade section at radial position r including a velocity diagram and resulting force components[15]
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In figure 2.1, a velocity diagram is given and the resulting force components on the blade are displayed.
The total velocity is caused by a number of velocity components: translational (Vp), rotational (V;) and induced
velocity components (v,, v;)[16]. The angle between the effective and the rotational velocity vector is called
the inflow angle, denoted as ¢. The difference between the pitch of the blade § and the inflow angle ¢ is called
the angle of attack a. The velocity diagram in figure 2.1 results in a set of 2D force components: the lift (dL)
and the drag (dD). These force components are decomposed into thrust (d T) and torque (dF).

In a 3D-representation of the blade, the loading of the entire blade along the radius is considered. Due to the
rotational character of the blade, the local rotational velocity component increases with the radial coordinate.
Therefore, blade velocity and blade loading tend to increase when increasing the radius. Typically, the point of
maximum loading of a propeller blade is at around 70% of the radius, dependent on the operating conditions
and propeller geometry. Due to propeller tip losses, the blade loading will return to zero at the tips of the blade.

Aerodynamic Performance indicators
Key aerodynamic performance indicators for a propeller are the propulsive power, the shaft power and the
propeller efficiency. These performance indicators are considered as output, input and efficiency between the
output and input. The blade pitch setting § together with the operating conditions of the propeller dictate
the performance indicators. A propeller with a diameter D), rotating at an angular frequency 7 in freestream
velocity Vi is described by its advance ratio:
e o
nDp

For a given blade pitch setting f, the advance ratio is a scalable variable for which the propeller perfor-
mance indicators can be defined: the propulsive power, the shaft power and the propeller efficiency. These key
performance indicators are often expressed in a non-dimensional form, which are shown in the equations be-
low. In these equations, the thrust and power coefficients are non-dimensionalized with respect to the dynamic
pressure relative to the tip-speed of the propeller, excluding a factor 7.

Cr=—" (2.2)
T= poonzD‘}, )
Q
Co=—"— 2.3
0 oD} (2.3)
Cp=2nnC 2.4
Q
Cr
n= ]C_P (2.5)

However, for optimization purposes, thrust is often non-dimensionalized with respect to the freestream
dynamic pressure relative of the aircraft T¢. In this optimization study, T¢ is used, since this parameter pro-
vides a comparison between different propeller designs and operating conditions for a given disk loading. The
expression is depicted below.

T

= (2.6)
2
PooVozon

Tc

The propeller propulsive performance is usually defined by the key performance indicators described in

equation 2.1 to 2.6 and by the radial loading distribution of the blades. When assessing the performance of a

propeller, two different types of propellers are generally distinguished: fixed pitch propellers and fixed speed

propellers. For a fixed pitch propeller there is a constant pitch and a controllable rotational speed. This means
the key performance indicators solely depend on the rotational speed of the propeller and flight velocity.
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In figure 2.2 the relation between the advance ratio and the thrust and power coefficient is depicted for a
fixed pitch propeller[12]. For an increment in advance ratio, an increment of the axial/tangential velocity-ratio
exists. Since the inflow angle also scales with this ratio, the inflow angle increases as well. Given a constant
blade pitch, this leads to a decrease in angle of attack experienced by the blade, which results in a reduction
of thrust. Thus, for an increment in advance ratio, a decrease in thrust exists, which is illustrated in figure
2.2 as well. When the advance ratio becomes too small, the thrust and power curves starts to flatten due to
nonlinearity in propeller induction with the advance ratio. Furthermore, boundary layer growth and eventually
flow separation occur at high angle of attack.
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Figure 2.2: Example performance graph demonstrating the relation between advance ratio and key aerodynamic performance indicators.
Results are obtained using a scaled model from a wind-tunnel, adapted from Sinnige [12]

For a fixed speed propeller, the rotational speed of the propeller is constant and the pitch can be controlled.
The benefit of a fixed speed propeller is that the engine which drives the propeller can be optimized for a single
operational condition. Additionally, the ability to change the pitch setting provides an opportunity to operate
the propeller at maximum efficiency during the different phases of the mission. Therefore, the aerodynamic
performance of the propeller is dependent on an extra variable: both the advance ratio and the pitch angle are
able to be changed during the mission. Since the pitch angle and advance ratio can be changed, the thrust and
power coeflicients are a function of two variables and a single performance graph becomes a performance map.
An example of a performance map is depicted in figure 2.3a. In this figure, the power coefficient is plotted as
a function of thrust setting, advance ratio and pitch setting. Using this map, the propeller efficiency can be
optimized by matching the right pitch setting to the flight conditions. In figure 2.3b, different pitch settings are
shown to be optimum at different advance ratios, and thus thrust settings[17].
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Figure 2.3: Typical propeller power and efficiency curves as a function of the advance ratio[17]. Multiple curves are given for multiple
pitch settings.

2.2. Aeroacoustic Performance

Next to aerodynamic performance of propellers, in this thesis the aeroacoustic performance of propellers is a
main subject of research. In order to minimize the noise emissions, a proper understanding of various noise
sources is required. Propeller overall noise can be subdivided into two categories: tonal noise and broadband
noise. For a broad range of operating conditions, tonal noise is the dominant component of propeller noise
emission[18]. Only at high frequencies, broadband noise is an important contributor to the total noise level,
which occurs at high blade speeds and high blade numbers.

Each of the two noise components descend from different sources, which are discussed in this section by
using extensive research of others[12, 19]. Important to note is that this section only covers noise which is
emitted by the propeller itself. This means the noise by the (electric) motor which is powering the propeller is
not included here.

Tonal noise sources

Tonal noise, also known as harmonic noise, is the periodic component over single frequency which remains
when subtracting the broadband. In the time-domain, the tonal noise component is distinguished by a number
of pulses repeated at a constant rate. In the frequency domain, a simple Dirac-delta function is present at the
fundamental frequency or blade-passing frequency, which is the product of the number of blades and the rota-
tional speed. The Dirac-delta function is also present at multiples of the fundamental frequency. An example
of tonal noise both in frequency- and time-domain is illustrated in figure 2.4.

‘l Fundamental frequency = BV
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(a) Characteristic signal of propeller tonal noise in frequency-domain (b) Characteristic signal of propeller tonal noise in time-domain

Figure 2.4: Characteristic signals of propeller tonal noise[19]
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There are four types of noise generating mechanisms for tonal noise: thickness noise, steady and unsteady
loading noise and noise due to transonic effects.

« Thickness noise is the periodic effect of the volume of blades on displacement of the air. The amplitude
of thickness noise depends on the volume of the propeller blade, and will increase for a blade with a larger
volume. Thickness noise is especially relevant at high effective Mach numbers. In order to minimize the
thickness noise at a given tip Mach number, thin and swept blade sections should be used.

« Steady loading noise sources exist due to thrust and torque generated by the propeller. These forces
exist due to a pressure field surrounding the blades. These pressure disturbances move trough the medium
and are propagated as noise. This is an important mechanism at low to moderate speeds.

« Unsteady loading noise sources exist when the blade loading is not constant in time. Unsteady loading
noise occurs due to circumferential variations in inflow, e.g. due to angle of attack or airframe installation
effects. This means there is a variation of blade loading around the azimuth. Both the gradient and the
amplitude of the unsteady loading component are important factors, which determine if this noise source
is dominant.

« Quadrupole noise sources exist when transonic, nonlinear effects exist, which are relevant for high
Mach number, unswept propeller blades. These particular noise sources are relevant for all viscous and
propagation effects, which are not covered by the thickness and loading sources.

Broadband noise sources

Broadband noise can be considered as a secondary contribution to propeller noise. According to Parry [18], the
broadband noise sources are relatively unimportant at lower frequency, where the higher tonal noise sources
are dominant. In general, the amplitude of the low-frequency tonal noise components of propeller noise are
is higher. Therefore, the tonal noise sources are more important. At higher frequencies, the amplitude of
broadband noise compares to the amplitude of tonal noise sources. For completeness, broadband noise sources
are discussed, but these are not analysed in this thesis. Because of the random character of the sound-waves,
the frequency domain can look continuous whereas the signal looks random in the time-domain, as displayed
in figure 2.5.
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Figure 2.5: Characteristic signals of propeller broadband noise[19]
For propellers, the most important rotor-alone broadband-noise sources are:

« Trailing edge noise: Near the trailing edge of the blade, a turbulent boundary layer can develop. The
interaction between the turbulent boundary layer and the trailing edge of the blade leads to pressure
fluctuations. These pressure fluctuations are perceived by the observer as broadband noise.

« Turbulence interaction noise: When the free stream flow is experiencing high values of turbulence,
the blades will emit a random noise. This type of noise is generated when inflow turbulence interacts
with the leading edge of the blades. The corresponding broadband noise is only relevant for a propeller
operating in a flow with high values of turbulence and insignificant compared to trailing edge noise.
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Overall noise spectrum

The tonal noise and broadband noise together form the overall noise level perceived by the observer. In figure
2.6, noise spectra are given for different directivities of a propeller in the frequency domain: a forward direc-
tivity, near the plane of rotation and at an aft directivity. For each of the directivities, the same pattern can be
observed in which the fundamental frequency and multiples of the fundamental frequency can be distinguished.
In this figure, the sound pressure level is used as a performance indicator.
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Figure 2.6: Isolated rotating propeller noise spectra, both for a forward directivity, at the plane of rotation and at an aft directivity [19]

The distinctive peaks in the spectra of the forward directivity and the plane of rotation are caused by
harmonic noise sources, which produce noise at a very specific frequency. The remaining noise represented by
the other frequencies in the frequency spectra, is attributed to broadband noise sources. In the noise spectra,
harmonic noise sources produce sounds pressure levels which are significantly higher compared to broadband
noise sources. Therefore, harmonic noise sources are usually dominant and thus this thesis focuses solely on
tonal noise.

Aeroacoustic performance indicators

In order to obtain understanding of aeroacoustic performance of a propeller, a number of key performance
indicators can be used. A way to express the acoustic performance of the propeller is by using the acoustic
pressure at a certain position relative to the propeller p(t). The acoustic pressure is usually expressed in the
root mean squared form pjps:

p - 1 ’ p Zd 7
rms T n ) ( ) ( )

This root mean squared form is generally expressed in terms of a dimensionless quantity. The 7 and
T, term are usually chosen in such a way that the overall time t represents one blade revolution. Often the
sound pressure level (SPL) is used as a key performance indicator to represent sound pressure, which is a
representation to describe the amplitude of acoustic waves. It is dimensionless since pr ;s is divided by a
reference pressure. This reference pressure pr.s is 20uPa, a value which is the average threshold of human
hearing[19]. The sound pressure level (SPL) is defined as:

SPL=20log,, (22) (2.8)
Pref

Although the SPL is often used to measure aeroacoustic performance of aircraft, the reference pressure is
unrelated to the noise generating mechanism, making it not suitable for scaling rotor-alone noise. A more suit-
able approach is to compare the acoustic pressure to the thrust setting and the propeller diameter, as shown in
equation 2.9. This allows for physics-based scaling between different propeller geometries, since the acoustic
pressure is now related to the pressure jump over the propeller disk (7/D?), which is a noise-generating mech-
anism. By including these parameters in the equation, a more legitimate comparison is guaranteed between
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different propellers operating at different thrust-levels. In the work by Geng et al.[15], a detailed explanation
about acoustic scaling is provided. By using this approach the thrust specific sound pressure (TSSP) is defined
as[20]:

2

TSSP =20log,o (Prms- Tp) (2.9)

Additionally to the sound pressure and adaptations of the sound pressure as a performance indicator, the
blade passage frequency (BPF) is also a performance indicator. As shown in equation 2.10, the BPF is equal
to the product of the propeller rotational speed and the number of blades. The frequency of sound is often
normalised with the BPF. Since the tonal noise is a dominant noise source, the BPF and multiples of the BPF
give the frequency at which a peak in the noise emissions occur.

BPF = nN, (2.10)

Furthermore, the tip Mach number is also an important performance indicator, since an increase in tip Mach
number directly leads to an increase of the amplitude of sound waves emitted by the noise sources. The tip
Mach number is defined as the tip speed of the propeller divided by the speed of sound including the vector
addition of the freestream Mach number (equation 2.11) .

2nnr

M?=(—)"+M? (2.11)

a

An interesting observation is the relation between the tip Mach number and advance ratio and freestream
Mach number. As the advance ratio decreases for a constant freestream Mach number and diameter, the rota-
tional speed of the propeller increases, which yields a higher tip Mach number. As shown, for an increase in
freestream Mach number, the tip Mach number also increases, leading to an increment in noise emissions.






Propeller Design Considerations

In this chapter the general design considerations for a propeller designed for low noise emissions and high propulsor
efficiency are discussed. In section 3.1 general design measures which can be taken in order to improve aerodynamic
and/or aeroacoustic performance are discussed. For multiple objectives, the effect of these design measures is often
assessed by an optimization study. As an introduction to different approaches in isolated propeller optimization,
section 3.2 provides an overview of previously conducted optimization studies obtained from literature.

3.1. Multidisciplinary Propeller Design

Designing propellers for both high aerodynamic and aeroacoustic performance can be a challenge, since a
change in design can e.g. lead to a decrease in noise emissions and also a decrease in propulsor efficiency.
Therefore, in the search for an improved propeller design, the effect of a change in various design variables on
aeroacoustic and aerodynamic performance needs to be assessed. The geometry parameters of a propeller are
extensively discussed in chapter 4. However, since the main geometry parameters which define the design of
the propeller are considered in this chapter as well, these are listed below:

« Diameter

« Blade number

« Blade thickness distribution

« Blade chord length distribution
« Blade twist distribution

« Blade sweep distribution

« Blade lean distribution

« Airfoil shape distribution

« Hub-to-tip ratio

It is desired to change a propeller design variable and improving one criterion, without negatively affecting
the other criterion, therefore searching for a Pareto optimum. In order to achieve this desire, the influence of
various design variables on aeroacoustic and aerodynamic performance is treated in this section.

In particular cases, it is important to note that an improvement in propeller design is not feasible due to
e.g. structural, geometrical or other design constraints. Therefore, a number of the design parameters listed
above are usually constrained, such as the diameter of the propeller. By increasing the diameter a signification
increase in propeller efficiency can be obtained through a reduction in disk loading, which is limited by the tip
Mach number, as discussed in the introduction of this thesis. However, due to ground clearance- and aircraft
sizing constraints the diameter of the propeller is often specified in advance.

17
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Design considerations for propulsor efficiency

Due to engineering requirements, the diameter and the hub-ratio are usually specified in advance. The propeller
diameter is usually chosen to fulfill the aerodynamic and aeroacoustic objectives. However, also structural,
weight and space allocation requirements must be met, for which the propeller diameter is specified in advance.
For the blade number, it is beneficial to have a high blade count due to a propeller efficiency increase and a noise
reduction. By using more blades tip losses are reduced, thereby increasing propeller efficiency. Noise emissions
are decreased because noise is shifted to higher frequencies, thereby also imposing more phase cancellation.
However, higher blade numbers include a penalty in terms of a complex hub-pitch change mechanism[21].
Therefore, the selection of blade count remains a compromise.

For a propeller operating at high propulsor efficiency, the individual blades of the propeller should oper-
ate at maximum thrust to torque ratio. This can be achieved by an optimum airfoil shape-, twist- and chord
distribution of the blades, which ensures a maximum lift-to-drag ratio along the radius of the propeller blade.
Additionally, the advance ratio and the pitch setting of the propeller blades are an important factor in obtain-
ing maximum thrust-to-torque ratio as well. For an isolated case, there are multiple approaches to determine
the chord length distribution and the twist distribution of a propeller blade with an ideal load distribution.
These include either a direct design routine or an an optimization approach. There are multiple direct design
routines, including a blade-element approach or a trailing vortex system-method [11, 22]. For example, the
Betz-condition for minimum energy loss can be used[23]. This condition gives rise to the desired circulation
at each radial positions of the blade, which can be used to obtain the desired twist and chord distribution of
the blade. By using an optimization routine, the design is treated as a search problem in which the optimum
geometry is found for a maximum propeller efficiency.

Design considerations for low noise

Extensive literature is available on the influence of propeller design parameters on aeroacoustic performance[14,
21, 22, 24, 25]. Noise mitigation by changing the design of a propeller can be achieved by two different mech-
anisms: i) phase cancellation and ii) noise source strength reductions[24]. Noise mitigation due to phase can-
cellation (i) can primarily be attained by adding blades or by applying blade sweep. A great noise reduction
can be achieved for propellers by the addition of blades. An example of the effect of different propeller design
parameters on propulsor efficiency and noise characteristics is illustrated in figure 3.1.
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Figure 3.1: Optimized noise/propulsor efficiency trade-offs for a straight, three bladed baseline propeller configuration operating at a
design point of ] = 0.8 and a Cp = 0.154. The blade number increases from 3 to 6 with an increment of 1. The sweep angle is increased by
increasing the sweep of the tip from 0° to 45° with unequal changes. The rotational speed is reduced with a 5% decrement, while the
pressure coefficient is maintained by increasing blade loading. The shift in loading is done such that the peak in loading moved from 75%
to 60%. The diameter is reduced by 5% [24].
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The effect of the blade count is assessed by increasing the blade count from 3 to 6 in steps of 1 blade. As
shown, for each of the increments the noise decreases and the propulsor efficiency increases. For the propulsor
efficiency an increase occurs due to a reduction of blade loading, which subsequently leads to a reduction of
tip and swirl losses. There is a difference between an increase of blade count with constant blade solidity and
constant blade planform. An increment of the number of blades with a constant blade planform indicates that
the geometry of the blade does not change when adding blades. An increment of the number of blades with a
constant blade solidity means that the total blade area remains constant, which can be achieved by reducing the
chord length along the radius of the propeller blades. The main reason of the occurrence of a noise reduction
is a larger phase cancellation for certain harmonics, while the strength of the noise sources remain relatively
constant.

Another noise reduction strategy due to phase cancellation includes the introduction of a sweep angle of
the propeller blades. This mechanism is illustrated in figure 3.2. Sweeping back the blade causes a phase
shift between the noise originating from different sections along the blade. The interference is illustrated by
the vector addition of the amplitudes of the sound waves. For this type of blade, the vectors A;...Ay tend to
induce a cancellation. Due to interference created by this phase difference caused by sweep, a significant noise
reduction can be attained. The amount of noise reduction which can be attained is influenced by the propeller
operating conditions, the observer location and the propeller geometry itself. As shown in figure 3.1, in this
particular case a noise reduction of 5dB was achieved without the loss of propulsor efficiency. A drawback of
the use of sweep to a propeller blade is that a large amount of sweep is needed when the tip Mach number is
low, which can decrease the propulsor efficiency. The explanation for this statement relates to the effectiveness
of the phase lag which is induces by the application of blade sweep. Since the phase lag is proportional to
the ratio of MCA to the sound wavelength, a smaller sound wavelength is desired to increase effectiveness.
A higher tip Mach number leads to a higher blade passage frequency, which reduced the sound wavelength.
Therefore, high rotational Mach numbers are required for blade sweep to be effective.

An additional noise reduction strategy due to phase cancellation is to apply a lean angle to the blade, which
is a displacement normal to the planform of the blade. However, according to Maggliozzi et al.[19], a small
reduction of noise emissions can be expected by this design measure. Therefore, it is not considered in this
thesis.
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Figure 3.2: An illustration of the benefit of blade sweep back. Sweep causes signals from different radii to interfere, reducing the resulting
signal strength[14]
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Secondly, noise mitigation due to a reduction in noise source strength (ii) can be attained by reducing the
rotational speed of the propeller. As a result, a higher pitch setting is required to maintain a similar thrust
level, which leads to a higher angle of attack. A higher blade angle of attack leads to flow separation and thus,
a higher required torque. On the contrary, the decrease in tip Mach number provides a decrease in noise source
strength, leading to an improved aeroacoustic efficiency. As illustrated in figure 3.1, it is also possible to attain
a noise reduction due to a shift in loading. However, the penalty in propulsor efficiency is significant due to
a decrease of the effective propeller diameter. This noise mitigation measure reduces the strength of the high
Mach number noise sources near the tip of the propeller. Additionally, Hanson [14] showed the effect of a
uniform loading along the chord, contrary to a peaky loading distribution, results in a reduction of loading
noise. This type of noise reduction relies on the noncompactness of the noise source. The noncompactness is
the interference at the observer location of signals emitted from various noise source locations along the chord.
If the chord is significantly large compared to the wavelength of the sound emissions, the noncompactness is
large enough such that this type of noise reduction can be significant.

On the contrary, adverse effects could also occur when reducing the thickness, such as an increment in
structural stresses and aeroelastic twist. Additionally, the reduction in thickness noise due to a modification in
airfoil thickness distribution proves to be insignificant. Due to potential high noise reductions of the application
of sweep to the blade design of a propeller, this measure is considered in this thesis.

3.2. Previous Optimization Studies

In this section the main findings of a selection of previous studies on multi-objective propeller optimization for
a high propulsor efficiency and low noise are discussed. For this review, there is a focus on the optimization
approach and the integration of various aerodynamic and aeroacoustic performance models. Besides, in each of
these optimization studies a different set of design variables and constraints are selected, which have an impact
on the generated results.

Miller et al.[24] created a preliminary design tool combining a vortex lattice aerodynamic analysis and a
point source noise analysis to construct an optimization scheme using a conjugate direction method. In this
optimization scheme, the result is called the index of performance (IP), which contains both aerodynamic and
aeroacoustic performance. The index of performance was defined as the summation of an aerodynamic and an
aeroacoustic objective, including a number of constraints:

IP=a(-Cr)+(1—a)-bN+constraints (3.1)

In which a represents the relative importance of each objective, Cr is the thrust coefficient, b is a nor-
malisation for noise emissions and N is the overall sound pressure level in dB. In the constraints, the power
coefficient is kept constant and a maximum sweep and circulation are induced. In the index of performance
Miller was able to change the relative importance of each objective, which yielded different optimum propeller
geometries. Using this method, design variables included the twist, chord and sweep distributions. The results
of this optimization study led to the findings discussed in the previous section.

In 2008, Pagano et al.[9] presented an optimization scheme in which the aero-structural performance was
included, next to the aeroacoustic and aerodynamic performance. The propeller aerodynamic analysis included
a simple numerical tool based on blade element momentum-theory, in conjugation with a physics-based surro-
gate model. The baseline design and an optimum design are depicted in figure 3.3. A sweep angle is introduced
near the tip of the blade in the optimum blade design, underlining the effect of blade sweep to mitigate noise.
The sweep induced near the tip of the blade resulted in a decrease of 1.5 dB for a six-bladed propeller, while
the propeller efficiency change for this planform has not been highlighted. Unfortunately, the generation of
the surrogate model proved a challenge due to grid generation problems of the CFD-model and robustness
problems arose when complex analysis was embedded into the optimization routine.

In 2011, Marinus [7] presented a multidisciplinary design optimization, in which aeroacoustic, aerody-
namic and aeroelastic effects are included. The aerodynamic performance is calculated by a Reynolds-Averaged
Navier-Stokes (RANS) implementation, which is used to generate a surrogate model. Subsequently, the surro-
gate model was used in the optimization framework, since this is faster compared to using the complete RANS-
model. Due to the higher fidelity of the tool, more accurate results were expected. However, convergence and
mesh failures led to a significant failure rate. Despite the convergence issues, valuable results were extracted.
This study included a significant amount of design variables including the twist-, thickness-, sweep- and chord
distribution in addition to certain airfoil properties. These distributions were modelled by a b-spline interpola-
tion which were defined by a number of control points, allowing a reasonably small amount of design variables.



3.2. Previous Optimization Studies 21

Figure 3.3: Comparison of a baseline (left) and an optimum blade design (right) by Pagano et al.[9]

The use of control points to define radial distributions leads to a computationally efficient optimization process
due to the low amount of design variables. This procedure is used in this thesis as well, as discussed in chapter
4.

The objective functions for which the design variables were optimized included an aggregate of three key
performance indicators at cruise- and take-off/landing conditions. Three objective functions were defined,
which were all included in the optimization by a multi-point and multidisciplinary optimization. The key
performance indicators included both propeller power and the sound pressure level at different locations. The
resulting blade geometries are depicted in figure 3.4. These blade geometries extracted from the optimization
routine proved to have low values for three different objective functions. As illustrated, the results show that
blade sweep is present especially near the tip of the blade for the optimum blades ¢ and d. These blades are
selected from 28 individual solutions, which all satisfy the constraints and have the lowest objective values.
Research by Pagano et al.[9] and Marinus[7] both proved that the use of a CFD-model and the derived surrogate
model to determine aerodynamic performance in an optimization scheme can be a challenge due to meshing
errors and convergence issues. Due to these challenges associated with higher-order numerical tools, these
models are not used in this thesis. Therefore, low-order numerical tools are used to determine aerodynamic
and aeroacoustic performance. These tools have the advantageous characteristic that a low computational time
can be expected, while a proper verification process should be performed to ensure accurate results.

(a) (b) (c) (d)

Figure 3.4: Comparison of benchmark (a), central (b) and optimum (c,d) blade designs by Marinus et al.[7]
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Gur&Rosen[8] also presented an optimization study to design quiet and efficient propeller blades. This
work is similar to the study by Pagano[9]. However, no investigation into the application of blade sweep
on aerodynamic and aeroacoustic results is performed. A BEM method is used to calculate the aerodynamic
performance, without the use of a higher fidelity surrogate model. As discussed by Gur, the BEM-model is an
efficient and accurate model which is suitable for an application in an optimization framework. Additionally,
the optimization scheme which is used includes a mixed strategy approach, combining several optimization
methods. In this study, the effect of structural and additional constraints, such as a power constraints and
performance constraints, on the optimum propeller geometry are shown. Due to the structural constraint a
thickening of the propeller blades is induced, which lead to a noise increase of 2dB. The effect of structural and
side constraints will not be included in this thesis for simplicity. Instead, the bounds on the design variables
will be defined such that a feasible design can be expected. Additionally, an important conclusion which is
reviewed in this thesis is that the main mechanism to reduce propeller noise for a given amount of blades
involves a reduction of the propeller rotational speed.

A recent study by Geng et al.[15] used a simple BEM-model as an aerodynamic model and Hanson’s He-
licoidal surface theory as a noise model. An objective function was used which optimized the propeller for
a low thrust specific noise, with a constraining propulsor efficiency and a constraining thrust coefficient Cr.
Similar to this thesis, the primary design variable which was investigated is blade sweep, while the blade twist
and chord length distribution along the radial direction remained unchanged. The resulting blade planform is
shown in figure 3.5, which is complemented by the radial sweep distribution shown in figure 3.6. The propeller
including the optimized blades provided a 2.9dB reduction in TSSP over a range of directivities with respect to
the propeller including the baseline blades, without a reduction in thrust coefficient and propeller efficiency.
As aresult, an overall reduction in acoustic emissions was achieved by this optimum blade planform.
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Figure 3.5: Comparison of baseline and optimum blade
planform shapes generated by Geng et al.[15]

Figure 3.6: Comparison of baseline and optimum sweep distributions
generated by Geng et al.[15]

In 2019, a gradient-based optimization study was performed by Ingraham et al.[26]. In this study, a propeller
performance code and an acoustic prediction tool were used in combination with a gradient-based optimization
to analyze and optimize propeller designs. As a baseline propeller, the propellers on the X-57 Maxwell were
used. The objective function included a maximization for propeller efficiency, which was subjected to a thrust
equality constraint and a range of maximum overall sound pressure levels (OASPL). Two cases were considered:
a case including twist and chord distribution as design variables and a case including propeller diameter and
rotational speed as design variables. For the first case, the noise is reduced by moving blade loading more in-
board by increasing chord/twist inboard and decreasing chord/twist outboard, as shown in figure 3.7. The noise
reduction obtained in this case was a maximum of 1dB in OASPL. For the second case, a noise reduction of 5dB
could be obtained, at a cost of 1% in propeller efficiency. For this case, a maximization of the propeller diameter
and a minimization of the propeller rotational rate was desired by the optimizer. There was no assessment of
blade sweep in this study, but it did prove valuable results could be obtained by gradient based optimization
using low-order numerical tools.
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Figure 3.7: Effect of shift in blade loading on OASPL, as obtained by increasing chord and twist inboard and decreasing chord and twist
outboard.

A final study which serves as background for this thesis is the master thesis by Burger[20]. This is not
an optimization study, but a sensitivity study. 993 random propeller geometry designs have been evaluated
to perform a sensitivity study, thereby quantifying the trade-off between propeller efficiency and noise emis-
sions. These designs only differed in the radial sweep distribution, while other design variables were identical.
Similarly to the previously discussed work by Geng et al., the BEM-model and the HST-model were used as
aerodynamic and aeroacoustic performance tools. Additionally, higher-fidelity RANS-simulations were used to
verify the results generated by the lower order BEM-model. Main findings of this thesis included that a noise
reduction of 13dB at a cost of 3.4% in propeller efficiency could potentially be gained by only adjusting pitch
and advance ratio for a given design. Additionally, designing a blade with a forward or backward sweep of ap-
proximately 20 degrees was found to be beneficial for noise reduction. A key recommendation which was made
is to use an optimization routine to obtain a clearer trade-off between noise and efficiency as a function of the
blade parameters. This may lead to more insight regarding phase delay by adding sweep. This recommendation
was used to set the research objective of this thesis.
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Propeller Geometry Parametrisation

An essential element of this optimization study is the parametrisation of the propeller geometry. The parametri-
sation of propeller geometry is the process of describing the geometry of a propeller in terms of a mathematical
representation. For the purpose of a successful optimization study, it is required to provide an adequate set of design
variables to the optimization algorithm. This means, a small amount of design variables should be provided which
can accurately represent the propeller geometry.

For this optimization study, the challenge of parametrisation is to accurately express radial distributions of
chord, sweep and twist of the propeller blades in a small amount of design variables. In section 4.1, a discussion of
three methods to parametrise a radial distribution is provided. Additionally, an elaboration is given on the selected
method, a Bézier curve representation. Subsequently, in section 4.2, a complete overview is provided including
explanations of all design variables which mathematically represent an entire propeller geometry. The propeller
geometry parametrisation presented in this section is based on previous optimization studies[8, 20, 27].

4.1. Representation of Radial Distributions

The mathematical representation of the radial distributions of sweep, chord and twist are needed for an opti-
mization study in propeller blade design. A possibility is to use the twist, chord and sweep values of each of the
radial segments. However, the aerodynamic and aeroacoustic characteristics are calculated at 25 blade elements
in this optimization study. This would yield 25 design variables for each of the previously mentioned design
variables and the computational costs would be excessive. Moreover, if these blade sections are individually
optimized, there is a high probability to obtain non-smooth radial distributions of the design variables, which
subsequently yields unfeasible designs.

Therefore, parametric curves are often used, defined by a small amount of control points. An area where
these curves are used on a more regular basis is the field of computer graphics[28]. This results in broad
availability of literature describing the working principles of these curves. The solution of using these curves
allows the number of design variables to remain small. The effect of different types of parametric curves on the
results is studied in this thesis, with the considered types of parametric curves being the following:

« Bézier-curves
Bézier curves are curves which are defined by a number of control points. The curve does not pass
through these points, but it is attracted by the points. The influence of each point is the strongest when
the curve is nearest to the control point. Next to a set of control points, Bézier curves are also defined
by a set of Bernstein polynomials, which are basis functions for the curve. An important property of the
curve is that the first- and last control point are also the starting- and end point of the curve. This means,
by moving the control points of the curve, the curve is allowed to change in shape. In the optimization
study, these control points are design variables to change the radial distribution of mid-chord alignment.

« NURBS-curves
A different approach is to use Non-Uniform Rational B-Splines (NURBS-curves), which is a more versatile
curve type compared to the Bézier curve. Similar to a Bézier curve, a NURBS-curve is defined by a set of
control points. Additionally, a NURBS-curve is also defined by a knot-vector and a set of weights, which
can both change the shape of the curve. This means a NURBS-curve is the most general parametric curve

27
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available, due to the many shapes which can be attained by changing the knot-vector, the weights and
the control points[28].

An example of both a Bézier curve and a NURBS curve representation is shown in figure 4.1, for the control
points tabulated in table 4.1. It becomes apparent that the control points for the NURBS-curve can exert a
larger influence on the curve with respect to the Bézier curve. In figure 4.1b, by changing the knot-vector or
the weight-vector, the NURBS-curve can change shape, while the Bézier curve in figure 4.1a is only defined by
a set of control points.

Table 4.1: Control point coordinates of examples shown in figure 4.1

X-Coordinate ‘ Y-Coordinate

0.5 0.0
0.7 0.33
0.2 0.8
1.0 1.0
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Figure 4.1: Bézier and NURBS curve examples for the control points shown in table 4.1

For this optimization study, the Bézier curve implementation was used to represent the radial distribution
of sweep. The Bézier curve was preferred over the NURBS-curve due to its simplicity. For an optimization
using a Bézier curve implementation, only the control points are implemented as design variables, while a
NURBS-curve also offers the possibility to include design variables for the knot-vector and the weights-vector
of the curve. This means a Bézier curve limits the amount of design variables, which saves computational time.
Despite the advantage of the NURBS-curve of allowing more complex shapes, the smooth continuous curves
which can be created by the Bézier curve increases the feasibility of the design. Additionally, previously per-
formed optimization studies successfully used Bézier curves in their numerical models[7, 9]. Based on these
advantages, the Bézier curve implementation is used.

For the implementation of the Bézier curve, the Bernstein formulation of the Bézier curve is used (equation 4.1).
As shown, the Bézier curve is represented by a weighted sum of the control points P; and a set of Bernstein
polynomials By, ; (). The i-th control point is denoted by P;. These control points are a set of coordinates on
the (XY) grid whereby 0 < X <1 and 0 < Y < 1. The degree of the curve is given by n, which is equal to the
number of control points + 1.

n
P(r)=) P;Byi(1) (4.1)
i=0
The Bernstein polynomial-functions act as different weights for the Bézier-curve, which are defined in

equation 4.2. These weights can be considered as blending functions, which blend the contributions of all
control points on the curve.
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(4.2)

n\ : _i
Bn,i(t):(.)tl(l_t)n ’
i
where:
0<r<l1

In figure 4.2, the basis functions for Bézier-curves of 3 and 4 control points are shown. In this figure,
each of the curves represents the weight of each control point along the length of the curve. In the case of 3
control points, there are three Bernstein polynomials By (%), Bo; () and By, (%). An interesting property of the
Bézier curve is that the curve starts at the first control point and ends at the last control point. This can be
confirmed by looking the first Bernstein polynomial By (), which is 1 at t = 0 (figure 4.2a). Since the values
of the other Bernstein polynomials are 0 at t = 0, the other control points do not influence the curve at t = 0.
Therefore, the curve starts at the first control point. This is also true for the last Bernstein polynomial By (#).
The implementation of the Bézier curve as a radial distribution for sweep in the optimization study is discussed
in chapter 7.
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Figure 4.2: Bernstein polynomials acting as basis functions for Bézier curves. Basis functions for a 274 order curve and a 3" order curve
are shown.

4.2. Propeller Design Variables

In this section, the discussion is focused on the parametrisation of the design variables that were mentioned
in section 3.1. First, 2D cross-sectional airfoil shape characteristics of the blades are discussed. Second, design
variables of the 3D propeller blades are considered. Finally, overall propeller design variables, such as diameter
and blade count are discussed. Additionally, the introduction of key geometry parameters in this section forms
a basis for the selection of aerodynamic and aeroacoustic numerical models in chapter 5 and 6.

For this optimization study, the shape of the propeller hub is not considered, which means the drag created
by the propeller hub is not taken into account when calculating the propeller thrust. However, the assumption
is also made that the hub does not influence the optimization study, thus comparing the effect of different blade
designs on propeller performance is not influenced by including the propeller hub.

2D Airfoil shape

The airfoil shape along the blade is a cross-sectional design variable which varies along the radius of the
propeller. Due to an increase of the velocity component in rotational direction when increasing the radial
coordinate, an airfoil at a larger radius is usually thinner compared to an airfoil near the root. The airfoil shape
at each section can be defined by a NACA profile or the previously mentioned Bézier curve representation
can be used to describe the upper and lower part of the airfoil. However, including this design variable in the
optimization increases the computational cost due to the high amount of associated design variables. Therefore,
the effect of airfoil design along the radius on propeller performance is not included in this thesis. As a result,
this optimization study is performed using the unmodified cross-sections of the baseline propeller.
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3D Blade design variables

The twist distribution f(r) is the distribution of the twist angle along the radius of propeller blades. The
twist angle of an airfoil section at radial position r is defined as the angle between its chord line and the chord
line of the airfoil section at radial position of r/R = 0.7. Due to a difference in inflow angle along the radius of
the propeller, the twist angle is required to change along the radius to ensure an optimum loading distribution
along the propeller blade. Thus, an optimized twist distribution is critical to obtain an efficient propeller.

The chord distribution c(r) is defined as the distribution of chord length along the radius of the blade.
Similar to the twist distribution, an optimized chord distribution is also critical to obtain an efficient propeller,
since the loading distribution of the blade is affected by the chord distribution. This is because an increase in
chord length leads to an increase of local lift and drag forces.

Hanson [27] defined the mid-chord alignment MCA(r) as the offset between the mid-chord point and
the root-plane at each blade element, illustrated in figure 4.3. Application of mid-chord alignment to a propeller
blade design can cause destructive interference between sound-waves originating from different blade elements
at the blade, which can lead to a decrease in sound pressure originating from the propeller. Therefore, the MCA-
distribution is a design variable which is included in the optimization study. A fully dependent design variable
is the blade sweep angle A(r). The calculation of the blade sweep angle along the blade is necessary, since the
blade sweep angle along the radius is needed for aerodynamic performance models. The blade sweep is defined
as the angle between the mid-chord of two adjacent blade elements, as shown in equation 4.3. The relation
between the mid-chord alignment and the blade sweep angle at a blade element is illustrated in figure 4.4. In
this figure the blade section is swept back with respect to an adjacent blade section. This means that a blade
section is swept backwards when it has a positive MCA and a positive blade sweep. An accurate representation
of blade sweep angle requires small distances between adjacent blade elements.

MCA;j, — MCA; )

Fiv1 —Ti

A= arctan( (4.3)
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Figure 4.3: Definition of the mid-chord alignment illustrated [13]

Usually, when assessing the sweep angle in aircraft wings, often the quarter-chord sweep angle is used. In
BEMT-approach by Gur et al.[29], the quarter-chord sweep angle is used to determine the effect of blade sweep
on aerodynamic performance. However, in this thesis a mid-chord sweep is used, since out of plane movement
of the leading edge and the trailing edge of the blade is averaged by this definition. A detailed explanation of
the use of mid-chord sweep instead of quarter-chord sweep can be found in the work by Burger[20].



4.2. Propeller Design Variables 31

Pitch
Axis

Flight
Direction

Blade
Rotate

Rotation
Direction

Figure 4.4: Relation between Blade sweep and MCA[15]

Additional variables are the face alignment, often denoted by FA, and its dependent variable blade lean
angle, denoted by W. The face alignment is defined as the ofsett normal to the blade between the pitch axis and
the blade section. Similar to the blade sweep angle and mid-chord alignment, the lean angle is fully dependent
on the face alignment. The definition of mid-chord alignment and face alignment is shown in figure 4.5. The
variables face alignment and lean angle are included in this overview for completeness, since these are not
considered in this thesis due to a weak effect on noise reduction[19].
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Figure 4.5: Blade section shown in helical coordinates including definition of face alignment and mid-chord alignment[27]

Overall propeller design variables

Since a large propeller diameter D), leads to a high propulsive efficiency due to the higher attainable air mass
flow, a large propeller diameter is desired. However, due to operational conditions limiting the tip Mach number,
structural constraints, sizing constraints or other types of constraints, the maximum propeller diameter is often
limited. In this optimization study, the effect of propeller diameter on propeller performance is not considered,
since this is out of the scope of this study.

The number of blades N, of the propeller can have a significant impact on both propulsive efficiency
and noise emissions[8, 24]. The individual blade loading changes if there is a change in number of blades. An
increase in blade number implies a decrease in blade loading, which decreases the tip losses and thereby the
propulsive efficiency increases. A change in noise emissions due to a change in blade number is caused by
a change in fundamental blade passing frequency and acoustic interference. However, often the number of
blades is limited by mechanical complexity in the hub. In this study, the effect of number of blades on propeller
performance is not considered, since this is out of the scope of this study.
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The collective blade pitch f is defined as the angle between chord line at 70% of the blade radius and
the azimuthal plane. Thus, a collective pitch angle of zero degrees means that the chord line at r/R = 0.7 runs
parallel to the azimuth. It should be noted that this variable is not classified as a design variable in this thesis,
but rather as an operational variable. Often, for fixed speed propellers this variable can be changed in-flight, to
operate at an optimum propulsor efficiency.



Aerodynamic Numerical Model

Numerical models used to determine the propulsor performance of a propeller in the optimization study are discussed
in this chapter. In order to perform a successful optimization, an accurate and fast numerical model is of great
importance. Therefore, a numerical model is chosen which is both computationally efficient and provides accurate
results. Firstly, in section 5.1, prior to the discussion of the numerical model, the justification for the choice of
the model is explained. Secondly, the background and implementation of the chosen isolated propeller model is
discussed in section 5.2. Verification and validation of this model is discussed in chapter 8.

5.1. Aerodynamic Numerical Model Selection

For aerodynamic performance prediction of propellers, various numerical models are available which all have
their own advantages and disadvantages. In this study, the decision was made to perform the numerical anal-
ysis using low-order numerical models. This decision was made to decrease the computational costs. For an
application in a low-order study, the main consideration for choosing a model is the trade-off between the
accuracy of the model and the required computational power. To argue the choice for a specific aerodynamic
performance model, the results and limitations of different available models are discussed in this section.

For an isolated propeller, a propeller subjected to uniform inflow, there are a number of low-order methods
available. The simplest model to calculate propeller propulsor performance, the actuator disk model, is not
included. Although the actuator disk model can estimate the induced axial velocity in the slipstream of the
propeller, it fails to accurately predict key performance indicators of the propeller[2]. Additionally, the method
does not allow to take different blade geometry parameters into account. Therefore, this method is not consid-
ered. The various models[30] which are considered include:

« Blade Element Momentum-model
« Lifting line-model - Based on Prandtl’s lifting line theory
« Vortex-models - Based on optimum distribution of blade’s circulation and Kutta-Joukowski condition

The comparison between the considered numerical methods is based on research performed by Gur&Rosen[30],
who generated results by various aerodynamic performance models and by a wind-tunnel test campaign. The
key performance indicators of the comparison included the thrust coefficient, power coefficient and propulsor
efficiency for a range of advance ratios. Various propellers with different blade counts and application of sweep
angles were tested. Since the optimization study will also include sweep as a design variable, the generated
results for swept blades are of importance as well.

For a straight-bladed propeller operating at a low pitch setting and a high advance ratio in axial conditions,
a simple model is recommended since differences in propulsor efficiency are negligible. Larger differences exist
when the propeller operates at a high thrust-level and a low advance ratio. At these conditions, it appeared that
for the propellers with straight blades the lifting line model and the Theodorsen model overpredict the thrust
and power coefficient, while McCormick model underpredicts the test results[30]. The simplified momentum
model, which is a simplification of the BEM-model, showed results which were in agreement with experimental
results. Furthermore, the advantages of a BEM-model are the simplicity, accuracy and low demand of compu-
tational resources. Additionally, the BEM-model offers the capability to include many geometrical parameters

33
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of the propeller blades. According to Branlard et al.[31], the BEM-model can generate results in a matter of
seconds, while lifting-line models and Vortex models can be in the order of minutes. Since an optimization
process requires a large number of evaluations of the propulsive numerical model, the BEM-model is suitable
for this application due to high accuracy and numerical efficiency. Considering these advantages and its cor-
respondence with experimental results, it was decided to use a BEM model as a propulsive performance model
in the optimization study.

When considering a propeller with swept blades, the relation between the modelled and experimental re-
sults becomes different. In figure 5.1, results are depicted for a propeller with two swept blades. For a pro-
peller with swept blades, most of the numerical models overpredict the test results. McCormick’s model is the
only model which shows fair agreement with the test results for a propeller with swept blades. According to
Gur&Rosen, an explanation for the overprediction of most models could be that the elastic torsion in the blades
due to sweep is not taken into account[30]. The elastic torsion generated by the sweep angle could lead to a
smaller elastic pitch angle in the wind-tunnel experiment. McCormick’s model is not selected however, since
it underpredicts results for a propeller including straight blades.
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Figure 5.1: Comparison between results generated by aerodynamic numerical models and experimental results of a two bladed swept
propeller [30]

However, it should be noted that the classical implementation of the BEM-theory lacks the incorporation
of blade sweep as a design variable. There is no dependency to blade sweep in the classic BEM-implementation
since the blades are divided into small elements along the radial direction, in which it is assumed each element
behaves as a 2D-wing. Additionally, there is no radial interference between elements. These assumptions limit
the ability for the classic implementation to take blade sweep into account. Since blade sweep is considered in
the optimization study, a BEM-model including blade sweep is used. A method developed by Geng et al.[15],
which models the effect of sweep assuming the blade as an infinite wing, is used as an extension to the BEM-
model. Additionally, the BEM-model requires corrections for the hub and tip-losses of the blade. It is assumed
that the advantages of the BEM-model outweigh the potential accuracy losses and that are induced by the
previously mentioned adaptations. The general theory and the implementation of the model are described in
section 5.2.
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5.2. Aerodynamic Performance Prediction Method

In this section, the background theory of the BEM-model is treated, including key assumptions that are made
when using this model. Subsequently, the implementation of the BEM-model in the optimization study is
discussed. Since the classical implementation of the BEM-model does not consider a dependency to blade
sweep, a correction to the model has to be made, which is also discussed.

5.2.1. General BEM-Theory

The BEM-model is a model in which the momentum theory or actuator disk theory and the blade element
theory are combined. These theories including their assumptions, which are relevant for the BEM-model as
well, are treated in this section.

Actuator Disk Theory

In actuator disk theory, also known as classical momentum theory, the propeller is replaced by an ideal actuator
disk. The roots of this theory are in marine propulsion applications, where Rankine introduced the model[32].
In this theory, the flow is assumed to be captured in a well-defined streamtube. Due to the increase of axial ve-
locity the streamtube is contracting, as shown in figure 5.2. For the flow properties throughout this streamtube,
Bernoulli’s theory is used. It is assumed that the thrust generated by the actuator disk exists due to the mo-
mentum difference far upstream and far downstream in the streamtube. This momentum difference is achieved
due to the instantaneous increase in total pressure at the actuator disk. Using the actuator disk model means a
number of assumptions are made[2]:

« The freestream flow is steady, inviscid and incompressible.

« The flow passing through the propeller is separated from the rest of the flow by a well-defined streamtube.
« The rotation of the flow which is imparted on the flow is neglected.

+ The pressure and velocity are distributed uniformly over the disk.

- Streamtube
T<):
> Q )
Voo Voo (1 + aq) Voo (1 + 2a,)
POO P1 p?‘__”_ _________________________

Figure 5.2: Representation of the actuator disk theory, showing the contracting streamtube, the actuator disk and the properties of the
flow far upstream and downstream.

Blade Element Theory

Blade Element theory is combined with the actuator disk model in the BEM-model. By using blade theory, it
is assumed that the streamtube as shown in figure 5.2 can be divided in several annular streamtube control
volumes. As a result, the boundaries of these control volumes divide the blades in blade elements of width dr.
This allows the geometry of the blade to be taken into account in the calculation of aerodynamic performance
characteristics. In Blade Element theory, is it assumed that the relevant two-dimensional forces of each blade
element can be determined by using the shape of the blade element and the blade angle of attack a. In figure
2.1, a 2D blade element is shown including the relevant forces - torque and thrust - and velocities.

By combining the Blade Element theory and the Momentum theory, the following assumptions are made:

« The momentum increase in each of the annular streamtubes is the result of thrust and torque forces
generated by each blade element.
« There is no radial interaction effect between blade elements/annular streamtubes.
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« In the combination of Blade Element and Momentum theory, the assumption of uniform velocity and
loading over the entire actuator disk is no longer valid. However, by subdividing the disk into smaller
annuli, the assumption of uniform loading and velocity is valid considering the individual annuli.

Thus, in each of the individual annuli over the disk a constant loading is assumed. This assumption enables an
assessment of the radial distributions of thrust and torque over the propeller blades.

Due to the two-dimensional analysis of the blade elements, the effects of vortices leaving the root and tip
of the blade on the propeller induced velocity field are not considered in the Blade Element Momentum theory.
The blade induced velocity field is negatively affected by the vortices leaving the blade. Therefore, Prandtl’s
loss correction factor is applied when using the BEM-model to correct for this loss effect.

5.2.2. BEM-model Implementation

The BEM-implementation used in the optimization study is based on work of Liu et al.[33] and Geng et al.[15].
In these papers, a classic implementation of the Blade Element and Momentum theory is provided, including
a correction method for blade sweep. The solution procedure of the BEM-implementation is shown in figure
5.3. The analysis chain can be divided into three stages: initial calculations (stage 1), calculation of induction
factors for all blade elements (stage 2) and calculation of overall propeller performance (stage 3). In this section,
the implementation of the BEM-model is explained based on these three stages.

: Stage 1: !
. Initial calculations — :
' PPN L . Load airfoil database '
‘ Initialisation Initial calculations . . ]
! - N Loading directory and ]
! Establish propeller Calculate rotational P '
! ; . . obtain airfoil geometry ]
! geometry/flight speed, collective pitch '
i 7 S y and performance ]
' conditions and dynamic viscosity| - ]
] characterstics ]

Stage 2:
Induced {angle 3:::_’:;;.’::?2; Calculate local
calculations Start loop st blade conditions:

Calculate local

\ positions r ) U

Yes
Loop complete

Loop over all blade Reynolds number and - Effective velocity
] airfoil sections yn - - Local blade solidity )
! obtain corresponding - Inflow angle ]
airfoil performance 9 ]
No
Ve ~N ~N Continue loop ]
Calculate Update ;
! Start loop ) Correct - End loop ]
: Newton-Raphson Aof.f?nd réegermlne > Correct C; and Cy > S.Olve}mpl('flt ) Solution ]
! iteration ift- and Drag for blade sweep effect equation for induction converged ]
! coefficient angle ]
: N RN J Yes ;
! Loop complete ]
: No
i Continue loop | |
‘ N . . N\ N )
‘ Induction factors %a?la: Itoadlng c i Endl ]
! Calculate axial & alculate non- orrection nd loop ]
tangential induction > dimensional thrust > Apply Prandtl's tip & All sections ]
! factors ay/a and torque at radial root correction factor considered?

Stage 3 Overall loadin Aerodynamic performance
Overall propeller Calculate: 9 Calculate:
performance _ Overall thrust - Thrust coefficient

- Power coefficient

- Overall torque - Propeller efficiency

Figure 5.3: Flowchart of Blade Element Momentum model implementation
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Stage 1: Initial calculations

In the first stage, the propeller geometry together with the flight conditions and simulation setup are defined.
According to BEM-theory, the disk is divided into a number of annuli. In this implementation, 25 different
annuli are used. The twist angle of the blade induces a different pitch angle for each of these annuli. This
means the pitch angle at a certain radial coordinate r is defined as the twist at that radial coordinate r added to
the pitch at r/R = 70%. The rotational speed in rad/s, which is constant along the radius, is defined as:

V-
Q=21—> (5.1)
JDp
Additionally, an initial calculation is made of the blade solidity of a blade cross section at radial position r
(equation 5.2).
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The computationally expensive task of calculating airfoil properties is done beforehand and stored in a
database, such that it can be easily accessed during the BEM-calculations. For the generation of this database,
RFOIL[34] was used to determine the lift and drag coefficient and the pressure distribution of each blade ele-
ment. RFOIL, a modification of XFOIL, is a program for the design and analysis of isolated airfoils. This program
uses a linear-vorticity panel method to determine lift and drag coefficients. A grid sweep was performed for
a range of angle of attack and Reynolds number for each blade element. These range in angle of attack and
Reynolds number are discussed in stage 2. For each of the airfoil-simulations, the lift and drag coefficients are
not corrected for compressibility by the RFOIL code itself, because this correction is performed in the BEM-
model. The result of the RFOIL simulations are interpolants of C; and C, for a specific Reynolds number and
blade element, which are used in the BEM-model. In addition to the lift and drag coefficients generated by
RFOIL, the program also generates corresponding pressure distributions of the blade sections. These pressure
distributions are used for the aeroacoustic model, discussed in chapter 6.

Stage 2: Induced angle calculations

The second stage of the BEM-implementation includes a Newton-Raphson iteration to obtain the axial- and
tangential induction factors, as shown in the purple box in figure 5.3. For each blade element, initial calculations
are performed to determine the inflow angle (equation 5.3) and the effective velocity (equation 5.4). These
equations are based on the blade elements as shown in figure 2.1. The inflow angle is the angle between the
freestream velocity vector and the local rotational velocity vector at a radial coordinate r. The corresponding
effective velocity is calculated by the vector addition of the freestream velocity vector and the rotational velocity
vector at radial coordinate r.

¢ = arctan (%) (5.3)

Veff= \/ V020+(rQ)2 (5.4)

The effective velocity is used to determine the Reynolds number (equation 5.5) and the Mach number (equa-
tion 5.6). These variables are required to obtain proper lift and drag coefficients which are corrected for com-
pressibility and Reynolds number.

Verrc

Re=22eI1C (5.5)
U
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M=t (5.6)
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As discussed previously, by using the BEM-model, blade element- and momentum theory are combined.
The assumption is made that the momentum increase in each annular streamtube is the result of the forces
generated by the blade elements. Therefore, the incremental thrust dT and torque dM calculated by blade ele-
ment theory and momentum theory should be equal. Blade element theory provides the following expressions
for incremental thrust dT and torque dM:
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On the other hand, the incremental thrust dT and torque dM as derived by momentum theory are:

dT =4nrpVZia,(1+ag)dr (5.9)

dM=47Ir2pVoo(2ﬂrn)a[(1+aa)dr (5.10)

A more complete derivation of these expressions can be found in the work by Liu et al.[33]. By equalling
these definitions for incremental thrust (equation 5.7 to equation 5.9) and torque (equation 5.8 to equation 5.10),
an expression can be derived in which the loading derived from momentum theory and the loading derived from
blade element theory is equal. This expression is shown in equation 5.11.

Croe 4sin (o + ;) tan (¢p;)
L 1-(C4/C)) tan(¢h;)

This is a single equation with one unknown: the angle due to induction ¢;. By using the Newton-Raphson
iteration method, a solution for the induced angle due to induction is found such that the loading generated
by the blade elements is equal to the momentum increase of the streamtube. The Newton Raphson iteration
method used to find the angle due to induction is defined as follows:

(5.11)

Giv1=pi— o (5.12)

in which:
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This is an iterative method to find the converged solution in a computationally cheap manner. In this
iterative method, the lift and drag coefficient C; and C,; are obtained using the RFOIL results. The Reynolds
number calculated according to equation 5.5 was used to obtain the corresponding lift and drag coefficient in
the database. Additionally, in each iteration the angle of attack a is calculated using the updated induced angle

¢i:

f(pi)=Cro (5.13)

a;=Br—¢pi—do (5.14)

For the RFOIL results, the angle of attack range varied from -10 to 20 degrees. A viscous analysis of each
of the blade elements is performed using a Reynolds number range varied from 0.5-10° to 12-10°, to allow for a
wide range in Reynolds numbers. It was decided not to use the viscous solution acceleration option of RFOIL.
In the analysis of the blade elements of the propeller, free transition is used, including a critical amplification
component of N¢r;; = 0.1. By using a N, of 0.1, the assumption is made that the propeller operates in large
free stream turbulence. As discussed previously, there is no compressibility correction applied in the RFOIL
simulations, since these corrections are applied in the BEM-model itself. Additionally, rotational effects are not
taken into account.

In this BEM-implementation, an adaptation to the classical BEM-model is made to determine aerodynamic
performance results for a propeller including swept blades. This is a correction which is applied to the lift
and drag coefficients as obtained by the RFOIL results. This adaptation to the model was proposed by Geng
et al.[15], and a number of assumptions/considerations were made to allow this correction to be implemented.
For the effect of blade sweep on aerodynamic performance, only the effect of sweep on individual 2D blade
elements is considered. For highly swept propeller blades this assumption is questionable, since the formation
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of leading edge vortices due to high leading edge sweep can affect the loading of swept back-sections. However,
in this optimization study, it is assumed these assumptions are valid due to the strict bounds on the maximum
sweep angle which is allowed.

For the correction which is applied to the lift and drag coefficients, simple sweep theory is used[35]. This
theory is mainly used to determine the performance characteristics of swept wings on aircraft. However, as will
be discussed, the theory will be applicable to propeller blades with a small sweep angle as well. The correction
for blade sweep starts with an infinite blade section placed in an oblique position, as shown in figure 5.4.

V
H Ve

Figure 5.4: Infinitely long blade section placed in an oblique position[35]

In order to determine the effect of blade sweep on the lift and drag coefficient, the relation between the
velocity perpendicular to the leading edge and the freestream velocity is considered. The effective velocity
component perpendicular to the leading edge V; and the freestream velocity component Vi are shown in figure
5.4. The angle between these velocity components is the sweep angle A. The relation between the freestream-
component Vs and V is:

VeffZ Vs-cosA (5.15)

By using the relation between the freestream component Vs and V, the relation between the freestream lift
coefficient C; ¢ and the lift coefficient of the straight blade C; . can be described. As shown in equation 5.16, a
correction factor of cos? (A) is used.

Ci,s = Cecos” (M) (5.16)

A different approach is used for the drag coefficient The friction drag and the potential drag are divided in a ratio
of 2:1. It is assumed blade sweep does not influence the size of the friction drag. On the other hand, pressure
drag is corrected by cos®(A). The cos? (A) is similar to the term to which the lift coefficient is corrected. The
drag coefficient is corrected by cos? (A), which is caused by a correction of the drag-vector itself. This yields
the following equation for the drag coefficient:

2 1 5
Cas= gcd'e+ gcd cos”(A) (5.17)
The assumption of considering the blade section as infinite only holds for blades with a small chord-to-radius
ratio and small sweep angles. For a large chord-to-radius ratio, the flow over the swept blades is influenced
by the root- and tip-effect of the blade. Additionally, for large sweep angles, the validity of the theory can be
called into question as 3D-effects become more significant. As a result, the assumption that there is no radial
interaction between streamtubes might lose its validity, since the displacement of the bound vortex line causes
an induction of different blade sections on one another. For high leading-edge sweep angles a leading edge vor-
tex might even be generated, which can have a significant influence on propeller performance[36]. Therefore,
only small sweep angles are considered in the optimization study.
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Next to the blade sweep correction, the Karman-Tsien compressibility correction is applied to both the lift and
drag coeflicient in the iteration according to equation 5.18.

Cpo
VI=MZ 4+ [M2/(1+VI=M2)|Cpyo /2

When the solution is converged, the resulting induction angle is used to calculate the axial- and tangential
induction factors a, and a;. These are determined using equation 5.19 for the axial induction factor a, and
equation 5.20 for the tangential induction factor a;.

Cp (5.18)

o= tan¢(l +tang tan(p +7))
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(5.19)

as = agtan(¢g) tan(p +7y) (5.20)

By using equation 5.7 and equation 5.8, the thrust can be determined for each blade element. As discussed
previously, Prandtl’s tip and root correction factors are applied to the thrust and torque at each radial station.
The expressions for Prandtl’s tip and root corrections are shown in equation 5.21 and equation 5.22. Prandtl’s
overall correction factor is shown in equation 5.23.
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Stage 3: Overall propeller performance

The third and last stage of the BEM-implementation is to generate the desired overall propeller performance.
When the induction factors of all blade elements are calculated, the key aerodynamic performance indicators
of the propeller can be determined. The overall thrust and torque including all radial positions for each of the
blades can be determined using the blade element theory and the integral over all blade elements according to:
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The non-dimensional characteristics are obtained according to the equations provided in chapter 2. These
equations are repeated here for completeness.
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The numerical models used to determine noise emissions of a propeller in the optimization study are discussed in
this chapter. Firstly, in section 6.1, prior to the discussion of the numerical model, the justification for the choice
of this model is explained. Secondly, the background and implementation of the chosen noise prediction model is
discussed in section 6.2. The verification and validation of this model is discussed in chapter 8.

6.1. Aeroacoustic Numerical Model Selection

Similar to aerodynamic performance prediction, various numerical models are available for aeroacoustic per-
formance prediction of propellers. There are multiple criteria that weigh in on the decision for a particular
model. Similar to the aerodynamic numerical model selection, the trade-off between accuracy and required
computational power is of importance. Additionally, some aeroacoustic methods are limited in their capability
to take blade sweep into account, which limits the options for this particular study. As discussed in chapter 2,
tonal noise is the dominant contributor to the overall noise level for a propeller. Therefore, only aeroacous-
tic numerical models calculating tonal propeller noise are considered. Prior to arguing for the selection of an
aeroacoustic numerical model, first the fundamental principles and different types of noise prediction methods
are briefly discussed.

In the estimation of propeller noise, the propeller blades are modelled as a number of sources and sinks. It is
assumed that the sources produce noise, due to the unsteadiness associated with rotation. Most of the pro-
peller noise methods which are used, are derived from the Ffowcs Williams and Hawkings equation [37]. The
simplified wave equation is depicted in equation 6.1.

2
Zp—c—lz(;—t’;:—po%+w (6.1)
In this equation, the left hand side represents the linear wave operator acting on the acoustic pressure p.
The right hand side represents the source terms, which results from the motion of the fluid. The first right
hand side term represents the effect of the blades parting the air, therefore producing thickness noise. In the
representation of the thickness noise in equation 6.1, the thickness source is a volume distribution of sources
of strength q. The other term on the right hand side represents the loading of the blade on the air, therefore
producing loading noise. The loading distribution is represented by a volume distribution of doublets associated
with the force imposed by the blades on the air. In order to find a solution for equation 6.1, there are two types

of methods which can be used: time-domain methods and frequency-domain methods.

Time-domain Methods

Time domain methods are used to solve the wave-equation directly in terms of space-time variables[38, 39].
When using time-domain methods, the wave equation is rewritten in terms of the distance from source point
to observer, the Mach number from source to observer, the normal surface velocity at the source and the blade
load factor. In order to determine the acoustic pressure at time t, the location of every element of the surface
should be determined when the emitted sound wave arrives at the observer. In time-domain methods the
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blade geometry can be treated with any desired level of precision, which comes at a cost in terms of required
computational power.

Frequency-domain methods

In frequency-domain methods the time-component is eliminated from the wave equation by a Fourier trans-
formation. According to Magliozzi et al.[13], an insignificant amount of precision with respect to the repre-
sentation of the blade geometry is lost, which is acceptable up to harmonics of a high order[13]. When using
a frequency-domain approach in order to determine the far-field acoustic pressure, the need is eliminated for
the computation of the retarded blade location and numerical derivatives. As a result, these methods are often
more suitable in an optimization framework as they are computationally less demanding [40]. Therefore, in
this optimization study only frequency-domain methods are considered.

Method selection

Kotwicz et al.[40] compared results generated by three frequency-domain noise models and results generated
by a wind-tunnel test campaign. The three different models and their prediction capabilities are summarized
in table 6.1. As shown, Hanson’s Helicoidal Surface Theory (HST)-model offers a broad range in acoustic
prediction capability.

Table 6.1: Acoustic propeller prediction methods which are capable of predicting tonal noise, based on Kotwicz et al.[40]

Acoustic prediction capability

Method name Forward flight Sweep Chordwise noncompactness Nonaxial flow Average performance
Gutin[41] & Deming[42] No No No No 0.01s/iteration

Barry & Magliozzi[43] Yes No Yes No

Hanson [27] Yes Yes Yes Limited

For each of these numerical models, there was a significant variation in accuracy of the results considering
different test cases. These multiple test cases considered included a range of different microphone positions
to validate acoustic models. It was shown that there was reasonable agreement between the acoustic models
and the experiments. Hanson’s model was found to be the most consistent, with an average error of 5.9 dB in
perceived sound pressure level relative to experimental data. Although not an insignificant error, for a low-
fidelity model this is an acceptable estimate, especially for design and optimization studies. Moreover, acoustic
trends are still correctly estimated. Considering the broad range in acoustic prediction capabilities of Hanson’s
HST-model, such as calculating acoustic performance for blades with sweep and propellers in forward flight,
this model is selected as aeroacoustic numerical model used in the optimization study. It is described in detail
in section 6.2.

6.2. Propeller Noise Prediction - HST-model Implementation

As previously discussed, Hanson’s Helicoidal Surface Theory is a frequency-domain far-field noise prediction
method[27]. In this theory, the assumption is made that the thickness and loading noise sources act on the
advancing helicoidal surfaces swept by the propeller blades. These propeller blades are represented by radial
lines rotating at an angular velocity Q and translating at a freestream velocity V.. The loading and thickness
sources are calculated separately and are then transferred to the radiation equation, after which the acoustic
pressure is determined. Additionally, in this model implementation, non-linear effects due to Mach numbers
larger than 1 are assumed to be negligible. This is a valid assumption for the operating conditions which are
considered in the optimization study, since low speed conditions are examined. The maximum Mach number
is approximately M = 0.7. Therefore, quadrupole noise sources which exist due to non-linear effects are not
considered in this implementation. The far-field acoustic pressure is found by using the free-space Green’s
function in the form of an inverse Fourier transformation[19], equation 6.2. According to Hanson, the far-field
is defined as the distance larger than one diameter from the propeller.

o0
p(1) =2Re )_ Pppexp(—imBQ1) (6.2)
m=1
The term P, is the Fourier coefficient of the transformed time history of the pressure at the m'”* harmonic

of the blade-passage frequency for a propeller with B blades. This term can be written as the sum of the effects
of thickness (Volume,V) and loading (drag,D and lift,L):
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Pup=Pym+Ppm+Prm (6~3)

The sum of the effects of thickness and loading depends on the noise sources due to thickness and loading.
The strength of the thickness and loading sources are determined using the parametrised blade geometry. This
blade geometry is defined according to figure 4.3 in chapter 4. Important parameters of the blade geometry
for the noise calculations are the chord-to-diameter ratio Bp, the maximum thickness-to-chord ratio 3, the
normalised radial location z and the MCA-to-diameter ratio. The sources are assumed to act on the mean surface
of the blade. Therefore, the thin blade assumption is made, which permits the surface boundary conditions to
be satisfied on a mean surface rather than on the blade upper and lower surfaces.

To be able to compute the strength of the noise sources, it is necessary to know the chordwise thickness
distribution and the chordwise loading distribution at each considered blade element along the radius of the
blade. These chordwise distributions are used to include noncompactness effects, which is the interference
at observer location of signals emitted at various locations along the chord. The relevance of noncompactness
depends on the ratio of chord length to the wavelength of the considered sound wave component. The thickness
distribution is defined to be unity at the maximum thickness point, i.e. the maximum thickness point of the
thickness distribution is 1. An example of the thickness shape function is shown in figure 6.1. For this thickness
distribution, the chord is represented by the normalised chord X, which ranges from -0.5 to 0.5.

Thickness shape H(X) (-)

0 | | | | | | |
-05 -04 -03 -02 -0.1 0 0.1 02 03 04 05

Non-dim chordwise coordinate (-)

Figure 6.1: Example thickness shape function, derived from an XPROP blade element at r/R = 0.34

Similar to the thickness shape function, the shape function of lift f1(X) and drag fp(X) also needs to be
known for each blade element. These shape functions are normalised such that each function integrates to
unity, i.e. the area under the curve equals 1. An example lift distribution of a blade element of the XPROP-
propeller is shown in figure 6.2. The shape functions of loading are generated using RFOIL. At each radial
station, pressure distributions are generated for an angle of attack range of [-20:20] and a Reynolds-number
range of [0.5-10°:8-10%], and the distributions are subsequently stored in a database. By using the known
angle of attack from the performed BEM-analysis and the calculated Reynolds number, the corresponding Cj,-
distribution can be extracted from the database. The pressure distribution is directly used to determine the lift
and drag shape functions using the angle of attack from the BEM-analysis. Therefore, an assumption is made
that shear stress contributions can be neglected.

The chordwise thickness and loading distribution shape functions are defined in their Fourier source trans-
forms (equation 6.4), which are used in the noise calculations.

Wy (k) 1 (Hx)
Wp(ky) :fl fpx) pexp(ikyx)dz (6.4)
W (ky) T2 fix)

With the definitions of the noise sources specified in equation 6.4, according to Hanson[27], the noise
harmonics for the far-field noise prediction can be determined using equation 6.5.
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Figure 6.2: Example lift distribution function, derived from an XPROP blade element at r/R = 0.34
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where:

po = free-stream density

co =ambient speed of sound

B =number of blades

0  =retarded radiation angle from propeller axis to observer point
m = harmonic of blade passing frequency
Q  =angular speed propeller

r  =radial coordinate

y = observer distance from propeller axis
D;, = propeller diameter

M, =free stream Mach number

M, = sectional relative Mach number

M; =tip Mach number

¢s =phase delay contribution due to sweep
¢, =phase delay contribution due to lean
Jmp = bessel’s function of order mB

ky =chordwise noncompactness parameter
ky = thickness noncompactness parameter
C; =sectional lift coefficient

Cp = sectional drag coefficient

tp = sectional maximum thickness to chord ratio
z  =radial coordinate

In equation 6.5, the noise harmonics are given as a function of the propeller geometry and operating condi-
tions. Next to the ambient density and speed of sound, these operating conditions are also defined by the Mach
number along the blades. The Mach number at a radial position z along the blade is defined by the free-stream
Mach number and the tip Mach number according to equation 6.6.
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M? = M2 + 2> M? (6.6)

The observer point with respect to the aircraft is defined with respect to the retarded position of the aircraft,
not by the visual position. The retarded position is defined by the observer location with respect to the propeller
axis and the retarded radiation angle from propeller to observer point. The retarded angle from propeller to
observer point is related to the visual angle by the following equation:

cosf = cosf\/1 - M2sin?6; + M, sin® 6, (6.7)

The non-dimensional chord-wise wave numbers ky and k, are defined by equations 6.8 and 6.9. The func-
tion ky can be considered as the chordwise noncompactness parameter. A high value of this function, due to a
large chord, can lead to significant chordwise interference of sound-waves. This is interference at the observer
location due to signals emitted from various chordwise locations of the blade.

2mBBpM,
ky = 6.8
7 M, (1- Mycos(0)) (6.8)
k- 2mBBp ( My — M?cos (0) ©9)

zM, 1— M, cos(0)

The phase lag ¢ due to blade sweep is defined according to equation 6.10. An additional phase shift which
can be considered is a phase shift due to displacement normal to the planform ¢,, called face alignment or
offset. However, this is usually a minor contributor to the overall phase shift. Therefore, the application of face
alignment is not considered in this thesis, and will be set equal to 0.

~ 2mBM; MCA
~ M;(1-Mycos®) D,

s (6.10)

In equation 6.5, J;;p is defined as Bessel’s function of order mB and argument x. This function characterises
the radiation efficiency of the sound-waves. If the argument is equal to the order, Bessel’s function reaches a
maximum, after which it oscillates. As shown in equation 6.11, the order of Bessel’s equation depends on
sin (f), which causes noise to diminish towards the propeller front and rear axis, thus representing the noise
generating mechanism of a propeller.

(6.11)

mBzM;sin (0)
= | 2250

1- M, cos(0)

When the factors are known which are needed for the Fourier transformation of acoustic pressure at all har-
monics, the formulation for the acoustic pressure (equation 6.2) is solved. Subsequently, the acoustic pressure
can be used to obtain the key performance indicators for propeller noise emissions: the root mean squared form
of the acoustic pressure (p,ms), the sound pressure level (SPL) and the thrust specific sound pressure (TSSP).
These key performance indicators are discussed in chapter 2.

A flowchart of the model implementation is depicted in figure 6.3. The model is implemented in MAT-
LAB. For the implementation of the HST-model in the optimization study, the maximum number of harmonics
considered is 3. It was found that higher harmonics were negligible compared to the dominant contributions
of the first and second harmonics to the overall noise emissions. An elaboration of the maximum number of
harmonics is provided in chapter 8.
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Figure 6.3: Flowchart of HST-noise model implementation



Propeller Optimization Setup

In this chapter the setup of the optimization study is outlined. The inputs described in this chapter are of major
influence to the results of the optimization study. First, in section 7.1, the baseline propeller is discussed. The
geometrical properties of this propeller are used throughout the optimization study. Secondly, the optimization
problem is defined in section 7.2. In this section, key aspects including the objective function, design variables,
bounds on design variables, constraints and the optimization algorithm are explained.

7.1. Baseline Propeller

The choice of baseline propeller used as input for an optimization study is of significant importance to the
result of an optimization. The propeller which is used as a baseline in this optimization study is called the
TUD-XPROP, referred to as XPROP(figure 7.1). For this particular propeller, CFD- and experimental data are
available, which allows for validation and verification of the numerical models which are used and therefore
the optimization results can be assessed with confidence.

Figure 7.1: Picture of TUD-XPROP propeller[44]

The diameter of the XPROP is 0.4064 meter and the amount of blades is equal to 6, which is relatively a
relatively high number. The choice for this high number was made since the influence of mid-chord alignment
on aeroacoustic performance is more pronounced for higher blade counts[14]. For numerical analysis, the
blades are divided in to 25 uniformly distributed cross section across the blade. Each of these cross sectional
shapes of the XPROP-blades are shown in appendix A. The radial distributions of twist and chord for a single
blade of the XPROP are shown in figure 7.2. Since no blade sweep is applied in the design of the XPROP, it can
be classified as a propeller including straight blades.

47



48 7. Propeller Optimization Setup

0.18

0.16 | \

0.14 1

0.12 1

Chord/R []
Pitch angle 5 [deg]

0.1

0.08 1

0.06 . . . . . . . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Radial coordinate [-]

Figure 7.2: Radial distribution of pitch and chord of the XPROP blades

7.2. Definition of Optimization Problem

A successful optimization study depends on the definition of the optimization problem. In the optimization
problem, the objective function, the design variables and the constraints are specified. This optimization prob-
lem is solved in the following manner. An optimization algorithm changes the value of the design variables
to increase the performance of the objective to eventually arrive at maximum performance. During the op-
timization process, the design variables are subjected to a set of bounds and constraints to limit the design
space. Before going into details of the individual components of the optimization problem, first the overall
optimization architecture is presented in figure 7.3.

The initial design variables mark the start of the optimization process. These initial design variables are used
as an input for the optimization. Subsequently, in the first iteration of the optimization routine, calculations are
made of the initial key performance indicators of the performance models, the value of the objective function
and the value of the constraint. Based on these findings, the optimization algorithm changes the design variables
such that a lower objective function value or a lower constraint violation is obtained. If there is no constraint
violation and the smallest change in design vector does not lead to a decrease of the objective function, the
optimization is terminated and an optimum point is found.

7.2.1. Objective Function

The optimization algorithm aims to minimize the objective function, which makes this a critical element of the
optimization study. As discussed previously, there are two objectives in the optimization study: maximizing
aerodynamic performance and minimizing noise emissions. For this optimization study, the decision has been
made to use one objective function due to its simplicity. The performance indicators defining aeroacoustic and
aerodynamic performance are combined in this objective function.

As discussed in section 2.2, there are multiple performance indicators which can be used to represent pro-
peller noise. However, for a fair comparison between different propeller geometries, it is chosen to consider
a performance indicator whereby the sound pressure is related to the pressure jump over the propeller disk
(T/D?). This performance indicator is called the Thrust Specific Sound Pressure (TSSP), defined by equation
7.1. In addition, the propeller efficiency is the performance indicator for aeroacoustic performance, defined by
equation 7.2.

D2
TSSP = 201080 (Prms- 7”) (7.1)
C
=T (7.2)

Since propeller noise is emitted along the entire directivity range, using only a single thrust specific sound
pressure at a specific directivity angle yields a limited representation of the noise emissions along the entire
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Figure 7.3: Architecture of the optimization process

directivity range. Therefore, three points along a sideline at a distance of 10 propeller radii parallel to the
propeller axis are taken at directivity angles of 60°, 90° and 120°, represented in figure 7.4. An illustration
defining the propeller with respect to the directivity pattern and the freestream flow is provided in figure 7.5.
Three points are considered, which ensures a computationally cheap process despite the various points along
the directivity range. The average of the three points is used as a key performance indicator, which is calculated
according to equation 7.3. In this equation, the average TSSP is calculated by using a linear sum, which is chosen
since this may help to avoid a bias towards the point of maximum noise emissions. In this way, it forces the
optimizer to reduce noise along the entire sideline.

> TSSPg=60°,90°,120°

TSSPmean = 3

(7.3)

For an optimization in which both of the objectives are included in the optimization study, two different ap-
proaches are considered:

1. The relative importance of each objective can be changed by considering one objective, while the other
objective is subjected to an inequality constraint. The objective function of and aeroacoustic performance
is shown in equation 7.4. The variable TSSPy is included to normalise the aeroacoustic performance in-
dicator, which causes the optimization to start at a value of 1. In this thesis, the propeller efficiency is
constrained to a minimum value, while the design variables are optimized for noise emissions. The value
of the minimum accepted propeller efficiency states the size of the design space and as such, it describes
the amount of noise reduction which can be attained with respect to the design for maximum propeller
efficiency. As an example: if the minimum allowed propeller efficiency is similar to the propeller ef-
ficiency as obtained for maximum aerodynamic design, the design space is highly constrained and an
optimization will not yield a noise reduction. However, if the minimum accepted propeller efficiency is
decreased, the design space for aeroacoustic optimization grows. As a result, this allows for design vari-
ables with higher aeroacoustic performance. By constantly decreasing this minimum value for propeller
efficiency, a trade-off plot between aerodynamic and aeroacoustic performance can be obtained.
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Figure 7.4: Sample points taken at a sideline parallel to the propeller axis
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Figure 7.5: lllustration of directivity pattern with respect to the freestream flow including propeller at the origin.
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_ TSSPO,mean

= 7.4
! TSSPyiean (7:4)

2. The relative importance of each objective, aeroacoustic or aerodynamic performance, can be changed
by changing a weighting variable k. This weighting variable states the amount of importance of each
objective in a single objective function which includes both aerodynamic and aeroacoustic performance
indicators. The corresponding objective function is shown in equation 7.5. The variable k can be varied
from 0 to 1 to obtain a trade-off plot between aeroacoustic and aerodynamic performance. A weighting
factor of 0 represents optimizing only for high aeroacoustic performance, while a weighting factor of 1
represents optimizing solely for high aerodynamic performance. This means, for a value between 0 and 1,
both the aerodynamic and aeroacoustic objectives are taken into account. In addition, the initial propeller
efficiency 19 and the initial noise emissions TSSPy are included, which normalises the aerodynamic and
aeroacoustic performance indicators. As a result, the optimization to start at a value of 1.

f:k(z—:—;))ﬂl—k)

TSSPO,mean

(7.5)
TSSPyean

7.2.2. Constraints

In order to ensure a proper comparison between different propeller designs, constraints on the optimization
process are used. For each of the optimizations which are performed, the thrust-coefficient-constraint is always
active (equation 7.6). This is an equality constraint, which means the thrust coefficient T¢ of the optimized
design variables must be equal to a predefined design thrust coefficient T¢ 4.5. By using this equality constraint,
a fixed amount of thrust must always be generated by the propeller, which ensures a fair comparison between
different design vectors and propeller designs. The thrust coefficient Tc = T/poo VOZOD% is a function of the
overall propeller thrust and the dynamic pressure due to the freestream. Since the dynamic pressure due to the
freestream is a fixed quantity, the only variable which is affected is the overall propeller thrust.

Tc
TC,des

=1 (7.6)

Changing the mid-chord alignment only will change the thrust of the propeller. Therefore, a change in
the mid-chord alignment must be compensated by the operational variables. One could argue that another
possibility is to use an alternative definition of the thrust coefficient Cr (equation 2.2), in which the thrust is
non-dimensionalized by the dynamic pressure associated with the tip speed of the propeller. However, the use
of this definition is not desirable, since thrust with respect to the free stream dynamic pressure is desired. If
the thrust coefficient Cry is fixed, then the advance ratio can change the thrust itself, which is not desired for a
fair comparison between different design vectors.

An additional constraint is used when the first optimization approach is considered. As discussed, if the
objective function solely consists of the thrust specific noise, a constraint is used which states that the opti-
mization is limited by a minimum allowed propeller efficiency, shown in equation 7.7. The use of this constraint
is based on the expectation that optimization for aeroacoustic performance is at the expense of aerodynamic
performance.

Nmin 4 (7.7)
n
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7.2.3. Design Variables

The design variable which is of most interest in this study is the mid-chord alignment (MCA), since a proper
use of this design variable has the potential to reduce propeller noise emissions. As baseline design variables,
the advance ratio J and the collective pitch angle 8 of the blades are used. This allows for an insight in the
behaviour of these operational variables when the optimization is conducted for different objectives. The results
of the baseline optimization forms a basis for the addition of the assessment of blade sweep on noise reduction.

The design vector for the baseline optimization is defined according to equation 7.8. The initial design vector
consists of initial design variables J = 1.1 and 8 = 30°.

JI-]
Blrad]
The addition of MCA to the design vector add multiple design variables to the optimization. As discussed
in chapter 4, the mid-chord alignment along the radius is a distribution which is parametrised by using Bézier
curves. An indication of the location of the control points which define the Bézier curve as being used in the
optimization for blade sweep is shown in figure 7.6. The Bézier curve are defined such that 0 < x < 1and 0 <
y < 1. The y-coordinate of the Bézier curve is scaled to the lower and upper bounds of the non-dimensional

radial coordinate. The x-coordinate of the Bézier curve is scaled to the lower and upper bounds of the MCA-
distribution defined by the optimization setup.
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Figure 7.6: Indication of the locations of the control points which define the Bézier curves.

In the optimization, the control points are allowed to be moved in x- and y-direction. However, the first
control point is not allowed to be moved, because the blade is fixed at the root. Additionally, control point
number four is located at the tip of the blade, which is not allowed to be moved in radial direction. As a result,
there are a total of 5 design variables which represent the MCA-distribution and makes the definition of the
design vector according to equation 7.9. The initial design vector consists of initial design variables J = 1.1 and

p = 30°and control points which establish a straight blade: ycp, = 0.4, ycp, = 0.7, xcp, = 0.5, xcp, = 0.5 and
xcp, = 0.5.
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(7.9)

The comparison between the optimization of advance ratio and collective blade pitch and the optimization of

advance ratio, collective blade pitch and MCA-distribution gives an insight into the effect of MCA-distribution
on both propeller aerodynamic and aeroacoustic performance.
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7.2.4. Bounds on Design Variables

For each of the design variables mentioned in section 7.2.3, upper and a lower bound are defined, which are
tabulated in table 7.1. As shown, the bounds on the operational design variables, the advance ratio J and the
collective pitch B, are predefined such that there is a large design space. These bounds are in most cases not
relevant, since the operational variables are generally dictated by the thrust coefficient T¢ as there should be
an adequate pitch setting and advance ratio in order to achieve the required thrust level.

Table 7.1: Upper and lower bounds of operational design variables used in the optimization

Parameters ‘ Lower bound ‘ Upper bound
J[-] 0.4 4
Bldeg] 10 85

The bounds on the control points defining the MCA-distribution require a more in-depth elaboration. As
the MCA distribution is the variable of interest for this study, the bounds on this particular variable can be of
major influence on the results. The bounds on the design variables should be set in such a way that the op-
timized design can be manufactured and it is structurally feasible. Including manufacturability and structural
feasibility into two single values for the upper and the lower bound of the MCA-distribution is a challenge.
The manufacturability of the design depends on the manufacturer itself, while the structural feasibility would
require a structural analysis module in the optimization. Including a structural analysis module in the opti-
mization process is out of the scope of this thesis. Therefore, the values for the upper and lower bound of the
control points defining the MCA-distribution are an estimation. Based on previous research by others[9, 15],
the bounds on the control points are established as follows:

« There is no mid-chord alignment at the root. Therefore, there is a control point on the location of the
root, which is not a design variable: CP is fixed.

« An overall backward sweep should exist, which means the mid-chord alignment at the tip should be
positive: xcp, > 0.

« The value of the mid-chord alignment, positive and negative, is not allowed to be higher than the maxi-
mum chord of the blade: Xcp < ¢jax. These limits are shown in figure 7.7.

« The final control point is positioned at the radial location of the tip: ycp, = 1.
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Figure 7.7: Illustration of the bound on the mid-chord alignment design variables
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7.2.5. Optimization Algorithm

The selected optimization method should be capable of solving an optimization problem which is classified
as single-objective, multivariable, nonlinear and constrained. The optimization method which is used is the
"FMINCON"-function by MATLAB®. This is an off-the-shelf, gradient-based optimization method. For the
fmincon-function, there are a number of algorithms available, which are all algorithms used for constrained
nonlinear optimization[45]. The algorithm which is used is the sequential quadratic programming (SQP) method,
described in detail by Nocedal et al.[46]. This method was selected because it can handle the highly nonlinear
character of the optimization problem and the algorithm can recover from NaN or Inf results.

In the SQP-method, the constrained nonlinear optimization problem is transformed into an easier sub-
problem, which is solved and used as a basis of a new iteration. An important part is the design of this
quadratic subproblem. For a nonlinear optimization including inequality constraints, the aim is to solve the
Karush-Kuhn-Tucker equations, which are necessary conditions to satisfy the active constraints. The KKT
equations are necessary and sufficient for a global solution point if the objective function and the constraint
function are convex functions.

7.2.6. Optimization Problem

The previously discussed components of optimization lead to a final definition of the optimization problem. For
the approach in which the propeller efficiency is used as a constraint and the mean TSSP defines the objective
function, the optimization problem is defined as follows:

TSSP X
min T55Py mean(%) (7.10a)
x TSSPpean(x)
subject to Tc = Tc,des, (7.10b)
Np =MNp,min (7.10c)

For the approach in which a weighting variable k is used in the objective function to define the amount of
importance for each objective, the optimization problem is defined as:

TSSP
min k(z—n—p)+(1—k)w (7.11a)
x Mpo TSSPmean
subject to Tc = Tc des (7.11b)

0<k=<l (7.11¢)
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Model Validation & Verification

In order to build confidence in the aerodynamic and aeroacoustic models, a verification- and validation routine is
performed. Firstly, in section 8.1, parametrisation errors and the influence of parametrisation on aerodynamic and
aeroacoustic results are investigated. Secondly, in section 8.2, the BEM-model implementation discussed in chapter
5 is verified by means of experimental and CFD results of a swept-bladed propeller. Finally, in section 8.3, the HST-
model implementation is verified by means of a qualitative comparison. With these validation and verification
steps, the optimization results in chapter 9 can be used to draw conclusions of this study.

8.1. Geometry Parametrisation Verification

In this section, an estimation is made of the errors induced by the parametrisation process of the propeller
blades. The purpose of this section is to assess how well the parametrisation of the numerical model represents
the actual geometry of the propeller blades. As discussed in chapter 4, Bézier curves are generated by using
a number of control points. The amount of control points for each parameter is a compromise between low
computational times and low parametrisation errors. These errors and the effect of these errors on aerodynamic
and aeroacoustic results are treated in section 8.1.1 and section 8.1.2 respectively, where geometry verification
is done by using the geometry of the XPROP-propeller.

8.1.1. Geometry Parametrisation Errors
By using an optimization scheme, the control points are positioned such that the parametrised curve of a specific
radial distribution represents the actual blade geometric radial distribution. For the XPROP, there are 25 radial
positions along the radius for which the chord, twist and sweep are specified. At these 25 radial stations, the
chord, twist and sweep values are computed of both the Bézier curve representation and the actual geometry.
Least squares is used in the optimization routine to quantify the error between the values generated by the
Bézier curve representation and the actual propeller geometry. For the Bézier curve representation, the twist
and chord distribution of the XPROP are used. Although the twist and chord are not optimized in this thesis,
these parameters can be used to verify the Bézier curve representation.

In figure 8.1 the chord distribution of the XPROP is shown as well as the Bézier curve representation using
a set of control points. As shown, there is a small difference between the parametrised chord and the original
XPROP chord, which is more clearly illustrated using figure 8.2. The error between the parametrised curve
and the actual blade chord shows an oscillatory behaviour with a maximum error of approximately 2 x 1076,
This maximum error in non-dimensional chord is acceptable, since this corresponds to a maximum difference in
chord of 0.0001 mm. Additionally to the chord distribution parameter, the twist distribution is also used to verify
the Bézier curve representation. In figure 8.3 the XPROP twist distribution and the Bézier curve representation
are shown. As shown in figure 8.4, the maximum error is approximately 2 x 10~°, which is a negligibly small
error. These combined results indicate that the error in aerodynamic and aeroacoustic results induced by the
parametrised Bézier curve with respect to the actual Bézier curve is negligible and thus the Bézier curve can
be used with confidence to represent a radial distribution of MCA.
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8.1.2. Influence of Parametrisation Errors on Results

In this section, it will be shown that the error induced by parametrisation has a negligible effect on aeroacoustic
and aerodynamic results. For the aerodynamic results generated by the BEM-model, the propeller efficiency
as a function of the advance ratio is shown in figure 8.5. A maximum error of 2 x 10~3 % was found between
the aerodynamic results generated by the actual XPROP geometry and the parametrised blade geometry. For
aeroacoustic results generated by the HST-model, the sound pressure level is shown in a directivity plot in
figure 8.6. The maximum error between the actual XPROP geometry and the parametrised blade geometry
for aeroacoustic results was 1 x 10™> dB. This shows that the Bézier curve representation is a well performing

parametrisation technique which can be used to represent these relatively simple geometrical radial distribu-
tions with confidence.

8.2. BEM-model Verification and Validation

Verification is required of the BEM-model implementation including sweep theory by Hu (chapter 5). To verify
and validate this model, a BEM-implementation by Gur and Rosen[29], CFD results and wind-tunnel test results
are used. First, a straight-bladed propeller, the XPROP, is used to assess the performance of both the BEM-
implementation by Hu and by Gur and Rosen for a straight-bladed propeller with 6 blades (subsection 8.2.1).
Secondly, a propeller including swept blades is used to quantify the differences in aerodynamic results due to
the application of sweep to the blades (subsection 8.2.2). This allows an assessment of the performance of each
BEM-implementation calculating aerodynamic results of a propeller containing highly swept blades.
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Figure 8.6: TSSP directivity plot calculated with the HST-model as determined from the XPROP-geometry and parametrised
XPROP-geometry

8.2.1. Straight-bladed Propeller Verification

As a baseline comparison between the numerical models, the CFD-simulation and the wind-tunnel test, the
XPROP propeller is used. This baseline comparison is required, since it allows for an assessment of the accuracy
of blade sweep modelling by both the BEM-implementation by Hu and by the BEM-implementation by Gur
and Rosen. The XPROP-propeller, which is used to verify the straight-bladed propeller aerodynamic results, is
described in detail in section 7.1. The cross-sectional shapes of the XPROP-blades are shown in appendix A. For
this verification, a freestream velocity of 30m/s is used, since experimental results are available for freestream
velocities of 30 m/s. Ambient conditions are tabulated in table 8.1.
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Table 8.1: Ambient conditions used to verify the BEM-model

Property ‘ Value ‘ Unit

Tumb 288.15 | K
Pamb 1.225 kg/im3
Voo 30 m/s
Pamb 101325 | Pa

The experimental results are obtained by a wind-tunnel experiment in the Open-Jet facility in 2017 at the TU
Delft[47]. These experimental results are shown in figure 8.7 and figure 8.8. The thrust and power coefficient are
shown for an advance ratio range between 0.6 and 1.4. A 3" order polynomial fit is used for both the thrust and
power coefficient. These polynomial fits show the small amount of spread in the data. The propeller efficiency
is determined by using the polynomial fit of the thrust and power coefficient and the corresponding advance
ratio. The polynomial fits which represent the C7 and Cp results generated by the wind-tunnel experiment are
subsequently used in the comparison.
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Figure 8.7: Thrust coefficient Ct of the 6-bladed XPROP measured Figure 8.8: Power coefficient Cp of the 6-bladed XPROP measured
in a wind-tunnel experiment and a 31d order polynomial fit in a wind-tunnel experiment and a 31 order polynomial fit

In figure 8.9 and figure 8.10, the comparison in thrust and power coefficient is shown for experimental
results and numerical BEM-model results for the XPROP-propeller. Additionally, in figure 8.11, a plot is shown
in which the resulting propeller efficiencies are compared. Due to convergence issues, there were no results for
advance ratios lower than 0.8 for the Gur and Rosen model. A possible explanation for this lack of data is that the
sectional loading coefficients by RFOIL are computed at a high blade loading, at which blade separation starts
to occur. This introduces a non-uniform blade loading, which may introduce convergence issues. However,
this possible explanation has not been verified. Nevertheless, since the results included the point of maximum
efficiency and a reasonable amount of data, the results generated by the Gur and Rosen model were satisfactory
for verification of the model used in this thesis.

Some features stand out in the results generated by the numerical models and the wind-tunnel test. As
shown in the comparison between propeller efficiency, both BEM-models show the same behaviour. When con-
sidering the thrust and power coefficients at a high advance ratio, for example J=1.4, both BEM-implementations
show similar results. However, when decreasing the advance ratio, the BEM-model by Hu generates lower
thrust and power coefficients compared to the BEM-model by Gur and Rosen. These findings are in line with
the findings by Gur and Rosen, who also showed a higher thrust coefficient compared to general momentum
theory, due to a difference in modelling to obtain the induced velocities.

By comparing the power coefficient curve generated by the numerical models and the wind-tunnel test,
one could argue that the Gur & Rosen model shows a better agreement to the experimental data compared to
the Hu-model. For high advance ratios, there is an equal offset between experimental results and numerical
simulations by both models. However, at lower advance ratios the gradient of both the thrust and power
coefficient as obtained from experimental data shows better agreement with the Gur & Rosen model. Since the
propeller efficiency is dependent on the ratio of thrust and power coefficient, the propeller efficiency of both
BEM-models closely agree. At lower advance ratios, the difference is slightly larger compared to the higher
advance ratio. Based on these results, it would justifiable to select the Gur & Rosen model, if only straight
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blades were considered in the optimization study. However, in this optimization study propellers including
swept blades are considered. Therefore, selection of numerical model can not only be based on the verification
for a propeller including straight blades. In the next section, a propeller including swept blades is used to verify
the numerical models.
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Figure 8.9: Thrust coefficient comparison between experimental
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Figure 8.10: Power coefficient comparison between experimental
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Figure 8.11: Propeller efficiency comparison between experimental results, BEM-Hu model results and BEM-Gur and Rosen model results
for the XPROP

However, these models differ significantly from the experimental data. The cause of this discrepancy be-
tween experimental data and numerical results is unknown. Possible explanations are errors in the measure-
ment devices or an inaccuracy in the Reynolds number computation for the numerical results. According to
Sinnige[12], for Reynolds numbers at 70% of the blade radius lower than 1.5 x 10%, the performance is especially
sensitive to the Reynolds number for the XPROP. For the numerical results, the assumption of a fully turbulent
flow is made in the computation of the sectional data. However, at lower Reynolds numbers which occur during
high advance ratios, the flow has the potential to become laminar, which can induce an error in the sectional
loading coefficients. Additionally, the BEM-model assumes that there is no radial interaction between different
sections. However, during the experiment the occurrence of radial interaction between different sections is is
not inconceivable, since the centrifugal force of the rotating propeller forces air particles to higher radial coor-
dinates, while the Coriolis force affects these movements as well. The impact of these interactions still remain
to be elucidated.
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Since the exact reason for the discrepancy is still unknown, there is a lack of confidence in the experimental
data. Therefore, no conclusions can be drawn from the comparison between experimental results and numer-
ical BEM-results. This means, validation cannot be performed for the straight-bladed propeller. However, as
discussed in the next section, validation of an equal method was performed for a swept-bladed propeller[15].
Therefore, the result presented in chapter 9 are still believed to be trustworthy.

8.2.2. Swept-bladed Propeller Verification

In order to verify if the BEM-model can be accurately used to determine aerodynamic performance for pro-
pellers with (highly) swept blades, the Advanced Propulsion Integration Aerodynamics and Noise project(APIAN)
propeller is used as input geometry, since CFD-results and wind-tunnel test results are available for this par-
ticular geometry. A picture of the APIAN propeller is depicted in figure 8.12. The APIAN propeller features 6
highly swept blades with a total diameter of 0.508m. At a radial position of r/R = 0.75, the pitch angle was set
to 40.4 degrees. Additionally, the cross sectional shapes of the APIAN propeller-blades are shown in appendix
A.

Figure 8.12: Picture of APIAN propeller[44]

The radial distributions of twist, chord and MCA for a single blade of the APIAN propeller are shown in
figure 8.13 and 8.14. Comparing the chord-distribution of the APIAN propeller blade with an XPROP-propeller
blade, it can be concluded that the shape of the distribution is similar. However, one major difference is that
the average chord-to-diameter ratio of the APIAN propeller blade is three times larger compared to that of the
XPROP-propeller blade. For this reason, the solidity of the APIAN propeller is significantly larger compared
to the XPROP-propeller. In figure 8.14, a forward sweep is present close to the root of the APIAN propeller
blade, since a negative MCA is shown. As the radial coordinate increases, the sweep angle starts to increase,
which means a backward sweep angle is induced as the tip is approached. At the tip of the blade, there is a
maximum sweep angle of about 45 degrees. Therefore, the APIAN propeller blades can be classified as highly
swept blades, which makes it useful for verification of the BEM-model including a correction for sweep.

Prior to validation of the BEM-results to experimental and CFD results, an evaluation is performed to assess
the different modelling approaches of the effect of sweep in both BEM-implementations. This is an extra veri-
fication step which gives an additional insight in blade sweep modelling in BEM-models. The difference in the
modelling approaches is assessed by performing simulations for a non-existing APIAN propeller with blades
containing zero sweep and for the actual APIAN propeller containing highly swept blades. The results of these
simulations are shown in the thrust coefficient plot (figure 8.15) and the power coefficient graph (figure 8.16).

In figure 8.15 and 8.16, a key difference in the sweep modelling methods becomes apparent at high advance
ratios. For the Gur and Rosen simulation, the point of zero thrust shifts to a lower advance ratio for the swept-
bladed APIAN propeller compared to the unswept-bladed APIAN propeller. The reason for this shift is the
approach of modelling blade sweep in the BEM-model. In the model by Gur and Rosen, blade sweep is modelled
by using the cross-section of a blade element as defined in the model (figure 8.17). As shown in the blade
element, a correction of the local blade sweep is applied to the azimuthal velocity and the tangential/axial
induction velocities. The correction for sweep in the Gur and Rosen-implementation is applied to the azimuthal
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and induced velocities shown in the cross section of a blade element, whereas the Hu-implementation directly
corrects the elemental lift and drag coefficients for blade-sweep. This is a clear difference in modelling blade
sweep, which has an effect on the resulting thrust and power coefficient plots.

As shown in figure 8.15, the difference in results between the approaches is especially clear near zero thrust
(Cr = 0). At a thrust coefficient of zero, a different advance ratio exists for these BEM-simulations. For the
simulation by the BEM-Hu model, only the loading coefficients are corrected, which means no correction is
made at zero thrust. As a result, the advance ratio at zero thrust is the same for both the swept-bladed APIAN
propeller and the unswept-bladed APIAN propeller. For the Gur and Rosen simulation, blade sweep is modelled
in a different manner. Since there is no induction at zero thrust, the only correction for a sweep angle is the
correction applied to the azimuthal velocity (as shown in figure 8.17). However, contrary to the results by the
Hu-simulation, this correction has a significant impact on results at zero thrust. Since the correction of the
azimuthal velocity is applied, the rotational speed at which a thrust coefficient of zero occurs is higher for
the swept-bladed APIAN propeller. Therefore, the point of zero thrust for the swept-bladed APIAN propeller
occurs at a lower advance ratio compared to the unswept propeller.

Besides the findings at zero thrust, additional differences in results occur for a positive thrust. Due to
the direct correction on the thrust and power coefficient by the Hu-model, the difference in thrust coeffi-
cient between the swept-bladed propeller and a straight-bladed propeller simulation gradually increases for
a decreasing advance ratio. On the contrary, this effect does not occur for the simulations by the Gur and
Rosen-implementation, as the difference between the results for the swept-bladed propeller and straight-bladed
propeller slightly decrease for a decrease in advance ratio.
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Blade element

Q-r-cosA(r)

Figure 8.17: Cross-section of a blade element as defined by the BEM-implementation of Gur and Rosen[29]

For the comparison between the experimental results[48], CFD results[48] and BEM-model implementa-
tions of Gur and Rosen and Hu, the thrust and power coefficients are computed for advance ratios dictated by
the available data. For both the CFD-results and wind-tunnel experimental results, measurements were taken
at advance ratio’s of J = 1.1, ] = 1.4 and J = 1.75. Therefore, advance ratios are used in the range of 1.0 to 2.0
with an interval of 0.05 in order to establish the performance of the numerical models. The thrust and power
coefficients for both the BEM-simulations and the CFD- and experimental results are shown in figure 8.18 and

figure 8.19.
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Figure 8.18: Thrust coefficient of the APIAN propeller generated by Figure 8.19: Power coefficient of the APIAN propeller generated by
a CFD simulation, an experiment, a BEM-simulation by the a CFD simulation, an experiment, a BEM-simulation by the
HU-implementation and a BEM-simulation by the Gur and HU-implementation and a BEM-simulation by the Gur and

Rosen-implementation Rosen-implementation

As shown in both these figures, the experimental results and the results of the higher order CFD-simulation
are in close agreement. However, the simulations performed by both BEM-models show results with a different
behaviour. By comparing the generated results, it can be concluded that these models generate results which
are not in agreement with CFD- and wind-tunnel results for propellers with a high blade solidity and highly
swept blades. When looking at similarities between the experimental and CFD results and the BEM-models, it
seems that at higher advance ratios the model of Hu generates more similar results to experimental and CFD
results compared to the model by Gur and Rosen. On the contrary, for the lower advance ratios, thus higher
thrust coefficients, the BEM-model by Gur and Rosen seems to show closer agreement with the results. Since
the BEM-model simulation by Gur and Rosen did not converge for advance ratios smaller than 1.4, this final
statement can be challenged.

For the purpose of aerodynamic and aeroacoustic propeller optimization, the BEM-implementation by Gur
and Rosen is disqualified based on the thrust coefficient diagram. For the highly swept APIAN propeller blade,
the BEM-implementation by Hu generates more accurate results compared to the BEM-implementation by
Gur and Rosen for thrust coefficients Cr lower than 0.2. However, in this thesis a different definition of the
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thrust coefficient, T¢, is used. Nevertheless, verification showed that throughout the optimization study, the
calculated thrust coefficient Cr does not exceed a value of 0.2. Therefore, the BEM-implementation by Hu is
used in the propeller optimization study.

In order to build confidence in this BEM-implementation by Hu, an ICAS-reference is used[15]. Here, a
similar BEM-implementation is used to generate aerodynamic results for a 6-bladed propeller with a similar
blade solidity compared to the 6-bladed XPROP. The results generated by the BEM-implementation by Hu
for thrust coefficients smaller than 0.2 agree very well with experimental results generated by Geng et al., as
shown in figure 8.20. Therefore, the BEM-implementation by Hu is used in the optimization study. There are
two additional reasons which support this selection. Firstly, the 6-bladed XPROP is used as a baseline propeller
in the optimization study, which is similar to the propeller used in the ICAS-reference. Secondly, the bounds
on the maximum mid-chord alignment in the optimization study are similar to the mid-chord alignment of
propeller which is used as a validation-case in the ICAS-paper. This means, in the entire optimization study,
aerodynamic efficiency can be determined according to a similar accuracy compared to results in the ICAS-
reference.
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Figure 8.20: Comparison between experimental and BEMT predicted results for the M-type propeller (which is a similar propeller
compared to the XPROP in terms of blade solidity and blade count)[15]

8.3. HST-model Verification

Besides verification of the used BEM-model, the HST-model that was applied in this optimization study also
needs to be verified. In this section, the HST-model is first verified by making the comparison to another
HST-model implementation. Second, the results are verified by a qualitative comparison between the shapes of
computed noise sources and the shapes of the noise sources as dictated by theory. Third, the sensitivity of the
number of harmonics on the noise emissions is investigated. The choice was made to perform this qualitative
comparison rather than validation, since no experimental data is available. However, it should be stressed that
extensive validation of the HST-model has been performed by others[27, 40].

8.3.1. Comparison of Model Implementation

The results of the implemented HST-model are compared to another independent HST-model implementation
by Goyal with equal inputs. This means both HST-models generated directivity plots for the same operating
conditions, the same propeller geometry and the same radial lift and drag coefficients. Since the HST-model im-
plementation by Goyal used analytical expressions for the chordwise thickness- and loading distributions, these
were temporarily implemented to verify the HST-model used for the optimization study. These expressions for
chordwise thickness- and loading are parabolic distributions, shown in equation 8.1 and 8.2.

T(x)=1-4x> (8.1)
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(8.2)

fa(x) = 1.5-6x7
fi(x) = 1.5—6x?

For the comparison, the 3-bladed XPROP is evaluated at an advance ratio of 0.9, a free-stream velocity of 30
m/s and a collective pitch angle of 15°. The radiation angle 0 is varied from 0 to 360° with a constant distance of
10 radii from origin to observer point (2.032 meter). Using these input conditions, the directivity plots for the
thickness, lift and drag sources were compared. These directivity plots proved to be identical, which increases
the confidence in the HST-model implementation.

8.3.2. Noise Source Shape Verification

The shape of the noise sources are a second check to verify if the noise computations are correct. The direc-
tivity plots for thickness and loading noise are plotted and compared to the noise source shapes obtained from
literature[49]. The theoretical patterns for noise due to thickness and torque should be a dipole-shape, while
the theoretical pattern for noise due to thrust should a quadrupole-shape. These plots are shown in figure 8.21,
figure 8.22 and figure 8.23. The directivity plots generated by the HST-model implementation for the thickness,
torque and thrust noise sources are shown in figure 8.24, figure 8.25 and figure 8.26 respectively. The two-lobed
pattern which characterises the dipole shape for thickness and torque noise is similar for both the generated
plots and the plots obtained from theory. Likewise, the four-lobed pattern which characterises the quadrupole
shape for thrust noise is similar for the generated plot and the plot obtained from theory. The theoretical pat-
terns and the generated directivity patterns differ due to the use of the retarded system and a specific propeller
geometry. However, these plots are qualitatively similar.

Figure 8.21: Theoretical thickness noise Figure 8.23: Theoretical thrust noise
pattern[49] Figure 8.22: Theoretical torque noise pattern[49]
pattern[49]
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Figure 8.24: Thickness directivity plot Figure 8.25: Torque directivity plot Figure 8.26: Thrust directivity plot
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8.3.3. Sensitivity Number of Harmonics

In this section, a sensitivity analysis is performed to obtain the lowest acceptable amount of harmonics. The
lowest order harmonics which are considered dominant compared to the higher order harmonics are defined
as the lowest acceptable amount of harmonics. A low amount of harmonics should be considered, as the com-
putational cost should remain low, while the accuracy of the results should not be affected. Therefore, the
contribution of the first four harmonics on the overall sound pressure is assessed. Three resulting directivity
plots of TSSP for the 3-bladed XPROP with a pitch angle of 30° and an advance ratio of J=0.9 are shown in figure
8.27, for either the first harmonic, the first two harmonics, the first three harmonics or the first four harmonics.
In figure 8.27 the harmonics are referred as m. It can be concluded that the four plots in the figure are nearly
identical, demonstrating that the first harmonic is dominant to the other harmonics.
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Figure 8.27: Directivity plot showing the contribution of additional harmonics to the overall TSSP

Additionally, a quantification is given in table 8.2 of the contribution of the second, third and fourth har-
monic to the overall TSSP. The differences in TSSP indicated in the table show the contribution of the m*"
harmonic to the TSSP in dB with respect to the previous harmonic. As shown, the average contribution of the
second harmonic to the TSSP in comparison to the first harmonics is 1.32x10~2 dB. This is already considered
as a relatively small contribution to the overall TSSP. When adding the third harmonic, it is found that the
contribution is only 7.79x1076 dB to the overall TSSP, which makes it an insignificant contribution. Therefore,
only the first two harmonics are used to generate optimization results.

Table 8.2: Quantification of the contributions of the second, third and fourth harmonic to the overall TSSP

‘ Maximum TSSP | A TSSP wrt previous m

m = -79.36 0
m=1:2 | -79.34 1.32x1072
m=1:3 | -79.34 7.79x1078

m=14 | -79.34 3.72x1077






Optimization Results

In this chapter, the numerical results of the optimization study are presented. Based upon these results, the research
questions are answered. Firstly, in section 9.1, a discussion is provided of the operating conditions at which the
optimization study is performed. Secondly, the optimization results are discussed in section 9.2. For the entire
optimization setup, please refer to chapter 7.

9.1. Evaluation Setup

In this section, the value for the thrust coefficient is identified and the freestream conditions which are used
in the optimization routine are discussed. In subsection 9.1.1, the properties of a reference aircraft in climb are
established, which are used to identify the value of the thrust coefficient T¢. The thrust coefficient T¢ is a non-
dimensional scaling parameter, which is used as an input for the optimization process. In subsection 9.1.2, the
freestream conditions are discussed. These include the ambient conditions and the freestream velocity, which
are physical parameters at which the evaluations presented in this chapter are performed.

9.1.1. Thrust Coefficient

The thrust coefficient which serves as an input for all optimizations is predefined. Since the thrust coefficient
is a non-dimensional scaling parameter, the thrust coefficient of a reference aircraft can be used as an input for
the simulations presented in this chapter. The thrust coefficient at which the results are computed, depends on
the stage of flight and on the aircraft itself. In cruise, the thrust coefficient of the aircraft will be significantly
lower compared to the climb phase. In the climb phase, usually the aircraft flies in the vicinity of a residential
area, where noise emissions create the highest level of disturbance. Therefore, for the applications of this study,
the climb phase will be used to define the thrust coefficient. In the climb phase, the required thrust depends
on the aerodynamic efficiency, the weight of the aircraft itself and the rate of climb. The aircraft taken as a
reference in this study is the ATR42-500. The relevant specifications are shown in table 9.1.

Table 9.1: Relevant climb specifications of the ATR42-500[50]

Property Value ‘ Unit
Velimb 82.3 m/s
Rate of climb 94 m/s
Take-off weight | 18,300 | kg
D, 393 | m

These reference properties are used to approximate the thrust coefficient T¢ of the ATR42-500 in climb. In
order to determine the thrust value T in climb of the ATR42-500, equation 9.1 is used. This is a simple equation
to determine the required thrust of the aircraft in climb for a given rate of climb. It is assumed that the lift is
equal to the weight of the aircraft and that the lift-to-drag ratio is around 10. Additionally, it is assumed that the
thrust is equally distributed between the two propellers of the ATR42-500. The thrust T is used to calculate the
thrust coefficient T¢ of the ATR42-500 in climb using the definition of the thrust coefficient T¢ = T/ peo VOZOD%.
This yields a thrust coefficient of 0.15 during climb. Therefore, similar to the thrust coefficient of each propeller
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of the ATR42-500, a thrust coefficient of 0.15 is used throughout this optimization study. Clearly, this is a rough
estimation. Therefore, the effect of different thrust coefficients (T¢ = 0.05 and T¢ = 0.1) on the results are also
assessed in the optimization.

H—sin( ) (9.1)
W Y .

9.1.2. Freestream Conditions

Besides the thrust coefficient, the ambient conditions which are used to evaluate the results are predefined.
These are conditions at sea level, which are tabulated in table 9.2. For all evaluations, a freestream velocity of
60m/s is used, as this value avoids low Reynolds numbers. Typically for the XPROP, this results in Reynolds
number larger than 1.5 x 10°. At Reynolds number lower than 1.5 x 10°, the performance of the propeller
becomes especially sensitive to the Reynolds number, which is undesirable[12]. In addition, a velocity of 60m/s
leads to maximum tip Mach numbers of approximately 0.5. Due to compressibility effects, a proper BEM-
simulation at higher Mach numbers is not possible.

Table 9.2: Ambient conditions used in the optimization study

Property | Value | Unit
Tamb 288.15 | K
Pamb 1.225 kg/m3
h 0 m

Voo 60 m/s
Pamb 101325 | Pa

9.2. Optimization Results

In this section the optimization results are presented. These results are twofold. In subsection 9.2.1, optimiza-
tion results are shown for a design vector only including the operational variables advance ratio and pitch .
Subsequently, in subsection 9.2.2, optimization results are shown for a design vector including advance ratio J,
pitch B and mid-chord alignment MCA. By using this approach, an assessment of the impact of blade sweep on
noise reduction is made. In subsection 9.2.3, a discussion based on the optimization results is provided of the
impact of blade sweep on noise reduction as a function of freestream conditions and propeller geometry.

9.2.1. Results for Advance Ratio and Pitch

First, the results are shown for the design vector including advance ratio and pitch. An important note is
that the advance ratio is only altered by varying the operational speed and thus the tip Mach number of the
propeller. This means the freestream velocity and propeller diameter are constant throughout the optimization.
According to chapter 7, this leads to the following design vector:

J[-1
Blrad]

(9.2)

As discussed in chapter 7, there are two approaches to optimize the design variables for both objectives. These
are briefly repeated here:

« The optimization is performed by optimizing for low noise emissions in relation to a baseline noise level,
which is subjected to a minimum accepted propeller efficiency constraint. The use of this constraint is
based on the expectation that optimization for aeroacoustic performance is at the expense of aerodynamic
performance. As such, the design space is controlled by the inequality constraint for minimum propeller
efficiency.

« The relative importance of each objective, aeroacoustic or aerodynamic performance, can be changed by
changing the weighting variable k. This weighting variable k can be varied from 0 to 1 to obtain a trade-
off between aeroacoustic and aerodynamic performance. A weighting factor of 0 represents optimizing
only for high aeroacoustic performance, while a weighting factor of 1 represents optimizing solely for
high aerodynamic performance.
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The first approach is used in the optimization study, while the second approach is used for verification purposes.
Initial design variables of J = 1.1 and 8 = 30° are used. Optimizations for pure aerodynamic and aeroacoustic
design were performed, which form the extreme points of the trade-off plot. Subsequently, for a thrust coeffi-
cient T¢ of 0.15, a set of optimizations are performed using the first approach. Thereby, the minimum allowed
propeller efficiency 7, is steadily increased as the optimization aims to minimize thrust specific noise. The
increment in propeller efficiency for each optimization is 0.5%. First, the resulting design variables and opti-
mization results are presented. Subsequently, a detailed interpretation of the behaviour of the optimum design
variables is provided, followed by an assessment of the results shown in the trade-off between noise emissions
and propeller efficiency.

In figures 9.1 and 9.2, the behaviour of the optimized design variables and a resulting trade-off plot is shown.
Complementary to these figures, the resulting values for the design variables and performance characteristics
are shown in table 9.3. For the point of maximum propeller efficiency, the average TSSP is -67.51dB and the
propeller efficiency is 80.2%. For the point of minimum noise emissions, the average TSSP is -78.31dB and
the propeller efficiency is 75.2%. This shows that there is a difference of 5.0% in propeller aerodynamic effi-
ciency and 10.8dB in noise emissions between optimizing for either maximum aeroacoustic performance or
maximum aerodynamic performance. Next, the optimized design variables and the resulting aerodynamic and
aeroacoustic performance for the optimizations in the trade-off are further analysed.
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Figure 9.2: Trade-off plot for advance ratio J and pitch f as design
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Figure 9.1: Behaviour of the corresponding design variables as a
function of minimum accepted propeller efficiency.

Table 9.3: Table showing optimization results and corresponding optimum design variables for different values, optimized for minimum
acceptable propeller efficiency 1.

Np(=) | TSSPmean (dB) | J(-) pldeg)
0.752 -78.31 1.507 | 51.28
0.755 | -78.25 1.504 | 50.90
0.760 | -78.06 1.495 | 50.07
0.765 | -77.73 1.481 | 49.04
0.770 | -77.25 1.461 | 47.86
0.775 -76.26 1.435 | 46.99
0.780 | -75.90 1.405 | 45.03
0.785 | -75.05 1.370 | 43.41
0.790 | -73.92 1.325 | 41.37
0.795 | -72.36 1.265 | 38.81
0.800 -69.97 1.177 | 35.21
0.802 | -67.51 1.096 | 32.00
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Optimization Results - Optimum Design Variables

From table 9.3, it becomes apparent that optimizing for high aeroacoustic performance yields a high advance
ratio J and a high pitch setting . At a high advance ratio, the azimuthal velocity of the propeller is low, which
can be explained by assessing the equations stated in chapter 6. According to the far-field noise prediction
equation(equation 6.5), the noise level decreases with an decreasing tip Mach number. Thus, a low propeller
operational speed yields a low tip Mach number, which leads to low noise emissions. It should be stressed
that the advance ratio is solely changed by a change in tip Mach number, since the propeller diameter, the
freestream velocity and the speed of sound are constant. Therefore, the non-dimensional parameter which is
effectively changed is the tip Mach number in the optimization. For a future study it is interesting to assess the
effect of the advance ratio on aeroacoustic performance, while constraining the tip Mach number. Since the
thrust coefficient T¢ is a constant in the optimization study, the blade pitch setting is high to compensate for
the low advance ratio to achieve low noise emissions. At maximum aeroacoustic performance, the maximum
lift coefficient over the entire blade is reached, since a higher blade pitch setting leads to to boundary layer
separation, which prevents a further increment of the blade pitch setting and advance ratio. Thus, lowering
the operational speed at maximum aeroacoustic performance yields a lower thrust coefficient, which cannot
be compensated by a higher pitch setting. Opposite to optimizing for low noise emissions, optimizing for high
aerodynamic performance yields a decrease of advance ratio and pitch. The optimum point for maximum pro-
peller efficiency occurs for the maximum ratio of propulsive- to shaft power. This point occurs at the maximum
thrust-to-torque ratio of the propeller blades.

Next, the differences in optimization results in terms of aerodynamic and aeroacoustic characteristics are
further analysed. The aerodynamic characteristics are discussed first. An interesting ratio which defines aero-
dynamic performance is the thrust-to-torque ratio. In figure 9.3, the thrust-to-torque ratio is plotted for each
of the optimizations. As shown, there is a direct relation between the thrust-to-torque ratio and the propeller
efficiency. In order to reach maximum thrust-to-torque ratio, the advance ratio and pitch setting are optimized
to operate the propeller blades at an optimum inflow angle, effective velocity and blade angle of attack. These
parameters subsequently define the local direction and magnitude of the lift and drag forces, which determine
the thrust-to-torque ratio. Therefore, as shown by the behaviour of the design variables, the advance ratio and
pitch decrease concurrently.
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Figure 9.3: Resulting thrust-to-torque ratio for each of the optimizations for advance ratio and pitch

Since the thrust coefficient and blade planform remained equal for each optimization, there is no significant
change in the blade loading between optimizing for low noise and high propeller efficiency. However, there
is a significant difference in angle of attack a. In figure 9.4, three plots are shown of the radial distributions
of angle of attack for optimizations with a minimum propeller efficiency of 1, = 75%, 1, = 78.5% and 1), =
80%. As shown, there is an overall higher angle of attack for the optimization with n,, = 75% compared to the
optimization for n,, = 80%. The difference in angle of attack is explained by the fixed thrust constrained. As
discussed, optimizing for low noise emissions yields a low operational speed. However, there are two major
consequences of this decrease in operational speed. First, a reduction of operational speed also reduces the
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blade loading, since the effective velocity perceived by the blade reduces. Secondly, the inflow angle increases
for a decreasing operational speed as the inflow angle is defined by the freestream velocity vector and the
azimuthal velocity vector. Figure 9.5 shows the inflow angle for optimization of minimum accepted propeller
efficiencies n, = 75%, np = 78.5% and n,, = 80% as a function of the radial coordinate. Since the inflow angle
decreases for a reduction in operational speed, the pitch f of the blade is increased, both to increase the angle
of attack to maintain the thrust coefficient and to compensate for the increment of inflow angle.

A side note should be made on the radial distribution for pure aeroacoustic performance shown in figure
9.4. At the tip of the blade there is an angle of attack of 16°, which is significantly large. It is dependent on the
airfoil shape whether or not non-linear effects such as boundary layer separation occur, but it is evident that
the probability of these effects to occur increases with this large angle of attack. Whereas this might result in
some concerns, figure 9.4 also shows that the highest angle of attack occurs at the tip. At the tip, the blade
loading is the smallest, which led us to assume that the error induced by potential effects remain insignificant.

80

16 T T
7, = 75% / % 1, = 75%
Ml ) =78s5% 7 8 ) = 78.5%
P # 700N ]
5 7, =80% A \ 0, = 80%
10 — @ \‘\\\\
o Leor N
—_ - 3 = »
s P Py ™
/ i o
B, p o 3
= 6 _— - S 50 -
— =
< I © i
S 4 : = S,
< P =] s T
— 240 S
2 = )
0 T
30t ~]
2
i ‘ | ‘ | ! ‘ ! | 50 ‘ | ‘ | ! ‘ ! |
01 02 03 04 05 06 07 08 08 1 01 02 03 04 05 06 07 08 09 1
R[] /R [-]

Figure 9.4: Radial distribution of angle of attack a for three Figure 9.5: Radial distribution of inflow angle ¢ for three
optimizations with minimum accepted propeller efficiency of 7, = optimizations with minimum accepted propeller efficiency of np =
75%, np = 78.5% and 1p = 80%. 75%, np = 78.5% and 1p = 80%.

After having discussed the aerodynamic characteristics, now the aeroacoustic characteristics are discussed. An
assessment is provided of the contribution of loading and thickness noise to the overall noise level. In figure 9.6,
the loading and the thickness noise contributions are shown for each of the optimizations. For all optimizations,
the conclusion can be drawn that the average TSSP at 60°, 90° and 120° at a sideline parallel to the propeller axis
is dominated by loading noise. This is caused by the low freestream velocity of 60m/s at which the evaluations
are performed, which leads to a low tip Mach number[19].
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Figure 9.6: Contributions of loading and thickness noise to the overall noise level for each optimization shown in figure 9.2.
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However, the contribution of thickness noise grows as the minimum acceptable efficiency increases. This
is caused by the increase of operational speed as the advance ratio decreases. For higher blade speeds, the con-
tributions of the thickness noise to the overall noise level grows since the amount air which is being displaced
by the propeller blade increases as well.

The difference in contribution of thickness- and loading noise between optimization for pure aerodynamic
performance and pure aeroacoustic performance is illustrated using directivity plots. These directivity plots
provide additional information about the change of noise level over the complete directivity pattern. Direc-
tivity plots are displayed with the design variables resulting from pure aerodynamic and pure aeroacoustic
performance. For an optimization for pure aeroacoustic performance(figure 9.7), the high advance ratio and
high pitch angle lead to a significant difference between the loading and thickness contribution to the overall
noise levels. However, for the optimization for pure aerodynamic performance(figure 9.8), the advance ratio
and pitch are lower, which leads to a larger contribution of the thickness noise with respect to the loading noise.
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Figure 9.7: Directivity plot for design variables resulting for an optimization for pure aeroacoustic performance, showing both the
contribution of thickness and loading noise to the overall noise levels
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Figure 9.8: Directivity plot for design variables resulting for an optimization for pure aerodynamic performance, showing both the
contribution of thickness and loading noise to the overall noise levels
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There are two interesting observations which are made with respect to figure 9.7. First, for these opti-
mization results the thickness noise is the dominant contribution to the overall noise level over a range of
approximately 120° of the directivity plot. This is an unexpected finding, since the contrary was found in figure
9.6 where the overall contribution of loading noise is significantly higher compared to the contribution of thick-
ness noise to the overall noise level. This shows that a sideline approach with sample points defined at 60°, 90°
and 120° induces an error for certain directivity angles. The second observation is the node in the directivity
plot for loading noise, which was not visible for the directivity plot for optimized aeroacoustic design. This
node exists due to the dipole radiation of the steady loading noise, which is caused by the fluctuation of fluid
forces at blade passage frequency at an observer location[51]. The location of this node depends on the ratio of
freestream Mach number to blade Mach number squared, which is represented in the wave number ky, of the
implementation by Hanson[27]. For figure 9.8, the node is not visible, since it is located at a directivity angle
close to 0° due to the small blade Mach number of the propeller.

Optimization Results - Aerodynamic and Aeroacoustic Performance

Next, the aerodynamic and aeroacoustic performance trade-off is assessed. As discussed, in this thesis there
are two ways to which multiple objectives are incorporated in the optimization process. In order to verify
the optimization results generated using minimum accepted propeller efficiencies, the optimization process
is repeated with weighting variables. The weighting variables are varied between 0 (optimization for pure
aeroacoustic performance) and 1 (optimization for pure aerodynamic performance), with increments of 0.11.
The resulting trade-off plot with results generated by both optimization approaches is shown in figure 9.9.
This figure shows that a similar trend exists for both the optimization approach by weighting factors and the
optimization approach by a propeller efficiency constraint.
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Figure 9.9: Trade-off plot for J and 8, showing results for TSSP and 1, (T¢=0.15). Results are generated by using either of the two
optimization approaches.

In chapter 8, it was argued that the implemented aerodynamic BEM-model for this study would be the Hu-
model, since it provided accurate results for thrust coefficients lower than 0.20. As the difference between the
selected thrust coefficient of 0.15 and 0.20 is small, the optimization is also performed for thrust coefficients of
0.05 and 0.1 to assess if similar trade-off plots are generated and to assess the behaviour of the optimizations
to a change in thrust coefficient in general. The resulting plots are shown in figure 9.10 and figure 9.11 for
Tc = 0.05 and T¢ = 0.10 respectively. Both thrust coefficients 0.05 and 0.1 show a similar trend as the selected
coefficient of 0.15. This means that the observations addressed for the optimizations for a thrust coefficient of
0.15 are consistent with observations for optimizations with lower thrust coefficients.

By plotting the trade-off plot for different thrust coefficients in the same graph, the effect of a different thrust
coefficient is clearly visualised(figure 9.12). If a lower thrust coefficient and corresponding lower thrust setting
is required, the optimum points show a decrease in noise emissions and an increase in propeller efficiency. This
means that when regarding the aeroacoustic performance, the propeller is able to operate at a lower operational
speed, thereby decreasing tip Mach numbers and reducing noise emissions. For the aerodynamic performance,
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Figure 9.10: Trade-off plot for advance ratio J and pitch § as design Figure 9.11: Trade-off plot for advance ratio J and pitch f as design
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the lower required thrust leads to a decrease in tip losses. These losses decrease since the decrease of blade
loading leads to a decreased amount of swirl in the slipstream of the propeller and since a smaller acceleration
of the flow leads to a decrease in axial induction factor.
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Figure 9.12: Trade-off plot for X = [J ], both for T¢ = 0.15 and T¢ = 0.10.

To provide an analysis of the sensitivity of noise reduction versus efficiency penalty, the optimization results
are used for a mathematical fit. It seems that for each of the trade-off plots (T¢=0.05, T¢=0.10 and T¢=0.15),
the points for maximum aeroacoustic and aerodynamic performance approach an asymptote. Therefore, an
error type function is considered appropriate as a fitting curve through the data. Specifically, the inverse of
the complementary error function is used to obtain a fit, as shown in figure 9.13. This choice is made because
this function features clear x- and y asymptotes. The fitted curve is generated by using the MATLAB “fittype’-
function, which uses a nonlinear least-squares method to obtain the fitted function.



9.2. Optimization Results 77

b
X)=a————— 9.3
) erf((x—c)/d) ©3)
where:
a=-83.87
b =5.164
¢ =0.8182
d =0.0556
The error function is defined as:
2 R
erf(x) = —f e "dt (9.4)
! Vi Jo
66 ; . . | :
*  Optimization data
Error function fit =
88 | i 1
70} / :
//
% 72 | " 8
o
0
o 74t .
'_
P
76 | = _
7 . il 1
-80 : : . . :
075 0.76 0.77 078 0.79 0.8 0.81

n [-
Tl
Figure 9.13: Trade-off plot for X = [J ], including fitted curve based on an error type function for thrust coefficient T¢ = 0.15.

An interesting observation by assessing this fit is that a distinctive trend exists in the trade-off between
aerodynamic and aeroacoustic performance for a design vector including advance ratio J and pitch . At the
design point of maximum propeller efficiency, a noise reduction can be achieved at a small penalty in terms
of propeller efficiency. At the design point of maximum propeller efficiency a noise reduction of 5.7dB can
be obtained for a penalty in propeller efficiency of 1%. For a penalty in propeller efficiency of 2%, a noise
reduction of 8.1dB can be obtained. Figure 9.13 shows that a larger penalty in terms of propeller efficiency
leads to a larger noise reduction. However, the sensitivity of noise reduction decreases as the maximum allowed
propeller efficiency penalty increases.

This is further quantified by the gradient of the fit, shown in figure 9.16, at the point for minimum noise
emissions. At this point, there is a gradient of 0.31dB in noise emissions for 1% in propeller efficiency. This
also means at the design point of minimum noise emissions, a propeller efficiency increase can be obtained at
a small cost in noise emissions. At the point for maximum propeller efficiency, there is a gradient of 9.4dB in
noise emissions for 1% in propeller efficiency. The increment of the gradient as a function of minimum accepted
propeller efficiency shows that the sensitivity of a noise reduction increases as a function of a larger minimum
acceptable propeller efficiency. The trend also shows a rounded transition corner when optimizing for both
objectives equally.

In figure 9.14 and figure 9.15 the resulting fits for the optimizations for T¢ = 0.05 and T¢ = 0.10 are displayed,
which shows that for both coefficients an equal trend exists. To make a comparison of figures 9.13- 9.15, figure
9.16 is computed in which the gradient for each of the fits with different thrust coefficients is shown. The
gradients show the increase of noise emissions in dB for a percentage increase of propeller efficiency. As shown,
there is a similar trend between the optimizations for each thrust coefficient. The difference in derivative for
optimizations of thrust coefficients of 0.05 and thrust coefficients of 0.1 and 0.15 is likely to be induced by
fitting errors. It can be concluded that the increasing gradient of the trade-off between propeller efficiency and
propeller noise emissions is independent of thrust coefficient, given that the thrust coefficient is positive.
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Figure 9.14: Trade-off plot for X = [J ], including fitted curve

based on an error type function for thrust coefficient T = 0.05.
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Figure 9.15: Trade-off plot for X = [J ], including fitted curve
based on an error type function for thrust coefficient T = 0.10.
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Figure 9.16: Derivative of fits shown in figure 9.13, figure 9.14 and figure 9.15. The derivatives show an increase of noise emissions for
each percent in increase of propeller efficiency.

It is interesting to note that the results presented apply for a propeller operating in climbing conditions. De-
pending on the length of the flight, the climbing phase of flight is usually a minor fraction of the total mission.
By only optimizing advance ratio and pitch, according to these results noise emissions around airports can
be reduced approximately 11dB, while there is sacrifice of approximately 5% in propeller efficiency for a rela-
tively short amount of time. This sacrifice in propeller efficiency is negligible compared to the overall propeller

efficiency during the mission.
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9.2.2. Results for Advance Ratio, Pitch and MCA

In this section, the results are shown for a design vector including three design variables: the advance ratio J,
pitch B and the mid-chord alignment MCA. The performance difference by adding the mid-chord alignment into
the design vector is assessed. As discussed in chapter 4, the mid-chord alignment is parametrised by means of
a Bézier curve, which is defined by a number of control points. The x and y position of these control points are
used as design variables in the design vector. According to the analogy explained in chapter 7, using 3 control
points to represent the mid-chord alignment distribution means adding 3 extra design variables to the design
vector. For 4 control points, 5 extra design variables are added to the design vector. Both the 3 and 4 control
point cases are considered in the optimization to assess the difference in MCA-distribution on optimization
results for a different number of control points. For 4 control points the design vector is defined as:

JI-]

(9.5)

=
I
<
9)
g
[

After generating optimization results for the design vector including control points defining mid-chord
alignment, these results can be used to assess the impact of blade sweep on the aerodynamic and aeroacoustic
results. A trade-off plot is used to present these aerodynamic and aeroacoustic results, which shows the poten-
tial performance increase by using blade sweep for each one of the objectives. Complementary to the trade-off
plot are the optimized design vectors. The optimized design variables give an insight into the mechanism to
which an optimized mid-chord alignment can decrease noise emissions of a propeller blade.

Figure 9.17 shows a trade-off plot with the results for a design vector including advance ratio and pitch, with
and without including mid-chord alignment. At the top right of the figure(n, > 0.8 and TSSP > -68dB), op-
timizations are shown for optimum propeller efficiency, where there is a negligible difference in results. This
means, an application of blade sweep does not improve the aerodynamic performance for the 6-bladed XPROP.
For optimizations performed at a minimum allowed propeller efficiency of 17, = 78%, there is a difference of less
than 0.5dB in noise emissions between the baseline propeller and an optimized propeller. The noise benefit by
applying sweep for minimum acceptable propeller efficiencies around 76.5% to 78% are approximately 0.5dB.
Compared to equivalent studies, a noise reduction of 0.5dB due to blade sweep application is not significant. A
study by Geng et al.[15] showed a noise reduction of 2.9dB and a study by Pagano et al.[9] resulted in a noise
reduction of 1.5dB, both by applying blade sweep. Therefore, an elaboration of the sensitivity of the blade
sweep effect on noise reduction is provided in section 9.2.3.
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Figure 9.17: Trade-off plot for either X = [J §] and % = [J B MCA], showing results for TSSP and 17, (T¢=0.15).
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9. Optimization Results

Next, the optimized design vectors and their optimization results are assessed for three cases:
1. Pure aeroacoustic performance optimization (k = 0)

2. Pure aerodynamic performance optimization (k = 1)

3. Multi objective performance optimization: a point near the rounded transition curve at a minimum ac-
cepted propeller efficiency n, = 78.5%.

The optimized geometry is assessed by a noise directivity plot at optimized operational conditions and by a
propeller efficiency plot for off-design conditions.

Case 1: Pure Aeroacoustic Performance Optimization (k = 0)
In the case of solely optimizing for high aeroacoustic performance, the optimum resulting mid-chord alignment
and the corresponding optimum advance ratio and pitch setting are determined for a thrust coefficient of 0.15.
The initial design variables include a straight blade (MCA(r) = 0), J = 1.1 and 8 = 30°. The optimized mid-chord
alignment for 4 control points is shown in figure 9.18. The mid-chord alignment MCA and the radial position
at the blade r is normalised with respect to the radius of the propeller. As shown, the mid-chord alignment is
zero at the root of the blade. Moving from root to the tip, a forward sweep is gradually introduced. However,
close to the tip of the blade a large backward sweep is introduced. This backward sweep angle close to the tip

forces a phase offset of the noise sources close to the tip of the blade.
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Figure 9.18: Optimized blade mid-chord alignment for the aeroacoustic performance as objective function (4 control points).

Since the strongest noise sources occur at the tip of the blade due to the highest Mach numbers, the intro-
duction of a phase offset is most effective here. Since this phase offset can be achieved by a sweep angle[24],
a large sweep angle is induced near the tip. To demonstrate that the strongest noise sources indeed occur at
the tip, the real, absolute part of the complex Fourier coefficients of the acoustic pressure for the first harmonic
as a function of the radial coordinate of the blade are shown in figure 9.19. The Fourier coefficients are the
combined Fourier coefficients of the thickness and loading source contributions for different radiation angles
for a straight blade. The amplitude of the sound waves which is represented by these Fourier coefficients is
a compromise between the local loading and the Mach number at the tip. The local loading of the propeller
blade decreases at the tip, while the blade Mach number is maximum at the tip. The Fourier coefficients scale
quadratically with the Mach number along the radial coordinate, which is also shown in figure 9.19. The smaller
increase or decrease in the Fourier coefficient values is caused by the reduction of blade loading near the tip.

These graphs support the statement that the strongest noise sources occur at the tip of the blade, since the
largest Fourier coefficients occur at the tip of the blade for a radiation angle of 90°.
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Figure 9.19: Radial distributions of Fourier coefficients of thickness and loading source contributions for different radiation observer
angles for a straight blade.

Figure 9.20 shows the mid-chord alignment of 3 and 4 control points side by side. By comparing both
distributions, the effect of a difference in the number of control points on the shape of the Bézier curve is
illustrated. Using 3 control points to define the Bézier curve, a relatively simple quadratic Bézier curve is the
result, and by using 4 control points, a cubic Bézier curve is the result. The Bézier curve defined by 3 control
points shows a larger forward sweep around 40%-70% of the blade radius.
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Figure 9.20: Comparison between optimized blade mid-chord alignments defined by 3 and 4 control points. Optimization was performed
for pure aeroacoustic performance.

The mid-chord alignment distributions from figure 9.20 are compared to the straight-bladed design to assess the
aerodynamic and aeroacoustic performance. In table 9.4, a comparison between aerodynamic and aeroacoustic
performance is provided for both the baseline XPROP and the optimized propeller geometries (3 and 4 control
points). In order to provide a fair comparison, the results are compared to the 6-blades XPROP with optimized
operational conditions. The effect of the mid-chord alignment on key performance characteristics can only
be assessed if the propeller with straight blades also operates at a thrust coefficient of 0.15 with optimum
advance ratio and pitch setting for maximum aeroacoustic performance. By using this approach, the change
in aeroacoustic or aerodynamic performance is solely the result of a change the distribution of mid-chord
alignment.
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As shown in table 9.4, the application of blade sweep shows an aeroacoustic performance increase of 0.4dB
with respect to the straight-bladed propeller, which is an average noise emission decrease across three different
point at a sideline at 10 radii from the propeller axis. For the propeller efficiency, there is a 1.1% decrease for
the optimized MCA-shape with respect to the straight-bladed propeller. In addition, it is interesting to note
that the application of blade sweep changes the value of the operational design variables. These changes are
compensating for the loss of thrust generation by an increase in pitch and a decrease in advance ratio, which
consequently decreases the propeller efficiency as well. As discussed in chapter 8, the application of blade
sweep leads to a reduction of thrust coefficient as modelled by the BEM-model. As shown, the advance ratio
decreased for both the 4-control point solution and the 3-control point solution, therefore maintaining a thrust
coefficient of 0.15.

Table 9.4: Table showing optimum aeroacoustic design results for a thrust coefficient of 0.15.

XPROP | Optzcp | Optacp

Tc(-) 0.15 0.15 0.15
pBldeg) 51.28 51.61 51.74
J0G) 1.507 1.483 1.486
np(=) 0.752 0.739 0.739
TSSPyean(dB) | -78.31 | -78.74 -78.76

Similar to the discussion given in section 9.2.1, first a detailed interpretation of the results in terms of aerody-
namic performance is provided, after which an interpretation in terms of aeroacoustic performance is provided.

Case 1: Aerodynamic Performance Analysis

The effect of the optimized design including blade sweep on aerodynamic performance can be shown by ana-
lyzing the off-design conditions. By varying the advance ratio, the aerodynamic performance of the optimized
design and the straight-bladed propeller can be compared. The thrust and power coefficient Cr and Cp are
shown in figure 9.21 and 9.22, respectively. The propeller efficiency is shown in figure 9.23. For these graphs,
an equal pitch setting is used for both the optimized geometry and the baseline geometry. As shown by these
simulations, the optimized design including sweep angle induces a decrement of thrust and power coefficient.
Since the propeller efficiency is dependent on the fraction of thrust-to-power coefficient, the difference in pro-
peller efficiency is limited. These findings are in line with the verification results discussed in chapter 8.
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Figure 9.21: Thrust coefficient Ct as a function of the advance Figure 9.22: Power coefficient Cp as a function of the advance
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9.2. Optimization Results 83

0.85 T T T T T

Optimized design
Straight blade

0.8

0.75 1

0.7 1

7, [

0.65

06|

0.55 I I | . | . .
0.6 0.7 0.8 0.9 1 1.1 12 1.3 14

Figure 9.23: Propeller efficiency 17, as a function of the advance ratio, computed for the optimized- and the baseline design

The overall thrust coefficient and propeller efficiency are equal for the straight and swept blade. Therefore,
the losses associated with applying blade sweep must be compensated by changing the advance ratio and pitch.
The decrease in advance ratio and the increase in pitch lead to a higher effective velocity at the blade, which
generates a larger thrust. In figure 9.24, the thrust as a function of the radial coordinate is shown for both
the swept blade and the straight blade. Since there is a local application of blade sweep, the difference in the
resulting radial blade loading plots is small. However, a clear difference in blade loading remains. Due to the
application of blade sweep near the tip of the blade, there is loss of thrust at that location. This is a result which
is consistent with the BEMT-model including simple sweep, since the application of a sweep angle leads to a
direct reduction of the values for lift and drag coefficients. The loss of thrust at the tip is compensated with a
higher thrust at radial positions closer to the root, which is done by decreasing advance ratio and increasing
pitch. As a result of the behaviour of the operational design variables, the blade loading shifts inboard.
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Figure 9.24: Thrust as a function of the radial coordinate of the blade, shown for the straight blade and the blade planform shown in
figure 9.18.

The effect of blade sweep as modelled by the BEMT-model are further analysed by the radial plots of angle
of attack and inflow angle, shown in figure 9.25 and figure 9.26, respectively. There is a difference in both inflow
angle and angle of attack between the straight and swept blade, due to the difference in advance ratio and pitch.
However, due to the application of blade sweep near the tip, these figures show a drastic increase of angle of
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attack and a decrease of inflow angle. This can be explained by the Newton-Raphson iteration method used
in the BEMT-model. At the tip, the lift and drag coefficients are corrected for the application of blade sweep.
This leads directly to a decrement in the angle due to induction, since the loading in the local streamtube is
decreased. Since the pitch and inflow angle without induction are assumed constant, this directly leads to an
increase of angle of attack in the BEMT-model. It is questionable if these results represent the physical process,
since the increase of angle of attack should generally lead to an increase in lift coefficient, while the opposite
effect occurs in this model. For future studies, a suggestion is to apply the correction after the iteration, since
this would prevent a change in angle of attack due to the application of blade sweep.

20 T T T T T T T T 80

Straight blade
Optimized swept blade [+

Straight blade
Optimized swept blade

01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
R [-] R [-]

Figure 9.25: Radial distribution of angle of attack a for both the Figure 9.26: Radial distribution of inflow angle ¢ for both the
swept and straight optimization results. swept and straight optimization results.

Case 1: Aeroacoustic Performance Analysis
Next, the effect of the optimized design on aeroacoustic performance is analysed. For the 6-bladed XPROP and
the optimized geometry, defined by 4 control points, a directivity plot for noise emissions is constructed. As

discussed, the noise reduction achieved by application of blade sweep is limited, which is illustrated once more
by the directivity plot in figure 9.27.
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Figure 9.27: Noise emission directivity plot both for the XPROP including straight blades and the optimized blade-shape as depicted in
figure 9.18
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For the optimized swept blade, the pitch increases and the advance ratio decreases. However, a decrease of
advance ratio leads to an increase of tip Mach number, which leads to an increment of the noise emissions by
definition. Therefore, the TSSP of the optimized swept blade is calculated at the advance ratio which is opti-
mum for the straight blade, J = 1.507, to assess the effect of advance ratio on noise emissions. For the straight
blade the TSSP is -78.31dB. For the optimized swept blade the TSSP is -79.33dB. Therefore, an increment of
the tip Mach number due to a required reduction in advance ratio leads to a penalty of 0.6dB in terms of noise
emissions. Due to this penalty, the noise reduction which is obtained by applying blade sweep is 0.4dB instead
of 1.0dB.

It is interesting to assess the effect of the application of blade sweep on the reduction in both loading and
thickness noise. First, the effect of blade sweep on thickness noise is assessed. For the considered freestream
Mach number, the thickness noise is not dominant, but the reduction in thickness noise due to sweep can
become relevant at higher flight speeds. In table 9.5, the thickness and loading noise for both the optimized
swept blade solution and the optimized straight blade solution are provided. Due to the application of blade
sweep, there is a 0.7dB increase in thickness noise. This is caused by the decrease of advance ratio as a result
of the loss in thrust. The thickness noise increased due to the rise in tip Mach number, which opposed the
decrease in thickness noise due to phase cancellation of blade sweep.

Table 9.5: Thickness and loading noise for both the optimized swept blade solution and the optimized straight blade solution.

‘ XPROP ‘ Optimized blade

TSSP:pickness(dB) | -99.05 | -98.35
TSSPioading(dB) | -78.45 | -78.96
TSSP;pta1(dB) -7831 | -78.76

The assessment of the effect of blade sweep on loading noise is more complicated. Due to the loss of thrust
at the tip of the blade, the advance ratio is decreased and pitch is increased to meet the thrust constraint.
Therefore, the blade loading shifts more towards the root of the blade, as shown in figure 9.24. As a result,
noise reduction due blade sweep is achieved both by a shift of blade loading and phase cancellation. In order to
assess the shift in loading and the phase cancellation due to blade sweep on noise reduction, multiple cases are
compared at constant advance ratio of J = 1.486 and pitch 8 = 51.73° to avoid the influence of tip Mach number.
Three assessed cased including their results are as follows:

1. For the XPROP including straight blades operating at J = 1.486 pitch § = 51.73°, the loading noise contri-
bution to the overall TSSP is -77.98dB.

2. The loading noise contribution to the TSSP of the optimized swept blade including the loading distri-
bution of the straight blade is calculated. This gives an insight of the noise reduction due to phase
cancellation caused by the application of blade sweep. The loading noise contribution to the TSSP is
-78.34dB.

3. The loading noise contribution to the TSSP of the XPROP including the loading distribution of the swept
blade is calculated. This gives an insight of the noise reduction due to shift in loading inboard caused by
the application of blade sweep. The loading noise contribution to the TSSP is -78.81dB.

These cases lead to the conclusion that the loading noise is mostly reduced by shifting blade loading inboard, and
the phase cancellation has a smaller effect. Since the loading noise is dominant for these operating conditions,
shifting the loading inboard is the most important mechanism for noise reduction by applying blade sweep.
However, for an increased flight velocity, the thickness noise becomes more dominant and the MCA-to-A ratio
increases as well, at which the phase cancellation mechanism becomes more important. This is further explored
in section 9.2.3.
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Case 2: Pure Aerodynamic Performance Optimization (k = 1)

For pure aerodynamic performance optimization, the assessment is made whether application of blade sweep
for these operating conditions enhances propeller efficiency. For this purpose, a random set of 3 different
initial design vectors were used. These initial design vectors were all within the bounds of the optimization.
However, the results were equal for all initial design vectors. In table 9.6, the optimization results and the
optimized operational design variables are tabulated. These are compared to the optimized operational design
variables of the XPROP. In figure 9.28, the optimized MCA-shape is shown.

There is a negligible difference in optimized operational design variables and optimization results between
the XPROP and the optimized shape. This is supported by the shape of the MCA-distribution, which is equal to
a straight blade. For an optimization for maximum propeller efficiency, the performance indicators determined
by the HST-model are not included in the optimization. This means the amount of sweep which is applied by the
optimizer depends on the question if blade sweep enhances propeller efficiency according to the BEMT-model
including simple sweep theory. Clearly, according to the resulting straight blade which is shown in figure 9.28,
the application of blade sweep does not lead to an increase of propeller efficiency according to the BEM-model.
A physical explanation for this phenomenon is that application of sweep means that the bound vortex line
is moved, which leads to additional shedding of trailing vortices along the blade radius. For low amounts of
blade sweep, the losses associated with these trailing vortices reduces the propeller efficiency. Therefore, the
optimizer does not change the values of the control points to apply a blade sweep to the planform.

Table 9.6: Table showing optimum aerodynamic design results for a thrust coefficient of 0.15.

XPROP | Optscp

Tc(-) 0.15 0.15
Bldeg) 3200 | 31.97
T0) 1.096 | 1.095
(=) 0.802 | 0.802
TSSPpean(dB) | -67.51 | -67.49
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Figure 9.28: Optimized blade mid-chord alignment for pure aerodynamic optimization (4 control points).

Case 3: Multi-objective Performance Optimization
In the final case, both objectives are considered in the optimization process. An assessment is made of the
reduction in noise emissions which can be achieved with blade sweep, while an equal propeller efficiency is
considered for the design vector including and excluding blade sweep. This means the objective function only
considers the reduction in thrust specific noise.

The propeller efficiency which is considered for this case is based on the trend shown in figure 9.13. A point
of interest for further assessment is a chosen point in the rounded transition curve of the plot, which is a region
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where both a reasonable aeroacoustic and aerodynamic propeller performance can be achieved. The point of
interest occurs at approximately 78.5%, where the average value of the gradient dTSSP/dn appears. This point
is used as a minimum acceptable propeller efficiency constraint in the optimization for X = [J ] and X = [J B
MCA]. The results of the optimizations are tabulated in table 9.7 and the shape of the mid-chord alignment is
shown in figure 9.29. Since the required minimum propeller efficiency is equal for the straight blade and the
blade including swept blades, noise reduction is solely the result of blade sweep application to the planform.
Losses due to application of blade sweep in terms of thrust or propeller efficiency are compensated by the

advance ratio and pitch. For a minimum propeller efficiency of 78.5%, the application of blade sweep yields a
0.5dB noise reduction.

Table 9.7: Table showing optimum design results for design vectors X = [J 8] and X = [J f MCA] subjected to a constrained minimum
propeller efficiency np = 78.5%.

| XPROP | Optacp

Tc(-) 0.15 0.15
Bldeg) 43406 | 43.192
JO) 13698 | 1.3614
(=) 0.785 | 0.785
TSSPmean(dB) | -75.05 | -75.53

The optimized design for this multi-objective approach shows a less pronounced application of the mid-
chord alignment compared to the design for pure aeroacoustic performance(case 1). The trend for both designs
is similar: from root to tip there is a gradual increase of forward sweep, after which an abrupt backward sweep
is introduced near the tip of the blade. When considering the designs for pure aerodynamic and aeroacoustic
performance, it appears the design shown in figure 9.29 is a compromise of the aforementioned designs.
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Figure 9.29: Optimized blade mid-chord alignment for high aeroacoustic performance with a propeller efficiency constraint at 17, = 0.785
(4 control points).

For this case the the results yielded similar conclusions to case 1. Therefore, there is no extensive elaboration
on these results. However, for this case there is a constraint on the minimum accepted propeller efficiency,
which was not active during case 1. As a result, there is a difference in the behaviour of the operational design
variables. Due to the application of blade sweep, the thrust coefficient and propeller efficiency decrease. In
order to increase the thrust coefficient, the advance ratio is decreased. However, by decreasing the advance
ratio the propeller does not operate at an optimum point. Therefore, the pitch angle is decreased as well. This

leads to a concurrent decrease of pitch and advance ratio, which is different compared to the behaviour in case
1.
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9.2.3. Sensitivity of Blade Sweep Effect

As shown in the previous section, the effect of blade sweep application on the aeroacoustic results was marginal.
The maximum difference is 0.5dB between a blade including blade sweep as opposed to a blade without blade
sweep, both with optimized operational conditions and a thrust coefficient of 0.15. This is a marginal noise
reduction compared to what was found in similar research by others[9, 15]. Since the impact of an application
of blade sweep on aeroacoustic performance is a key result of this thesis, an assessment is performed to deter-
mine the reason for the marginal impact of blade sweep on noise reduction. In order to determine why there is
a marginal impact of blade sweep application on noise reduction, a paper by Hanson[14] is assessed. Hanson
described that the phase lag due to blade sweep, which leads to noise reduction, is proportional to the ratio of
MCA/chord to the sound wavelength. In addition, Hanson claims that the effect of blade sweep on noise reduc-
tion grows as the flight Mach number increases. An increment of the flight Mach number leads to an increment
of the operational speed of the propeller, which results in an increment of the blade passage frequency. Since
the blade passage frequency is directly coupled to the sound wavelength, a higher flight Mach-number leads to
an increase of the ratio MCA to the sound wavelength.

For the results shown in section 9.2.2, the maximum value of the MCA was limited by the bounds of the
optimization, while the wavelength of sound is predefined by the freestream Mach number and the advance
ratio. In order to assess the effect of the ratio between MCA to sound wavelength on noise emissions, either
the wavelength of the sound or the mid-chord alignment can be changed. In order to increase the ratio of
MCA-to-A, the freestream Mach number can be increased. The freestream Mach number affects the impact
of blade sweep on noise emissions, since the blade passage frequency and thus the wavelength is dependent
on the freestream Mach number for a constant advance ratio. Therefore, the TSSP is calculated for both the
optimized swept blade planform and the straight blade as a function of the freestream Mach number. For this
calculation, it is assumed that the non-dimensional aerodynamic loading can be kept constant, which ensures
only the effect of freestream Mach number is assessed.

Figure 9.30 presents the results of the calculation, which was generated by calculating the noise emissions of
both the XPROP and a 6-bladed propeller including the MCA-distribution shown in figure 9.18 for freestream
Mach numbers between 0.1 and 0.35. Using higher Mach numbers than 0.35 would yield tip Mach numbers
higher than 1. At tip Mach numbers higher than 1, nonlinear effects can become relevant, and loading/thickness
noise cannot be assumed as the dominant noise sources and the calculation is no longer reliable. The noise
reduction due to sweep at a freestream Mach number of 0.17 is 0.73dB, while the noise reduction at a freestream
Mach number of 0.33 is equal to 1.5dB. Thus, this plot generated by the HST-implementation supports the
suggestion by Hanson that the effect of the application of blade sweep on noise reduction increases as the
freestream Mach number increases. However, by increasing the freestream Mach number in this model, the
freestream velocity increases as well, which forces the operational speed to increase for a constant advance
ratio. Therefore, the tip Mach number of the propeller increases. Since the noise emissions are also strongly
affected by the tip Mach number of the propeller, figure 9.30 only gives an indication that the Mach number
affects the impact of blade sweep on noise emissions.

-10

Optimized swept blade >
201 Straight blade =

S
30+ b // 4
P
40 | o 1
o
.;_:_,,-,

-50 7 g

TSSP [dB]

110 . . . .
0.1 015 0.2 0.25 0.3 035

Mach number [-]

Figure 9.30: Effect of freestream Mach number on noise emissions for the XPROP and the optimized propeller (shown in figure 9.18).
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Another measure which can be taken to increase the impact of blade sweep on noise reduction is to use
a higher amount of blades, since the blade passage frequency increases, which decreases the wavelength of
sound A. However, increasing the number of propeller blades in this model cannot be used to prove this point,
since an increase of propeller blades also leads to an increase in loading. In order to maintain a fixed thrust
coefficient, the operational speed should be decreased, which means the tip Mach number decreases. Therefore,
it is not possible to assess the effect of blade count on noise emissions in this model, without changing other
non-dimensional scaling parameters.

Nonetheless, there is a measure which can be used to prove that the ratio of MCA to sound wavelength leads
to a noise reduction by using the optimization model. If the bounds on the design variables in the optimization
are increased and the optimization shows a larger blade sweep leading to a larger noise reduction, this proves
that the increment of the ratio of MCA to wavelength leads to noise reduction. In this way, no other dimensional
or non-dimensional variable changes as a response to an increase in bounds. The optimized planform found in
case 1 of section 9.2.2 is used as a baseline for the comparison suggested here. The optimizations are performed
for low noise emissions, without the use of a constraint for minimum accepted propeller efficiency. The bound
on the MCA-distribution is defined such that the maximum MCA is equal to twice the maximum blade chord
length. The resulting blade planform is shown in figure 9.31 and the results are tabulated in table 9.8, both for
case 1 of section 9.2.2 and the design shown in figure 9.31.
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Figure 9.31: Optimized mid-chord alignment distribution including blade planform for maximum aeroacoustic performance, using
increased bounds of MCA;ax = 2% Cmax

Table 9.8: Optimization results for design vectors including blade sweep for different bounds on the MCA-distribution.

MCAmax = Cmax

MCApax = 2XCax

Tc(-) 0.15 0.15
Bldeg) 51.61 51.63
T06) 1.483 1.484
np(=) 0.739 0.738
TSSPpean(dB) | -78.76 -78.89

The results in table 9.8 show that an increment of the bounds indeed leads to a noise reduction. However,
as discussed in subsection 9.2.2, this noise reduction can also be obtained due to the inboard shift of blade load-
ing and thereby reducing loading noise. Therefore, in order to solely consider the effect of phase cancellation,
only the thickness noise is considered. Thus, if a larger MCA-to-A ratio decreases thickness noise, this is a
proof that the increment of this ratio leads to a noise reduction. The wavelength of the sound associated with
this optimization setup is calculated using the first blade passage frequency. For an advance ratio of 1.48 and
a freestream velocity of 60m/s, the resulting operational speed of the propeller is used to calculate the blade
passage frequency for 6 blades, which is 596Hz. The wavelength can be calculated using the speed of sound,
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leading to a wavelength of 0.58. The resulting MCA-to-A ratio is 0.0570. For the optimization including in-
creased bounds, the corresponding MCA-to-A ratio is 0.1140. The contribution of thickness noise to the overall
noise level as determined by the optimization including the baseline bounds (MCApax = Cmax) is equal to
-98.35dB. On the contrary, the contribution of thickness noise to the overall noise level as determined by the
optimization including increased bounds (MC A 4x = 2% Cay) is equal to -98.54dB. As a result, the increment
of this ratio leads to a noise reduction.

These findings stress the impact of freestream Mach number on the effectiveness of the phase cancellation effect
due to blade sweep application. For a higher freestream Mach number, the dominance of the loading noise
reduces, which decreases the effect of a shift in blade loading on noise reduction. Therefore, the dependency of
noise reduction on the phase cancellation effect due to blade sweep increases. Furthermore, a higher freestream
Mach number leads to a reduction of the sound wavelength, since the advance ratio is constant, which means the
operational speed and tip Mach number increase. Subsequently, this increases the MCA-to-A, which enhances
the effect of phase cancellation due to blade sweep.

For the initial climb phase, the freestream Mach number is generally below 0.2. At this value, the effective-
ness of blade sweep application can be enhanced by operating at a large operational speed, since the wavelength
of sound decreases, which increases the MCA-to-A ratio. However, for an increase of the operational speed,
an undesirable effect occurs: the tip Mach number increases which increases noise in general. Therefore, ac-
cording to this analogy, the effect of blade sweep application to reduce noise remains small considering the
initial climb phase. However, within the optimization space, other variables such as the blade number, chord
and twist are ignored in this study, which can also be used to enhance the effect of blade sweep application to
reduce thrust specific noise.
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Conclusions and Recommendations

Based on the findings in this thesis, the research questions are answered and the main conclusions are drawn. In
this chapter, the conclusions and recommendations for future studies are documented (section 10.1 and section 10.2
respectively).

10.1. Conclusions

The objective of this thesis was to quantify the impact of blade sweep on the trade-off for aerodynamic and
aeroacoustic performance of an isolated propeller by means of an optimization study. This optimization study
was successfully performed, which allows answering the main research questions.

1. Which fast and accurate aerodynamic and aeroacoustic performance models for an isolated propeller derived
from literature are suitable to be applied in an optimization framework?

The Blade Element Momentum model with a dependence to blade sweep was used in the optimization study to
predict the aerodynamic performance of a propeller. This is a low-order numerical model, which allows for a
fast simulation. In the verification and validation process, an assessment was made of two different approaches
regarding the treatment of blade sweep in BEM-models: a direct correction of the lift and drag coefficients
(Hu-method) and a correction of the induced and azimuthal velocities (Gur and Rosen-method). In this thesis,
the optimization study is performed at a relatively low thrust coefficient, which is calculated by using data
of a reference aircraft in the climb phase. For this low thrust coefficient, it appears that the correction of the
azimuthal velocity due to blade sweep in the Gur and Rosen model induces an error compared to experimental
data. Specifically, a comparison to this data reveals that the point of zero thrust was falsely predicted at a lower
advance ratio. On the contrary, the Hu-model shows close agreement to the experimental data at low thrust
coefficient due to the small correction of lift and drag coefficient for blade sweep, as there is little blade loading.
Therefore, for this study the BEM-model implementation including a correction for lift and drag coefficient is
selected. Hanson’s Helicoidal Surface Theory was used in the optimization study to predict the aeroacoustic
performance of the propeller. This model is selected due to the accurate results and a dependence to blade
sweep. Since extensive validation has been performed in previous studies by Kotwicz et al.[40], validation is
not performed in this thesis. However, based on a proper verification process, accurate aeroacoustic results are
generated.

2. Which suitable optimization method should be selected such that an adequate optimization is performed?

A gradient-based optimization approach is used in the optimization study, which enables fast convergence of
the optimization problem. For gradient-based methods, there is a risk to find local optima. Therefore, in this
study the optimizations were performed using different initial design vectors.

3. How to quantify the trade-off between aerodynamic and aeroacoustic performance for an isolated propeller
only considering pitch and advance ratio as design variables?

Optimization results are generated for a thrust coefficient T¢c = T/peo VOZOD% of 0.15, a freestream velocity of
60 m/s and a corresponding freestream Mach number of 0.17. For the quantification of the trade-off between
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aerodynamic and aeroacoustic performance considering advance ratio and pitch, various optimizations are per-
formed minimizing the thrust specific noise subjected to an increasing minimum allowed propeller efficiency
constraint. For a design vector containing advance ratio and pitch, high aeroacoustic performance is obtained
by operating at high pitch and high advance ratio, since the resulting low rotational speed provides low Mach
numbers at the blade sections, leading to reduced noise emissions. On the contrary, high aerodynamic perfor-
mance is obtained by operating at a lower advance ratio and pitch, to obtain an optimum overall thrust-to-torque
ratio. The difference in results between optimizing for pure aerodynamic and pure aeroacoustic performance
is 10.8dB in propeller noise and 5% in propeller efficiency.

An error-type function fit through the optimization results enables additional quantification of these results.
At the design point of maximum propeller efficiency, a noise reduction of 5.7dB can be obtained for a penalty in
propeller efficiency of 1%. For a penalty in propeller efficiency of 2%, a noise reduction of 8.1dB can be obtained.
The gradient of the error-type function fit shows an increasing behaviour as a function of the minimum accepted
propeller efficiency. For the design point for minimum noise, there is a gradient of 0.31dB in noise emissions for
each percent in propeller efficiency. At the point for maximum propeller efficiency, there is a gradient of 9.4dB
in noise emissions for each percent in propeller efficiency. This leads to the conclusion that a larger penalty in
terms of propeller efficiency causes a larger noise reduction, whereas the sensitivity of noise reduction decreases
as the maximum allowed propeller efficiency penalty increases.

4. What is the influence of blade sweep, pitch angle and advance ratio on aerodynamic and aeroacoustic char-
acteristics of a propeller in isolated conditions?

By incorporating blade sweep into the design vector, the effect of blade sweep on aerodynamic and aeroa-
coustic performance is quantified. Three cases are investigated: pure aeroacoustic (i), pure aerodynamic (ii),
and a multi-objective (iii) performance optimization case. For pure aeroacoustic performance optimization (i),
the resulting blade shape features a gradual increase of forward sweep moving from root to tip, until a large
backward sweep is introduced near the tip. This design leads to a noise reduction of 0.4dB with respect to the
baseline design optimized for advance ratio and pitch. For pure aerodynamic performance optimization (ii) the
application of blade sweep does not increase propeller efficiency when considering the XPROP as a baseline
propeller. For the multi-objective approach (iii), a minimum acceptable propeller efficiency of 78.5% is used.
The resulting blade design proves that the application of blade sweep is less pronounced as compared to the
design for pure aeroacoustic performance due to the constraint of minimum propeller efficiency. A 0.5dB noise
reduction could be obtained for an optimized design compared to a straight-bladed design.

The previously mentioned impact of blade sweep application on aeroacoustic performance is relatively
small (0.5dB), which is contradictory to comparable research by Geng et al.[15] and Pagano et al.[9], as they
showed noise reductions of 2.9dB and 1.5dB respectively when blade sweep was incorporated. Therefore, a
study of the sensitivity of noise reduction to the effect of blade sweep is performed. The analysis shows that
the main mechanism of reducing noise by applying blade sweep is a shift of blade loading to smaller radii, since
loading noise is dominant at low freestream Mach number. The shift of blade loading occurs because of the
loss of thrust due to the application of sweep near the tip, which is compensated by an increment of advance
ratio and pitch. This means noise reduction is only partly caused by the effect of phase cancellation due to
blade sweep. According to Hanson[14], the phase lag due to blade sweep is proportional to the ratio between
MCA and sound wavelength (MCA-to-A). The effect of a change of this ratio on thickness noise was assessed
to avoid the effect of a shift in radial blade loading. The MCA-toA ratio is indeed proportional to the phase
lag due to blade sweep, since a larger application of blade sweep led to an increase of the MCA-toA ratio from
0.0570 to 0.1140, which caused a reduction in thickness noise of 0.2dB.

The freestream Mach number has a distinct impact on the effectiveness of phase cancellation due to blade
sweep application. For a high freestream Mach number, noise reduction due to blade sweep is solely dependent
on the MCA-to-A ratio and not on a shift in radial blade loading, because the thickness noise is dominant.
Furthermore, a high freestream Mach number leads to a reduction of the sound wavelength, leading to an
increase of the MCA-to-A ratio. However, for the initial climb phase, the freestream Mach number is generally
below 0.2. At this value, the effect of blade sweep application to reduce noise remains small. It should be stressed
that within the optimization space, other variables such as the blade number, chord and twist are ignored in
this study, which can also be used in future studies to enhance the sensitivity of blade sweep application to
reduce thrust specific noise.
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To conclude this thesis, a wider perspective of this work should be emphasised. As shown by this thesis, the
operational variables pitch and advance ratio are the defining design variables for the amount of noise emissions
and propeller efficiency. For reaching desired noise and propeller efficiency objectives during the initial climb
phase, these variables are the most important to meet the objectives. In this thesis, the climbing phase of flight
was considered, which is usually a minor fraction of the total mission. By only optimizing advance ratio and
pitch, noise emissions around airports can be reduced with approximately 11dB, while there is sacrifice of
approximately 5% in propeller efficiency for a limited amount of time. This sacrifice in propeller efficiency is
negligible compared to the overall propeller efficiency during the mission.

10.2. Recommendations
Based on the work and discussion presented in this thesis, a number of recommendations are made:

+ The use of the BEM-model with sweep-dependency as an aerodynamic performance model is an accu-
rate model when considering low blade sweep angles an a low blade solidity. As shown by the BEM-
verification, the accuracy of the model decreases for highly swept blades with a higher blade solidity.
Therefore, for highly swept blades it is recommended to use higher-order models, such as panel meth-
ods. These methods allow radial dependence between blade elements, which is required in case of the
displacement of the bound vortex line of a highly swept propeller blade.

« As the optimization results shown in this study are purely for isolated propellers, installation effects on
propeller performance are not considered. However, for a more accurate representation of the aerody-
namic and aeroacoustic performance of propellers installed to an aircraft, these effects have to be taken
into account for future studies.

« For this study, the effect of blade sweep on aerodynamic and aeroacoustic performance for isolated pro-
pellers is treated. However, other design variables such as the twist and chord distributions and blade
number can also provide noise reduction. An assessment of optimization for twist and chord distributions
optimization could provide valuable insight in the reduction of propeller noise through blade design.

« In this thesis there was no possibility to validate the aeroacoustic model, since no validation data was
available. Although validation of the HST-model was performed in previous studies, it is still recom-
mended to test an isolated propeller in a wind-tunnel with limited possibility of acoustic wall reflections
to perform an extra validation step and build further confidence in this model.

« The bounds on the blade sweep design variables for this thesis were estimated based on reference studies,
such that a feasible structural design could be obtained. However, these bounds were based on estima-
tions. For future studies, a structural model should be used which acts as a constraint for the optimization.
Additionally, aeroelastic effects which can induce significant blade deflections should be incorporated in
the optimization study as well, to ensure that the optimization generates a feasible design.
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Blade Cross-sectional Shapes
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Blade cross section shapes at the 25 radial positions of the XPROP-propeller(untwisted)
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Figure A.2: Blade cross section shapes at 25 radial positions of the APIAN-propeller(untwisted)



Experimental Setup

In this appendix the experimental work which has been performed is discussed. The experimental results did not
contribute to the thesis itself. Therefore, the setup is included in the appendix as a reference. Both configurations
for an isolated propeller and a propeller subjected to non-uniform inflow are discussed. A feasible configuration
was selected such that effect of a specific type of non-uniform inflow on propeller aerodynamic and aeroacoustic
performance could be measured. Firstly, section B.1 gives an outline of the wind-tunnel facility. Secondly, section
B.2 provides an overview of the used test setup. Subsequently, in section B.3 the propeller and wing used during the
test are discussed, followed by a discussion of the measurement techniques in section B.4. Finally, the selected test
conditions are discussed in section B.5.

B.1. Wind-Tunnel Facility

The wind-tunnel facility which was used is the Low-Turbulence Tunnel (LTT) at the Delft University of Tech-
nology, shown in figure B.1. This wind-tunnel features a closed-return circuit with a closed-walled test section.
The orthogonally shaped wind-tunnel test section is 1.80 m wide, 1.20 m tall and 2.60 m in length. In the test
section itself the wind-tunnel is capable of generating speeds of up to 120 m/s. Generally, tests are performed
at speeds between 30 and 100 m/s. As a result of a large contraction ratio of 17.8, a low freestream turbulence
level of less than 0.1% can be guaranteed at these speeds[12]. Additionally, the test section is slightly divergent
to account for boundary layer growth at the wall.

However, for acoustic measurements the wind-tunnel is not ideal, because the wind-tunnel test section is
not acoustically treated. This means reflection of sound waves will occur, which can affect acoustic measure-
ments. Additionally, due to background noise originating from the motor and fan driving the wind-tunnel,
measuring a high signal to noise ratio can be a challenge.

B.2. Overview of Test Setup

To analyse the effect of a nonuniform inflow field on propeller aerodynamic and aeroacoustic performance, a
test setup including a propeller and a wing upstream of the propeller was used. As such, a pusher propeller con-
figuration was simulated, in which the propeller inflow field was influenced by the wake of an upstream wing.
The upstream wing was located at a fixed upstream distance from the propeller plane, which was constrained
by the geometry of the test section. The vertical position of the wing was chosen such that the test setup
represented a validation case used to validate the engineering method to estimate blade loading of propellers
subjected to nonuniform inflow by van Arnhem et al.[53]. The wing was located at z/R = 0.5, ie. the wake of
the wing impinged the propeller at the lower half of disk, at half the distance between the propeller axis and
the propeller blade tip. This type of nonuniform inflow is characterised by a local, out-of-plane disturbance
and a defect in total pressure. Due to time constraints during the test campaign and geometrical constraints of
the test section it was not possible to test other cases of nonuniform inflow. In figure B.2, a complete overview
of the test section including wing and propeller is shown.

Additionally to the nonuniform inflow case, an isolated propeller was also tested to provide a reference
for both the aerodynamic and aeroacoustic measurements. This isolated case was tested prior to installing the
wing.
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Figure B.1: Low-Turbulence Wind-Tunnel (LTT) facility lay-out[52]

Figure B.2: Front view of the test setup with the wing installed upstream of the propeller in the Low-Turbulence Tunnel at Delft
University of Technology
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B.3. Models

B.3.1. Propeller

The propeller which was used during the test is the 3-bladed XPROP-propeller, a propeller with a diameter
of 0.4064 m. The three blades of the propeller had a pitch angle (angle between the local chord line and the
propeller plane) of 30 degrees at 70% of the blade radius. No measures to force transition on the blades were
applied during the experiment. A technical drawing of the propeller geometry is provided in figure B.3. Ad-
ditionally, the radial distribution of chord and pitch are shown in figure 7.2. The blades of this propeller are
equal to the baseline propeller blades used in the optimization study, so the shape of blade cross-sections at
each radial station along the radius are depicted in appendix A. The propeller was positioned such that the
propeller axis coincided with the middle of the test section.

Front view Side view

Figure B.3: Technical drawing of the 3-bladed XPROP

The propeller was powered by a 3 kW induction motor housed inside a nacelle with a diameter of 0.092
m. Both for the isolated case and the nonuniform inflow case the propeller was supported by a sting-mounted
configuration, as shown in figure B.4. In figure B.5, a blade-off configuration is shown, which was used to
determine the performance of the propeller blades. Thereby, the drag component induced by the propeller
slipstream on the nacelle is neglected. Additionally, as shown in figure B.5, zigzag strips were attached to the
sting to trigger boundary layer transition. The strips delayed boundary layer separation at the sting, which
prevented vortex shedding along the sting. As a result, there was a steady loading component along the sting.
The sting itself was connected directly to an external balance (discussed in section B.4).

B.3.2. Wing

The setup including wing is shown in figure B.2. The wing which was used during the test had a chord length
of 0.107 m and a symmetric NACA airfoil (NACA0018) profile which is constant along the span. There was
no taper and no sweep applied to the wing. Laminar boundary layer separation of the wing proved to be a
significant noise contributor. Therefore, boundary layer transition was forced by transition strips applied at
approximately X/c = 0.3 at the lower and upper side of the wing. Therefore, separation of the boundary layer
could be avoided and wing noise emissions were diminished. A consequence of this measure was an increase
in width of the wake downstream of the wing.
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Figure B.4: Photograph of propeller connected to a sting-mounted Figure B.5: Photograph showing blade-off configuration including
setup, representing the isolated propeller case sting and nacelle. The zigzag strips are shown on the sting.

In streamwise direction, the wing was positioned 0.426 m upstream of the propeller plane. This meant the
propeller plane was approximately four wing chord lengths downstream of the wing trailing edge. As discussed
in section B.2, the wing was positioned at a vertical distance of z/R = 0.5 with respect to the propeller. This
corresponds to a distance of 0.564 m with respect to the bottom wall of the test section. It should be noted that
there was a minor vertical bend in the wing, which lead to a height difference of 3 mm between the middle
of the wing and the wall of the test section. Additionally, due to bending and twisting of the wing there is a
possibility that the wake profile of the wing was influenced by an angle of attack change of + 0.5 °.

B.4. Measurement Techniques

In table B.1, an overview of the measurement aims and the corresponding measurement techniques is provided.
These measurement techniques were used in the test campaign and these will be treated in this section.

Measurement aim Measurement technique
Integrated loading External balance

Propeller loading Internal loadcell

Noise emissions Microphone array’s
Inflow-field information | Wake rake

Table B.1: Overview of measurement aim and corresponding measurement techniques used in the experiment

B.4.1. Integrated Loading

During the test campaign an external balance was used to measure the integral forces and moments on the
entire model. Tare measurements were taken before and after each measurement set. Both measurements with
and without propeller blades were taken, to assess the loading of the propeller blades. For this procedure, a
possible upstream effect of the sting and nacelle on the propeller blades was neglected. In order to account for
the uncertainty of the balance measurements, repeated measurements were taken at equal operating conditions.
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B.4.2. Propeller Loading

For the aerodynamic performance of the propeller including hub, an ATT mini45 titanium-load cell was used.
In comparison to the external balance, this measurement technique can be considered as an internal balance.
The load cell was located directly in front of the motor, behind the hub of the propeller. Therefore, all the forces
measured by the load cell are the result of the propeller blades and the propeller hub. A torque and a thrust
force can be measured, which allows for an assessment of the thrust and power coefficient of the propeller.
As a result, a propulser efficiency was extracted from the load cell. However, a drawback of the load cell was
that there was a dependency on the temperature during the experiment. Since the motor caused a temperature
difference during the experiment, some of the data was not reliable.

B.4.3. Noise Emissions

A total of nine high performance low voltage electret condenser microphones were used to measure the acoustic
pressure induced during the experiments, of which five of the LinearX M51 type and four of the LinearX M53
type. These microphones were embedded in an array parallel to the propeller axis in the lower wall of the test
section, which is 0.625 m from the propeller axis. The microphones installed in a small cavity and the flow in the
wind-tunnel test section were divided by means of a Kevlar sheet, since this porous material ensures acoustic
transparency, while the flow remains attached to the wall. The M51 and M53 microphones are positioned
alternately in the microphone array. These microphones cover a directivity range of —1.7° < § < 28.5°, not
including refraction effects due the shear layer. These microphones were calibrated by means of a GRAS 42AA
piston phone at a voltage level of 9 volt.

The microphone array was attached to a turntable in the bottom of the test section to obtain data at a larger
range in directivity angles and a larger range in observer distance from the propeller axis, as shown in figure
B.6. This turntable was turned 48° in total with a resolution of 6°. A smaller resolution was not possible, due
to the rapid increase of motor temperature. Additionally, microphone data was acquired concurrently with the
propeller encoder’s once-per-revolution trigger to ensure tonal noise data could be extracted.

625

Figure B.6: Microphone locations used for noise measurements
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B.4.4. Inflow-Field Information

In order to quantify the non-uniform inflow field of the propeller created by the upstream wing, a traversable
wake rake was used. A wake rake was used rather than a single total pressure tube to identify possible ir-
regularities in the wing profile. The wake rake featured a number of 17 total pressure tubes and two static
pressure tubes and was aligned in streamwise direction, parallel to the span of the wing. Therefore, the wake
rake is traversed vertically for a resulting wake profile. A spacial resolution of 2 mm is used for a total vertical
traversed distance of 64 mm, since this captured the entire wake profile of the wing.

Due to geometrical constraints of the test section, the wake rake was installed 21 mm downstream of the
propeller plane. The total pressures at all probes were simultaneously recorded by using an electronic pressure
scanner. Additionally, a reference total pressure in the freestream of the test section was measured at these
timestamps. The wake rake was only installed at the end of the test campaign to prevent an aeroacoustic and
aerodynamic effect on other measurements. It was not feasible to perform a prop on measurement of propeller
inflow field including wing due to time and geometry constraints.

B.5. Test Conditions

During the entire test campaign the 3-bladed propeller was used to acquire data at a freestream velocity of
30m/s. At this freestream velocity a large propeller operating range could be guaranteed, while also a suitable
operational point for noise measurements could be selected in this operation range. A higher freestream veloc-
ity was not desirable, since a smaller operating range could be achieved due to a power output constraint by
the electric motor. To obtain an insight in aerodynamic performance of the propeller, measurements with the
external balance and load cell were taken at advance ratios between J = 0.8 and J = 1.4. At these advance ratios,
the range in Reynolds number was 110,000-175,000, based on the effective velocity and the chord at r/R = 0.7.
The thrust coefficient T¢, based on freestream velocity, ranged between 0.01 and 0.18. For both the uniform
and nonuniform inflow case, tare measurements were taken with the propeller blades removed from the hub,
such that the blade-on data could be compared to blade-off data.

For the acoustic measurements, a fixed operational point of J = 0.9 was chosen. This operational point
provided a compromise between a high signal-to-noise ratio and the desired operational point considering
aerodynamic efficiency. Due to the background noise originating from the wind-tunnel motor and fan, a small
advance ratio and thus a higher rotational speed was necessary to obtain a high signal to noise ratio. At this
operational point, a tonal noise originating from the propeller could clearly be identified. For the aeroacoustic
measurements using the microphones embedded in the turntable and the microphone array embedded in the
side of the test-section, experimental data was gathered for both the nonuniform and the uniform inflow case.
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