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Abstract

Bio-inspired designs are widely adopted in the aerodynamic design of lifting
elements such as wings or propellers to enhance performance. One such design, de-
rived from the tubercles found on the pectoral fins of humpback whales, has shown
potential as a passive flow control device by manipulating flow patterns. Tubercles
generate localized vortices at their leading edge, promoting an earlier transition of
the laminar boundary layer to turbulent. Depending on the Reynolds number, this
can delay stall and improve the overall aerodynamic performance of lifting surfaces.
This is why humpback whales can perform fast, tight-turning manoeuvres despite
their large mass and dimensions.

This thesis focuses on the application of tubercles, modelled in a sinusoidal
shape, to the leading edge of a 30-centimeter diameter propeller, intended for use in
drone and UAV propulsion systems. Small-scale propellers work within a Reynolds
number range where laminar separation bubbles can form, causing performance
losses due to flow separation and negatively impacting aeroacoustic behaviour. The
goal of the thesis is to investigate the effects of tubercles on the overall performance
of this propeller, analysing their impact on the laminar separation bubble, which
has been previously studied by other researchers. The analysis is conducted using
the commercial CFD code ANSYS Fluent, investigating the suitability of the Mul-
tiple Reference Frame approach, commonly used in turbomachinery and propeller
simulations, to achieve this goal.

The thesis is structured into six chapters. Chapter 1 reviews the current lit-
erature on bio-inspired tubercles applications and their effects. Chapters 2 and 3
provide an overview of propeller design and characteristics, followed by a description
of the turbulence and transition models used to solve the fluid dynamics equations.
In Chapter 4, the CFD simulation setup of the baseline propeller is presented to
verify and validate the accuracy of the numerical model. In Chapter 5, the modified
propeller design, incorporating tubercles along the leading edge, is developed and
simulated. Finally, conclusions and potential future work are discussed in Chapter
6.
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Chapter 1

Introduction

Bio-inspired design has gained significant attention in various engineering fields,
in particular in fluid mechanics. One interesting example is the application of
tubercles, small rounded bumps used along the leading edge of lifting surfaces
such as wings or blades of propellers and turbines. These protuberances, shown
in Figure 1.1, are inspired by the pectoral fins of Humpback Whales (Megaptera
novaeangliae), which can perform fast, tight-turning manoeuvres despite their large
mass and dimensions. For this reason, this bio-inspired concept has been studied
for its potential as a passive flow control device, in order to enhance aerodynamic
and hydrodynamic performance by manipulating flow behavior and delaying stall.

Figure 1.1: The Humpback Whale (Megaptera novaeangliae) and a zoomed-in view
of the pectoral fin with tubercles [1]
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1.1 State of the art

Research on leading edge tubercles began in the ’90s, when scientists tried to un-
derstand Humpback Whales’ surprising maneuverability. Initially, researchers at-
tributed this ability to the bumps found on the leading edge of their elongated
flippers. A great contribution to this topic was given by Fish and Battle [7], who
provided a detailed description of the geometry of a Humpback Whale’s pectoral
fin, noticing the similarity between its cross-section and the NACA 634-21 airfoil.
In their work, they accurately described the size and location of the tubercles,
which have amplitudes ranging from 2.5% to 12% of the chord, and the distance
between two adjacent peaks (or throats) in the range of 6.5% to 8.5% of the span
at the mid-span of the fin. The first and biggest protuberance is located at 33%
of the span, while the smallest is at 99.1% of the span. Fish and Battle were the
first to hypothesize that this peculiar shape of the leading edge generates stream-
wise vortices that exchange momentum with the boundary layer, delaying stall and
enhancing lift, particularly at high angles of attack. Thanks to their study, the
potential of tubercles in aerodynamic design began to be explored.

Miklosovic et al. [8] conducted wind tunnel tests using scale models of a Hump-
back Whale flipper, with and without leading edge tubercles. The models, based
on a NACA 0020 airfoil, were tested at a Reynolds number Re = c̄V∞/ν ∼ 5 · 105,
where c̄ is the mean chord, V∞ is the free stream velocity and ν is the kinematic
viscosity of air. Since the Reynolds number of the Humpback Whale’s fin during
lunge-feeding is approximately 106, this work can be considered reliable for young
animals. Their results demonstrated a significant delay in stall for the artificial
flipper with tubercles compared to that without, increasing the stall angle αstall

by 40% and the maximum lift coefficient CLmax by 6%. At high angles of attack,
a decrease in drag was also observed, leading to an improvement in the efficiency
and post-stall characteristics. The same flipper models were modelled in CFD by
Weber et al [9] and Carreira Pedro and Kobayashi [10], who employed Reynolds-
Averaged Navier-Stokes (RANS) equations and Detached Eddy Simulation (DES),
respectively. Both studies produced results in line with experimental data in the
pre-stall region. However, only DESs were able to accurately predict the flow be-
hind the flipper after the stall, highlighting the limitations of RANS equations in
predicting such a complex turbulent flow.

Experimental and numerical works showed how leading edge tubercles affect
performance, but the mechanisms behind how they affect flow physics are still un-
der investigation. Rostamzadeh et al. [11] proposed nine different hypotheses. The
most accredited one is the tubercles’ ability to modify the flow field by generating
streamwise counter-rotating vortices between the peaks of two adjacent protuber-
ances, energizing the boundary layer and preventing premature flow separation,

2



Introduction

improving performance at high angles of attack. This results in a delay of flow
separation or a more gradual stall behavior, depending on the Reynolds numbers
and the dimensions of tubercles.

The effect of the size of tubercles on performance was studied bt Johari et al.
[3], who performed water tunnel tests of rectangular wings based on the NACA 634-
21 profile, with and without leading edge tubercles, to understand the underlying
fluid dynamics. They analyzed three tubercle amplitudes of 0.025c, 0.05c, and
0.12c with two wavelengths of 0.25c and 0.50c at Re = 1.83 · 105. Figure 1.2 shows
how amplitudes and wavelengths are defined. Their experiments revealed that the
performance of the wings with leading edge tubercles, in terms of lift and drag,
was worse compared to the smooth wing. However, after the stall, the lift of the
modified wings was up to 50% higher than the baseline wing, with no increase in
drag (Figure 1.3). Flow visualization showed that the stall primarily occurred in the
throats at all angles of attack, while the flow remained attached behind the peaks up
to high angles of attack, where the baseline wing already exhibited flow separation.
They also found that performance and flow separation depend especially on the
amplitude of the protuberances rather than the wavelength. Similar results were
obtained by Hansen et al. [12], who studied the effect of tubercles with various
amplitudes and wavelengths on wings based on NACA 0021 and NACA 65-021
airfoils. Larger tubercle amplitudes generated a smoother stall behavior, though
they reduced the maximum lift coefficient CLmax and the stall angle. In contrast,
smaller amplitudes achieved a higher CLmax and an increased stall angle among all
the modified wings and exhibited better post-stall performance compared to the
unmodified model.

Figure 1.2: Definition of amplitude and wavelength [2]

1.1.1 Application of tubercles in propellers
The effect of leading edge tubercles was explored not only on wings but also on
marine and aeronautical propellers to study how they affect performance. Ibrahim
and New [1] numerically investigated with ANSYS Fluent the use of tubercles on
a marine propeller. Using a Multiple Reference Frame approach with a realizable
k − ϵ Turbulence Model, they demonstrated that the thrust coefficient could be
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Figure 1.3: Lift and Drag coefficients of NACA 634-21 airfoil with and without
tubercles leading edge [3]. S, M and L indicate the amplitude of the tubercles

improved by up to 10%, at the cost of an approximately 10% increase in the torque
coefficient, resulting in an overall decrease in efficiency.

The study conducted by Stark et al. [13] investigated how tubercles affect cav-
itation, a critical issue that is typical of marine propellers. Their work showed
this bio-inspired modification applied on a ducted Kaplan propeller can mitigate
cavitation, significantly improving propeller performance and durability.

Aeronautical propellers were studied by Butt and Talha [14], who conducted a
numerical analysis of the effects of leading edge tubercles on performance. They
tested various amplitudes and wavelengths by scaling the chord length of the ref-
erence propeller. The amplitude was set to 0.1c and 0.2c, with wavelengths of 3%
and 8.5% of the span, resulting in four different configurations. Simulations were
performed with rotational velocities in the range of 4 000 to 10 000 RPM and 5 dif-
ferent advance ratios were considered. All modified configurations showed higher
efficiency across all advance ratios, except at J = 0.8, where reverse thrust was
observed. Tubercles with larger amplitudes and shorter wavelengths showed the
greatest increase in efficiency, as it was hypothesized that they generate stronger
counter-rotating chordwise vortices between adjacent peaks.

1.1.2 Application at low Reynolds number
Leading edge tubercles have also been investigated at low Reynolds numbers. Stan-
way [15] conducted tests on a model of a whale flipper across a Reynolds number
range of 44 000 to 120 000. His study revealed that the model with tubercles was
characterized by a lower lift coefficient in the pre-stall region compared to the
smooth version.
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Leading edge tubercles were applied to a wing based on NACA 0021 airfoil at
Re = 120 000 by Hansen et al. [2], who tested various amplitudes and wavelengths.
They observed that performance improved significantly in the post-stall regime,
while a lower lift coefficient was measured before the stall with respect to the
unmodified wing. An interesting thing they found was that the lift coefficient of the
baseline wing presented an increased slope after 4°, attributed to the formation of a
Laminar Separation Bubble, which virtually increased the wing camber. Moreover,
this baseline wing was characterized by a sudden and strong stall. In contrast, the
modified wing showed a lower CLmax , but a much smoother post-stall behavior. In
terms of drag, the modified wing performed similarly to the smooth model before
the stall, except near the stall angle, where the leading edge tubercles caused a
higher drag coefficient. However, after the stall, drag was lower compared to the
smooth version. Among the configurations tested, the smallest amplitude, equal
to 3% of the chord length, with the biggest wavelength, equal to 11% of the chord
length, provided the highest maximum lift coefficient and stall angle and improved
lift after stall. Generally, performance improved by decreasing the wavelength
of the tubercles, up to a point where further reductions no longer enhanced the
performance.

1.2 Purpose of this thesis
The goal of this thesis is to investigate the application of bio-inspired leading edge
tubercles on a small-scale propeller with a diameter of 30 centimeters, suitable
for using in drone and UAV propulsion systems. This type of propellers operates
within a chord-based Reynolds number range of 104 to 105, where a Laminar Sep-
aration Bubble (LSB) can form on the suction side of the blades, compromising
performance and negatively impacting aeroacoustic behavior.

In this work, the leading edge tubercles were designed as a sinusoidal shape and
two different design methodologies were explored. The effect of this modification
on the flow field around the blades was studied through CFD simulations, which
were carried out with the commercial software ANSYS Fluent. Special attention
was given to the influence of the tubercles on the formation, position and length
of LSBs. The thesis also evaluated the capability of the Multiple Reference Frame
(MRF) approach, commonly used in turbomachinery and propeller simulations, to
simulate propellers within this Reynolds number range, with and without protu-
berances.

By examining the aerodynamic effects of tubercles and comparing the Baseline
Propeller with its modified counterpart, the research aims to understand whether
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this bio-inspired modification can be used as a passive flow control device on small-
scale propellers. The outcomes could offer practical insights for improving the
performance of propellers in drones and UAVs.
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Chapter 2

Propellers design and
aerodynamics

Propellers convert the mechanical torque power of the shaft into forward or reverse
axial thrust, depending on the operation point, thanks to their capability to accel-
erate the working fluid, which may be air or water, used respectively for aircraft
or marine vehicles. Propellers were the first type of propulsion for aircraft, dating
back to the first flight by the Wright brothers on December 17, 1903. Since then,
research on propeller design and aerodynamics never stopped, and nowadays this
device is gaining increasing popularity due to the growing use of helicopters, UAVs,
and drones of various scales and configurations. This chapter aims to provide an
overview of propeller design and aerodynamics.

2.1 Geometric characteristics
To understand how a propeller works and the aerodynamics of this device, it is
essential to define some geometric characteristics and their terminology, such as
pitch and the angles involved in the flow field around the blades. Moreover, an
overview of the parameters used to define propeller performance is presented.

Pitch

The pitch of a propeller is the distance it would advance along the axis of spinning
in one revolution if the propeller is thought of as a screw moving along a helix with
an angle equal to its blade angle [16]. The geometrical pitch may differ from the
experimental pitch, which is the distance the propeller would actually advance in
one revolution providing zero thrust.

Propellers can be divided into two main categories:

7
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• Fixed-pitch propellers, characterized by a pitch that does not vary during
aircraft operation. The maximum efficiency is reached at only one advance
ratio, but they are the cheapest propellers to install on an aircraft.

• Variable-pitch propellers, characterized by blades that can rotate around
their axis to vary the pitch. This type of propeller allows maintaining the
optimum angle of attack and therefore the optimum efficiency. However,
they are more expensive in terms of manufacturing and maintenance costs.

Pitch angle θ

The pitch angle θ is the angle between the chord of a section of the blade and the
plane of rotation of the propeller. Since the tangential velocity of the blade changes
along the blade span, θ varies along the radius to maintain the optimum angle of
attack.

Angle of attack α

The angle of attack α is the angle between the chord of a section of the blade and
the relative velocity impinging on it. This angle is defined as:

α = θ − ϕ (2.1)

where ϕ is the angle between the relative velocity impinging on the blade section
and the plane of rotation of the propeller. Assuming the rotation and the aircraft
velocities are constant, the tangential velocity varies proportionally to the radius
of the blade as Vt = ωR and, as a consequence, ϕ varies along the radius. To a first
approximation, the relative velocity is defined as:

Vrel =
√︂

V 2
t + V 2

∞ (2.2)

where V∞ is the aircraft or free stream velocity. This approximation does not take
into account the tangential and axial induction coefficients, but it can be useful
to have a rough estimation of the relative velocity. This means that α is also
a function of the freestream velocity (or advance ratio J). Figure 2.1 shows the
velocity triangles for a fixed-blade section at two different freestream velocities. It
is evident that increasing the aircraft velocity (increasing the advance ratio J), the
ϕ angle decreases and consequently α decreases as well. Therefore, the maximum
thrust is obtained when V∞ = 0, i.e. J = 0, and there is a specific advance ratio
where the thrust is zero: a further increase in the freestream velocity would lead
to negative thrust.

8
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Figure 2.1: Velocity triangles for a fixed-pitch propeller blade section at two differ-
ent freestream velocities [4]

2.2 Performance
Fixed-pitch propeller performance depends on the following parameters:

• The diameter of the propeller (D).

• Working fluid properties, such as the density ρ, the dynamic viscosity µ, and
the static temperature T , that defines the speed of sound a.

• The angular velocity n, expressed in revolutions per second (RPS). The same
rotation rate can be named Ω and expressed in rad/s.

• The freestream velocity V∞, usually equal to the aircraft velocity.

The quantities used to define propeller performance are the thrust T and the
torque Q. Ideally, the best propeller generates the maximum Thrust with the
minimum Torque, that corresponds to the mechanical power to provide to the shaft.
As is usually done in fluid dynamics, thrust and torque can be expressed through
dimensionless parameters to better compare different scenarios characterized by
similar flow phenomena. In the following, a list of useful dimensionless quantities
is presented.

• Reynolds number: assuming the freestream and the rotational velocities are
constant, this parameter is a function of the radius of the blade.

Re(r) = ρVrel(r)c(r)
µ

(2.3)
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where c(r) is the local chord length of the blade cross-sections along the
radius. As a first approximation, Vrel can be computed as in (2.2). However,
for a greater accuracy, the tangential and axial induction coefficients should be
taken into account. It is common practice to define a representative Reynolds
number at a radial position of r/R = 0.6 or r/R = 0.75, where R is the blade
tip radius.

• Mach number: this parameter is important to predict whether the flow field
around the blade is subsonic or supersonic, especially at the tip where the
velocity is maximum

M = Vrel

a
= Vrel√

γR∗T
(2.4)

• Advance ratio: at the same value of this parameter, every blade section of
the propeller will experience the same angle of attack, even while changing
the freestream and/or the rotational velocities.

J = V∞

nD
(2.5)

• Thrust coefficient:
CT = T

ρn2D4 (2.6)

• Torque coefficient:

CQ = Q

ρn2D5 (2.7)

• Efficiency:

η = CT J

2πCQ

(2.8)

Propeller performance is usually defined by the the curves CT (J, Re, M) and
CQ(J, Re, M); as a consequence, a curve for η(J, Re, M) is present. The dependance
on the the advance ratio is always present in a fixed-pitch propeller performance.
The dependance on the Reynolds number must be taken into account when the
scale of the propeller is small or the rotational velocity is low. In such scenario, the
Reynolds number along the blade span is low, therefore the viscous effects are not
negligible with respect to the inertial effects. The dependance on the Mach number
must be taken into account when the rotational velocity is high enough to lead to
a compressible flow field around the blade (M > 0.3). If the spinning velocity is
sufficient high, the tip of the blade may be encounter a transonic flow and generate
a shock wave.
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2.3 Momentum theory
The momentum theory, also called disk actuator theory, is the simplest method to
estimate the propeller performance, though it neglects the flow field near the blades
and focuses only on the integral quantities such as thrust and torque. This theory,
based on the work of Rankine and Froude, describes the propeller like a circular
disk, characterized by an infinite number of blades, where the thrust is uniformly
distributed. Therefore, the propeller is considered as having an infinitesimal thick-
ness, which is mathematically modelled as a surface discontinuity. The momentum
theory is based on the following hypotheses:

• Stationary and irrotational flow.

• Inviscid flow.

• Incompressible flow.

• Velocity and static pressure are assumed to be uniform over each side of the
disk. Pressure at infinity upstream and infinity downstream is equal to the
ambient pressure.

• The rotation of the flow field due to the torque is neglected. Therefore,
possible discontinuities in the tangential component of the velocity are not
allowed.

These assumptions allow resolving the flow field using Euler’s equations. As
shown in figure 2.2, consider an air flow of velocity V∞ impinging normally on a
surface of diameter D. The mass flow must be continuous, but pressure discon-
tinuities are allowed. According to the conservation of energy, the change in flow
momentum between upstream and downstream of the disk is equal to the thrust
produced by the propeller.

Figure 2.2: Disk actuator theory [5]
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The flow is irrotational except accross the disk, where a pressure discontinuity
is present, therefore it is possible to apply Bernoulli’s equation to the flow field
upstream and downstream of the disk.⎧⎨⎩po

1 = p∞ + 1
2ρV 2

∞ = p′ + 1
2ρ (V∞ + w)2

po
2 = p∞ + 1

2ρ (V∞ + wj)2 = p′ + ∆p + 1
2ρ (V∞ + w)2 (2.9)

Subtracting the two equations:

po
2 − po

1 = ∆p = ρwj

(︃
V∞ + 1

2wj

)︃
(2.10)

As mentioned earlier, the force applied by the flow to the surface is equal to the
change in flow momentum between upstream and downstream of the disk. At the
same time, thrust is equal to the pressure increase behind the surface multiplied
by the area A of the disk.

T = ∆pA = ṁwj = ρA (V∞ + w) wj (2.11)

Substituting the value of ∆p in the above equation, it is possible to compute the
induced velocity at the disk:

w = 1
2wj (2.12)

i.e., the induced downstream velocity is double the induced velocity at the disk.
Now, substituting (2.12) in (2.11), it is possible to rewrite the thrust as:

T = 2ρA (V∞ + w) w (2.13)

The power P is the work done on the fluid by the propeller, modelled as a
surface discontinuity, and it can be expressed as the difference in the kinetic energy
accross the disk:

PΩQ = ṁ
[︃1
2 (V∞ + wj)2 − 1

2V 2
∞

]︃
= T (V∞ + w) (2.14)

The ideal efficiency of the propeller can be defined as:

η = TV∞

P
= 1

1 + w
V∞

= 1
1 + a

(2.15)

where a = w/V∞ is the axial induction coefficient. From this equation, it is evident
that in order to increase the efficiency, a must be reduced, which can be achieved
by increasing the propeller diameter. However, the ideal efficiency obtained does
not take into account the viscous effects of the flow, the rotational kinetic energy,
and the fact that the thrust is not actually uniform over the disk surface. For
this reason, the momentum theory is capable of computing the ideal or limiting
propeller performance.

12
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Effects of wake rotation

The fifth hypotesis presented in the previous section concerns the rotation of the
flow field within the wake, which is neglected. This means that only axial velocity
variations are considered, while variations in radial and tangential velocities are not
taken into account. However, the rotation of the propeller with angular velocity Ω
induces a rotational velocity downstream of the disk. Betz developed an extension
of the momentum theory to account for this phenomenon. In his work, the viscous
effects are still neglected, therefore the ideal efficiency computed with the general
momentum theory, i.e. Betz’s theory, must be considered the maximum value that
a real propeller cannot exceed. A more detailed explanation of this theory can be
found in [5] and [17].
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Chapter 3

Numerical modeling

In the thesis, the propeller under investigation and its leading edge tubercle mod-
ification have been studied using Computational Fluid Dynamics (CFD). Specifi-
cally, the Reynolds-Averaged-Navier-Stokes (RANS) equations and their unsteady
counterpart uRANS have been solved. Both are derived from the Navier-Stokes
equations by applying a statistical approach to account for turbulence. In these
equations, the instantaneous flowfield is decomposed into a time-averaged (mean)
component and a fluctuating component (turbulence fluctuations):

u = ū + u′ (3.1)

By substituting this decomposition into the Navier-Stokes equations and averag-
ing over time, an additional term emerges: the Reynolds stress tensor u′

iu
′
j. This

term represents the influence of the turbulence fluctuations on the mean flow and
it introduces additional unknowns. Because of that, the number of unknowns is
greater than the number of equations. To find a solution, turbulence models are
required to correlate these terms to the mean flow quantities. Thanks to Boussi-
nesq’s eddy viscosity hypothesis and Prandtl’s concept of the mixing length, several
turbulence models have been developed. The most popular models are the one-
equation Spalart-Allmaras [19] and the two-equation models k − ω and k − ϵ. For
this thesis, the SST k −ω has been employed, as its suitability for computing small-
scale propeller performance has been demonstrated in [20, 21]. Due to the nature
of the propeller flow field under investigation, characterized by the presence of a
laminar separation bubble on the suction side of the blades (see Chapter 4 for fur-
ther details), different transition models were also tested and are discussed later in
this Chapter.

3.1 Steady and Unsteady state approaches
The flow field around a propeller is intrinsically unsteady due to the rotation of the
blades. Therefore, the most intuitive method to simulate such a problem is to set up
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a time-dependent simulation, where the rotating domain (containing the propeller)
spins, along with the mesh. However, ANSYS Fluent and other CFD commercial
software offer two distinct techniques for simulating the flow around a propeller:
the steady-state Multiple Reference Frame (MRF) approach and the unsteady-state
Rigid Body Motion (RBM) approach, that handles the actual rotation of the domain
and its mesh [26]. The choice of approach depends on the simulation goals and the
available computational resources.

Multiple Reference Frame

The Multiple Reference Frame approach transforms an intrinsically unsteady prob-
lem in the stationary reference frame into a steady problem in a moving reference
frame. If capturing transient phenomena is not necessary, such as when estimating
propeller performance at its optimal design point, the Navier-Stokes equation can
be solved in a rotating reference frame centered at the axis of rotation, spinning at
the same velocity as the propeller. The computational domain must be divided into
two regions: a stationary region, where the fluid motion equations are solved in the
global stationary reference frame, and a rotating region containing the propeller,
where the equations are solved in the rotating reference frame. In both zones, the
flow is assumed to be steady-state, meaning that unsteady effects caused by the
rotation are not considered. This method is computationally efficient because it
avoids the mesh rotation and does not require solving the uRANS equations, which
are computationally more expensive than RANS equations. However, the MRF
approach is limited to problems where the computational domain is axisymmetric
and the free stream velocity is aligned with the axis of the rotation of the rotating
region.

Rigid Body Motion

The Rigid Body Motion approach, also known as Sliding Mesh, is an unsteady
method that takes into account the actual motion of the moving component. This
allows to capture transient effects, making it the most accurate approach for sim-
ulating rotating components. Like in the Multiple Reference Frame approach, to
simulate a propeller the computational domain must be divided into stationary
and rotating regions. The difference is that with this method the rotating region
(and its mesh) physically rotates with respect to the stationary part, using uRANS
equations and updating the mesh at each time step. However, the computation cost
is significantly higher compared to the MRF approach. If the primary goal is the
time-averaged behavior of the rotating component and computational resources are
limited, the Multiple Reference Frame approach can be used. On the other hand, if
transient phenomena must be computed, the Rigid Body Motion approach should
be taken into consideration, keeping in mind the increased computational cost.
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3.2 SST k − ω turbulence model
The Shear Stress Transport k − ω turbulence model is a two-equation model devel-
oped by Menter [22] to improve accuracy in simulations involving adverse pressure
gradients and flow separation. Like Wilcox’s original k − ω model [18], it solves
two separate transport equations: one for the turbulent kinetic energy k and one
for the specific dissipation rate ω.

The original model suffers of strong sensitivity to free stream conditions, there-
fore the SST k − ω model blends the k − ω predictions near the wall with the
independence from the free stream conditions of the k − ϵ model in the far field.
This is achieved through a blending function that equals to one near walls, activat-
ing the k − ω model, and goes to zero in the free stream region, where the k − ϵ
model is preferred. Another feature of the SST k − ω model is the Shear Stress
Transport (SST) modification, which limits the turbulent viscosity to prevent the
model from over-predicting turbulence growth at stagnation points. This modifi-
cation improves performance in regions with strong adverse pressure gradients or
flow separation.

This turbulence model has the advantage of being versatile and able to predict
the onset and extent of flow separation. For this reason, and considering its rela-
tively low computational cost, it is a good choice for many industrial applications.

3.3 Transition models
Turbulence models like those mentioned in the previous section are designed for
fully turbulent flows. However, when the laminar-to-turbulent transition needs to
be accurately predicted, transition models become essential. This section provides
an overview of the transition models used later in the thesis to compute the flow
field around the propeller.

γ − Reθ Transition Model

The γ − Reθ model, referred to as the SST transition model in ANSYS Fluent,
is a four-equation transition model developed by Langtry and Menter [24, 25]. It
is based on the SST k − ω model, coupled with two additional transport equa-
tions: one for Intermittency γ and one for a transition onset criterion based on
the momentum-thickness Reynolds number Reθ. The Intermittency describes the
percentage of the flow that is turbulent at any given location, increasing from zero
to one as the flow goes from laminar to turbulent. The second term is related to
the Reynolds number at which transition begins.
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The propeller under investigation is characterised by the presence of a Laminar
Separation Bubble on the suction side of the blades. For this reason, a transition
model like the γ − Reθ must be considered to predict the laminar separation and
the turbulent reattachment. However, this model is based on empirical transition
correlations that are not Galilean invariant, meaning it can only be applied with a
steady-state MRF approach.

γ-Algebraic Transition Model

The γ-Algebraic model is a more computationally efficient alternative to the γ−Reθ

model and it is part of the family of Local-Correlation-based transition models. In-
stead of solving a transport equation for γ, Intermittency is computed through an
algebraic equation. Moreover, the transport equation for Reθ is omitted, as it has
been observed that the convection-diffusion terms are negligible compared to the
source terms [26].

Due to its low computational cost, the γ-Algebraic model is a good choice when
a first estimation of transition is needed, such as during preliminary designs. Unlike
the γ − Reθ model, this model can be applied with an unsteady state approach,
allowing both the transitional and unsteady characteristics of the flow field to be
computed.
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Chapter 4

Verification and validation

This chapter focuses on the verification and validation of the numerical model used
to simulate the small-scale propeller operating at low Reynolds numbers chosen as
the reference. A 3D scan of a commercially available propeller would have provided
limited geometric data, leading to less accurate flow simulations. Additionally, the
aerodynamic and performance data of such propellers are often sparse, not allowing
an accurate validation. Therefore, for this thesis, a reference propeller that has been
extensively studied and documented was selected, due to the availabilty of detailed
geometric, aerodynamic and aeroacoustic data, both experimental and numerical.
By validating the numerical methods used in this work against the well-documented
data of this specific propeller, confidence in the accuracy of the simulations for
subsequent analysis of the effects of leading edge tubercles has been established.

4.1 Baseline Propeller
The propeller selected as the reference, referred to as the Baseline Propeller (Figure
4.1) in the following, is well documented in several studies [4, 27–29]. This propeller
was designed at TU Delft specifically to study low Reynolds numbers flow regimes,
making it suitable for drones or UAV propulsion systems. It is a modified version
of a commercially available propeller. The base geometry was derived from an APC
9×6 model, a two-bladed aircraft propeller with a 9-inch (22.86 cm) diameter and a
6-inch (15.24 cm) pitch. The diameter was then scaled up to 30 cm, and the airfoil
along the blade was modified to a NACA 4412 profile. Near the root, an elliptical
section was incorporated, which smoothly transitions into the airfoil section start-
ing from a radial distance of 1 cm from the hub center. The distribution of chord
length and pitch angle of the blade over the radial distance is illustrated in Figure
4.2, along with the Reynolds number distribution, computed without accounting
for the tangential and axial induction coefficients.
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Figure 4.1: Baseline Propeller geometry [4]
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Figure 4.2: Baseline Propeller blade’s chord length, pitch angle and Reynolds num-
ber distribution

The studies mentioned above provide an extensive analysis of the flow field
around the blades, both experimentally, thanks to oil-flow visualizations and phase-
locked stereoscopic PIV measurements, and numerically. Because of the propeller’s
low Reynolds number operating regime, laminar separation occurs on the suction
side of the propeller blades and the separated shear layer is subjected to a turbu-
lence transition, leading to reattachment and the formation of a Laminar Separation
Bubble (LSB). The location of the LSB depends on the angle of attack, shifting
toward the leading edge as the angle of attack increases, which corresponds to lower
advance ratios. At higher advance ratios, when the angle of attack decreases, the
laminar separation moves downstream and the turbulence reattachment, if present,
occurs close to the trailing edge of the blade. LSBs have several consequences for
airfoil performance [6], and similarly affects propeller performance. From an aero-
dynamic perspective, they can increase drag and reduce lift, particularly at higher
angles of attack where the adverse pressure gradient is larger. Behind Laminar
Separation Bubbles, vortex shedding can form, increasing flow unsteadiness and
acoustic emissions. To better visualise how an LSB can form, Figure 4.3 shows the
streamlines around a conventional airfoil at different Reynolds numbers.
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Figure 4.3: Flow field around a conventional airfoil at different Reynolds numbers
[6]

All the experimental results used in the following sections to validate the nu-
merical model are based on tests conducted in the A-tunnel at TU Delft. For those
experiments, the propeller was manufactured with aluminum alloys using computer
numerical control (CNC) machining, in order to ensure high precision and a surface
roughness of 0.4 to 0.8 µm Ra, which enhanced the quality of the aerodynamic flow
around the blades, leading to more reliable experimental data. Additionally, the
use of aluminium alloys provided high stiffness, resulting in minimal vibrations and
elastic deformations during the tests.

4.2 Fluid domain and solver selection
The CFD simulations were set up using ANSYS Fluent. The computational do-
main was divided into two regions: a stationary region and a rotating region. The
stationary region consists of a cylinder coaxial with the propeller, large enough to
allow the proper development of the wake and to minimize the impact of boundary
conditions on the flow. The domain has a diameter of 8D, where D = 300 mm is
the diameter of the Baseline Propeller, and a length of 15D. The inflow surface is
positioned 5D upstream from the propeller center, while the outflow surface is 10D
downstream. The propeller is located at the center of the rotating region, which is
a cylinder with a diameter of 1.15D and a length of 0.4D. These dimensions were
defined according to the rotating region sensitivity analysis reported in [20].

For all advance ratios, a Velocity Inlet boundary condition was applied at the
inflow of the domain, with the inlet turbulence intensity set to 0.1%, accordin to
the experimental data obtained in the anechoic A-tunnel at TU Delft [4]. At the
outflow, a Pressure Outlet boundary condition with zero gauge pressure was im-
posed to allow the wake to develop without reflection. The backflow turbulence
intensity was set to 0.1%. The propeller surfaces were modelled as No-Slip Walls.

For advance ratios J > 0, the lateral boundaries of the domain were modelled
as Slip Walls, in line with what has been found in [20], which showed that with
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such a large domain, the boundary condition applied at the lateral boundaries does
not affect thrust and torque coefficient.

For the hovering case (J = 0), a Velocity Inlet boundary condition was applied
at the lateral boundaries, with a free stream velocity of 0.05 m/s. This small in-
flow velocity was necessary to reach convergence, as a free stream velocity equal to
zero would have caused tip vortices to spread laterally, compromising the accuracy
of the solution [21]. This adjustment corresponds to an advance ratio of J = 0.0025.

Since the Reynolds number at a fixed radial position on the blade primarily
depends on the rotational velocity, this parameter was kept constant at 4000 RPM
for all simulations. To vary the advance ratio, the free stream velocity was adjusted,
so that the Reynolds number at the chosen radial position remained approximately
constant. At this rotational speed, even at the highest advance ratio, the tip Mach
number was lower than 0.3, so the flow can be treated as incompressible. The range
of advance ratios analyzed is shown in Table 4.1.

Table 4.1: Advance ratios and free stream velocities

J V∞ [m/s] n [RPM]
0.0025 0.05 4000
0.12 2.4 4000
0.24 4.8 4000
0.4 8 4000
0.6 12 4000
0.8 16 4000

The Moving Reference Frame (MRF) approach was employed to simulate the
propeller rotation. A comparison with the Rigid Body Motion (RBM) approach
is presented in Section 4.5.1 to further validate the model. The simulations were
performed using the pressure-based solver, suitable for incompressible flows. The
SIMPLE algorithm was used for pressure-velocity coupling, and second-order ac-
curacy was applied to both the momentum and pressure equations to enhance the
fidelity of the solution. Standard sea-level conditions were assumed for the operat-
ing environment:

p = 101325 Pa ρ = 1.225 kg/m3 µ = 1.789 × 10−5 Pa · s

4.3 Mesh independence analysis
For the simulations, initial tetrahedral meshes were generated and then converted
into polyhedral grids to improve numerical accuracy and reduce computational
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cost, allowing easier convergence. To ensure that the results were not influenced
by mesh density, a mesh independence study was performed. Four different meshes
were tested, varying in element count and refinement near the propeller blades and
in critical flow regions. Special attention was paid to the boundary layer around
the blades to capture the near-wall flow behavior accurately. Additionally, a fine
mesh density in the wake region behind the propeller was applied to properly cap-
ture vortex shedding and flow separation. For this reason, a cylindrical refinement
was applied, using a clylinder coaxial with the propeller with a diameter of 1.5D,
extending 0.5D upstream and 2D downstream. The key parameters for each mesh
are summarized in Table 4.2. Mesh 1 and Mesh 2 mainly differ in boundary layer
cell refinement: Mesh 1 has a y+ in the range of 10 to 30, while Mesh 2 has a
y+ ∼ 0.1. Mesh 2, Mesh 3 and Mesh 4 have the same boundary layer y+, with a
progressive increase in mesh density.

Table 4.2: Mesh parameters

Mesh 1 Mesh 2 Mesh 3 Mesh 4
Total elements 2 136 298 10 244 867 11 236 911 14 362 476

Stationary region
Minimum cell size 10 mm 10 mm 3 mm 2 mm
Maximum cell size 100 mm 100 mm 100 mm 100 mm

Growth rate 1.2 1.2 1.2 1.2
Rotating region

Minimum cell size 2.5 mm 2.5 mm 1.5 mm 1 mm
Maximum cell size 10 mm 10 mm 3 mm 2 mm

Growth rate 1.2 1.2 1.2 1.15
Blades refinement

Minimum cell size 0.1 mm 0.1 mm 0.1 mm 0.1 mm
Maximum cell size 1 mm 1 mm 0.75 mm 0.5 mm

Trailing Edge 4.5e-2 mm 4.5e-2 mm 4.5e-2 mm 4.5e-2 mm
Growth rate 1.2 1.2 1.2 1.2

Boundary Layer
y+ ∼ 10-30 ∼ 0.1 ∼ 0.1 ∼ 0.1

First layer height 0.2608 mm 2.8e-3 mm 2.8e-3 mm 2.8e-3 mm
Layers 6 26 26 26

Growth rate 1.1 1.2 1.2 1.2
Wake refinement

Maximum cell size 25 mm 25 mm 15 mm 10 mm

The advance ratios J = 0.0025 and J = 0.6 were selected for the mesh indepen-
dence analysis, as they represent the conditions with the highest angle of attack and
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the highest efficiency, respectively. The analysis was performed with a steady-state
approach (MRF), using the SST k −ω turbulence model and comparing the Thrust
and Torque coefficients across the four meshes.

Table 4.3 shows the relative error in Thrust and Torque coefficients with respect
to Mesh 4, the finest mesh. The results from Mesh 1, with a y+ greater than 1, show
a distance of about 7% for the Thrust coefficient at both advance ratios and nearly
3% for the Torque coefficient at J = 0.6. However, Mesh 2 and Mesh 3, with a y+

below 1, provided more accurate results, with errors consistently below 2% for Mesh
2 and below 0.3% for Mesh 3. Having y+ < 1 is crucial for accurately predicting
the boundary layer, especially at low Reynolds numbers. The mesh independence
analysis demonstrated that beyond 11 236 911 elements, further refinement did not
significantly affect the results. Therefore, Mesh 3 was selected for the simulations
as it offered the best balance between accuracy and computational cost. Figure 4.4
shows the mesh of the computational domain, along with a zoomed-in view of the
mesh at the blade section located at a radial coordinate of r/R = 0.6.

Table 4.3: Relative error in Thrust and Torque coefficients with respect of the finest
mesh

J = 0.0025
Mesh CT CQ

1 -7.01% 6.07%
2 -1.51% 1.54%
3 -0.19% 0.21%

J = 0.6
Mesh CT CQ

1 -6.84% 2.92%
2 -0.55% -0.16%
3 -0.16% -0.07%

An interesting detail that deserves to be mentioned is that unexpected oscil-
lations in Thrust and Torque were observed at J = 0.0025 when y+ was below
1, meaning that full convergence was not achieved. This may be related to the
unsteady nature of the flow behind the Laminar Separation Bubble. The unsteadi-
ness is likely more pronounced at this advance ratio, since the angle of attack is
maximum. Further validation using a Rigid Body Motion approach was carried
out and is discussed later in this Chapter to better understand whether the results
provided by the MRF approach at this advance ratio are reliable.
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Figure 4.4: Baseline Propeller computational domain and mesh

4.4 Transition models comparison

To accurately capture the laminar separation and the turbulent reattachment, a
detailed comparison of two different transition models was conducted with a steady-
state approach (MRF). The goal was to identify which model best replicates the
complex flow phenomena occurring at the low Reynolds numbers typical of the
Baseline Propeller. Initially, the SST k − ω turbulence model was used without
any transition model. Subsequently, it was coupled with the γ − Reθ Transition
Model and the γ-Algebraic Transition Model. The performance of these models
was evaluated against experimental data by comparing Thrust and Torque coef-
ficients, as well as by evaluating their ability to predict the Laminar Separation
Bubble over the propeller blades. As in the mesh independence analysis, the ad-
vance ratios J = 0.0025 and J = 0.6 were selected for this comparison. The relative
errors in Thrust and Torque coefficients (Table 4.4) show that the γ − Reθ Tran-
sition Model significantly underpredicts the performance of the Baseline Propeller
at J = 0.6, underestimating CT by almost 23% and CQ by nearly 12%. For this
reason, this transition model was not considered suitable for further simulations.
The SST k − ω, without a transition model, provided the most accurate results
at both advance ratios, slightly overestimating Thrust and Torque at J = 0.0025
and underestimating them at J = 0.6. The γ-Algebraic Transition Model showed
a similar trend but with slightly larger errors.

Surface streamlines on the blade’s suction side were compared with the oil-flow
visualization from [27] to evaluate whether the turbulence and transition models
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Table 4.4: Relative error in Thrust and Torque coefficients with respect to experi-
mental data for different transition models

J = 0.0025
Turbulence model CT CQ

SST k − ω 5.36% 0.61%
SST k − ω + γ − Reθ 9.37% 2.36%

SST k − ω + γ-Algebraic 6.87% 1.80%

J = 0.6
Turbulence model CT CQ

SST k − ω -7.52% -1.53%
SST k − ω + γ − Reθ -22.90% -11.60%

SST k − ω + γ-Algebraic -9.18% -4.35%

captured the LSB. The results are shown in Figures 4.5 and 4.6 for J = 0.0025
and J = 0.6, respectively. Additionally, the pressure coefficient over the blade
cross-section at a radial position of r/R = 0.6 was compared with the PIV data
reconstruction from [4] and is presented in Figure 4.7.

(a) Oil-flow visualization [27] (b) SST k − ω

(c) γ − Reθ (d) γ-Algebraic

Figure 4.5: Comparison of surface streamlines on the blade suction side at J =
0.0025 with different transition models and experimental oil-flow visualization

Although the SST k − ω and the γ-Algebraic produced similar results in terms
of CT and CQ, the surface streamlines revealed that the SST k − ω is not able to
capture the Laminar Separation Bubble that occurs on the propeller blades. In
contrast, the γ-Algebraic Transition Model accurately predicted both the laminar
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(a) Oil-flow visualization [27] (b) SST k − ω

(c) γ − Reθ (d) γ-Algebraic

Figure 4.6: Comparison of surface streamlines on the blade suction side at J = 0.6
with different transition models and experimental oil-flow visualization
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Figure 4.7: Comparison of the pressure coefficient over the blade cross-section at
r/R = 0.6 with different transition models and PIV data reconstruction

separation at both advance ratios and the subsequent turbulent reattachment at
J = 0.0025. The pressure coefficient plots were in line with the surface streamlines
results, as the LSB manifests as a pressure plateau followed by a pressure rise, which
is not evident in the SST k − ω results but is captured by the PIV data reconstruc-
tion. The γ-Algebraic Transition Model successfully predicted these phenomena,
although it did not exactly match the reattachment location. The comparison of
the pressure coefficient with the PIV data reconstruction showed good agreement,
particularly on the pressure side for both advance ratios. On the suction side,
the pressure coefficient was slightly overestimated and differences were more pro-
nounced at the leading edge, but considering that PIV data reconstructions cannot
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be considered as perfectly accurate due to inherent limitations in spatial resolution
and data processing, the results provided by the γ-Algebraic Transition Model were
considered reliable. Consequently, this transition model was chosen for subsequent
simulations.

4.5 Results
Simulations were extended to cover a wider range of advance ratios. Table 4.5 and
Figure 4.8 show CT , CQ, and η, while Table 4.6 reports the relative errors with
respect to experimental data.

Table 4.5: Mean values and standard deviations of CT , CQ, and η for the Baseline
Propeller, computed using the steady-state approach

J 0.0025 0.12 0.24 0.4 0.6 0.8
CT 0.1185 0.1094 0.0972 0.0734 0.0353 -0.0085

σCT
· 103 0.5995 0.0657 0.0465 0.0264 0.0187 0.0168

CQ 0.0077 0.0080 0.0081 0.0073 0.0048 ∼ 0
σCQ

· 103 0.5073 0.0710 0.0310 0.0110 0.0256 0.0230
η / 6.40% 3.35% 2.34% -5.05% -132.76%

Table 4.6: Relative error in performance coefficients with respect to experimental
data for the Baseline Propeller

J 0.0025 0.12 0.24 0.4 0.6 0.8
CT 6.87% 5.37% 3.63% -0.35% -9.18% -87.12%
CQ 1.80% -0.97% 0.27% -2.63% -4.35% -19.61%
η / 6.40% 3.35% 2.34% -5.05% -132.76%

Results indicate that the CFD simulations overestimated the Thrust Coefficient
at lower advance ratios, particularly from J = 0.0025 to J = 0.24, and underesti-
mated it at higher advance ratios. The Torque Coefficient showed good agreement
with experimental data, with a relative error consistently below 4.5% up to J = 0.6.
However, the numerical simulations struggled to predict propeller performance ac-
curately at J = 0.8, where reverse thrust occurs. Considering the uncertainty in
the experimental thrust and torque measurements from [4], the relative error in CT

compared to the upper limit of the error bars drops to 4.8% for J = 0.0025 and
3.6% for J = 0.12. The standard deviations of CT and CQ in hovering are an order
of magnitude greater than those at all other advance ratios, due to unexpected
oscillations, indicating that full convergence was not achieved. Further validation
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Figure 4.8: Plots of CT , CQ, and η for the Baseline Propeller

with the unsteady-state approach is discussed in Section 4.5.1. In conclusion, the
Multiple Reference Frame approach with the γ-Algebraic Transition Model is suit-
able for computing the performance coefficients of the Baseline Propeller in terms
of CT and CQ.

Surface streamlines were compared with oil-flow visualization from [4] and Lattice-
Boltzmann/Very-Large Eddy-Simulation Simulation results from [27] in Figures
4.9 and 4.10. The results show good agreement, mostly at higher advance ratios,
between the surface streamlines predicted by the CFD simulations and both the
experimental and numerical references. The simulations performed with the MRF
approach successfully captured the Laminar Separation Bubble for advance ratios
from J = 0.0025 to J = 0.4. For J = 0.6, the simulations detected the laminar
separation, but it is unclear if a turbulent reattachment was computed. As reported
in the literature, the laminar separation point moves toward the leading edge as
the advance ratio decreases.
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(a) J = 0.0025

(b) J = 0.24

(c) J = 0.4

(d) J = 0.6

Figure 4.9: Comparison of surface streamlines on the blade suction side and exper-
imental oil-flow visualization [4]

The length and location of the LSB were further investigated by analyzing the
pressure and skin friction coefficients (Figures 4.11 and 4.12, respectively) over three
different blade cross-sections located at r/R = 0.4, r/R = 0.6 and r/R = 0.8. On a
conventional airfoil, the skin friction coefficient in the chordwise direction typically
becomes negative when the flow separates and returns to positive if reattachment
occurs. However, due to the presence of strong radial flow over the propeller blades,
this simple correlation between the sign of the skin friction coefficient and the state
of the flow (attached or separated) is not directly applicable, but it still helps to
qualitatively estimate the nature of the flow and possibly the location of flow sep-
aration and reattachment.
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(a) J = 0.0025

(b) J = 0.6

Figure 4.10: Comparison of surface streamlines on the blade suction side and LBM
numerical simulations [27]

The results are in line with the surface streamlines predictions, confirming that
the MRF approach combined with the γ-Algebraic Transition Model captured the
flow behavior around the Baseline Propeller. The comparison of the pressure co-
efficient with PIV data reconstruction shows good agreement, particularly on the
pressure side for all advance ratios. On the suction side, the pressure coefficient is
slightly overestimated in all cases, with differences more pronounced at the lead-
ing edge, especially for lower advance ratios, where the pressure peak is higher
due to larger angles of attack. The LSB manifests as a pressure plateau, observ-
able across all advance ratios. The subsequent pressure rise is linked to turbulent
reattachment, though the simulations consistently underestimate the reattachment
location compared to the experimental data, but considering the uncertainties in
PIV data acquisition and processing, the simulation results are considered reliable.
Both the pressure coefficient and the skin friction coefficient indicate that the Lam-
inar Separation Bubbles shift downstream as the advance ratio increases. Despite
the significant radial flow present over the propeller blades, the skin friction coeffi-
cient remains a valuable indicator of whether the flow is attached or separated, as
the negative values of cf align with the locations of the pressure plateaus.
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Figure 4.11: Pressure coefficient over 3 different Baseline Propeller’s blade cross-
sections
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Figure 4.12: Skin friction coefficient over 3 different Baseline Propeller’s blade
cross-sections
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4.5.1 Unsteady-State simulations
The unsteady-state approach (RBM) was also used in order to obtain an additional
layer of validation for the numerical model. Infact, this method offers a more real-
istic representation of the blade motion and captures the unsteady behavior of the
flow field, while the Multiple Reference Frame is limited to time-averaged values.
To run the simulations, an implicit solver was selected, configured with a second-
order bounded scheme in order to maximize stability and accuracy in capturing the
flow dynamics over time. The time step was set to correspond to the time required
by the propeller to rotate by one degree.

The results shown in Table 4.7 indicate that both methods produced similar
trends in thrust and torque coefficients across the range of advance ratios, demon-
strating that the MRF method is a viable option for simulating propeller perfor-
mance.

Table 4.7: Baseline Propeller performance computed with steady-state (MRF) and
unsteady-state (RBM) methods

J CT CQ

MRF RBM Exp MRF RBM Exp
0.0025 0.1185 0.1196 0.1109 0.0077 0.0079 0.0076

0.12 0.1094 0.1111 0.1039 0.0080 0.0081 0.0081
0.24 0.0972 0.0975 0.0938 0.0081 0.0081 0.0080
0.4 0.0734 0.0737 0.0736 0.0073 0.0073 0.0075
0.6 0.0353 0.0359 0.0388 0.0048 0.0049 0.0050
0.8 -0.0085 -0.0084 -0.0045 ∼ 0 ∼ 0 ∼ 0

J η
MRF RBM Exp

0.0025 / / /
0.12 0.2613 0.2619 0.2456
0.24 0.4612 0.4625 0.4461
0.4 0.6418 0.6431 0.6271
0.6 0.7021 0.7054 0.7394
0.8 -1.5850 -1.5692 -0.6810

Instantaneous pressure and skin friction coefficients over three Baseline Pro-
peller blade cross-sections computed with both methods are illustrated in Figure
4.13 and in Figure 4.14.
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Figure 4.13: Comparison of the steady (MRF) and unsteady (RBM) approaches in
term of pressure coefficient

34



Verification and validation

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.4

RBM, r/R = 0.4

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.6

RBM, r/R = 0.6

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.8

RBM, r/R = 0.8

(a) J = 0.0025

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.4

RBM, r/R = 0.4

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.6

RBM, r/R = 0.6

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.8

RBM, r/R = 0.8

(b) J = 0.24

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.4

RBM, r/R = 0.4

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.6

RBM, r/R = 0.6

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.8

RBM, r/R = 0.8

(c) J = 0.4

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.4

RBM, r/R = 0.4

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.6

RBM, r/R = 0.6

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

MRF, r/R = 0.8

RBM, r/R = 0.8

(d) J = 0.6

Figure 4.14: Comparison of the steady (MRF) and unsteady (RBM) approaches in
term of skin friction coefficient

35



Verification and validation

The two approaches predicted the same behaviour of the flow around the blades,
computing nearly identical pressure and shear stress distributions over the blades.
The only observed difference was in the skin friction coefficient at r/R = 0.4 for the
advance ratio J = 0.4. The steady-state method (MRF) computed negative shear
stress in the chordwise direction on the second half of the blade section, while
the unsteady-state approach (RBM) predicted a return to positive shear stress,
suggesting the possibility of turbulent reattachment. However, the pressure coef-
ficients provided by both methods for the same radial position and same advance
ratio showed good agreement. Additionally, CT and CQ at J = 0.4 were accurately
predicted by both methods compared to the experimental data.

The unexpected oscillations in Thrust and Torque produced by the Multiple
Reference Frame method at J = 0.0025, discussed in Section 4.3, were attributed
to the MRF’s incapability to achieve full convergence. However, the Thrust and
Torque coefficients computed with the Rigid Body Motion differ by less than 1%
and 1.5%, respectively, from those predicted by the MRF approach. This indicates
that MRF is suitable for predicting propeller performance across the entire range
of advance ratios.

In conclusion, the verification and validation of the numerical model discussed
in this Chapter demonstrated that the SST k − ω Turbulence Model, coupled with
the γ-Algebraic Transition Model, is suitable for predicting Baseline Propeller per-
formance using the steady-state approach on a mesh of around 11 million elements
with y+ < 1. The Thrust and Torque coefficients were predicted with relative errors
below 5.5% and 4.5% in the range of J = 0.12 to J = 0.4. For the hovering case, the
error was slightly larger, but this aligns with the uncertainties in the experimental
measurements. However, for J = 0.6, the relative error increased and at J = 0.8,
where reverse thrust occurs, the simulations failed to predict propeller performance.
The numerical model also predicted the flow behavior around the propeller, com-
puting a pressure distribution over the blades in line with the experimental data.
The surface streamlines over the blades showed the presence of a Laminar Separa-
tion Bubble, suggesting that the γ-Algebraic Transition Model effectively predicts
laminar separation and subsequent turbulent reattachment. Nonetheless, the lo-
cation of turbulent reattachment was consistently underestimated for all advance
ratios. Special attention must be given to the hovering case, where non-physical
oscillations of CT and CQ can occur, suggesting that an unsteady simulation may
be necessary to accurately validate propeller performance.
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Chapter 5

Leading edge tubercles
modification

This chapter focuses on the application of sinusoidal leading edge tubercles to
the Baseline Propeller blades. Inspired by the flow control mechanisms observed in
Humpback Whale flippers, this bio-inspired design aims to modify the flow behavior
around the propeller and potentially enhance its performance.

5.1 Tubercles design
The design of the tubercles was based on a sinusoidal profile, with the amplitude
and wavelength carefully selected to optimize flow characteristics. Since both the
chord length and the pitch angle vary along the radial distance from the hub, the
modification was applied by maintaining a constant ratio between the modified
chord and the Baseline Propeller’s chord, as described by the following equation:

cwavy

cBL

= −A sin
(︃2π

λ
(r − r0)

)︃
+ 1 (5.1)

The parameters are defined as follows:

• Amplitude: A = 0.05. The chord length was scaled by 5%. Since the chord
of the Baseline Propeller varies along the radial span, the absolute value of the
tubercle amplitude changes in the same manner. This means that tubercles
near the hub, where the local chord length is larger, are bigger, while those
near the tip are smaller due to the reduced chord length. This value was
selected to have a good balance between smaller tubercles that minimize the
impact on the maximum lift coefficient and larger tubercles that produce
smoother stall behavior. [2, 3, 12].

• Wavelength: λ = 12.75 mm. A review of the literature [3, 12] indicated
that the distance between tubercles does not significantly affect performance.
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Therefore, the wavelength was set to 8.5% of the blade span, roughly cor-
responding to the distance between the tubercles of Humpback Whales’ fins
[7].

• Starting point r0 = 45 mm. The modification begins at 30% of the blade
span, in agreement with the location of the first tubercle on a Humpback
Whale’s fin [7]. The transition between the unmodified section of the blade
and the tubercles-modified leading edge was smoothed in Solidworks using a
spline.

Figure 5.1 illustrates the ratio of the modified chord over the original chord, along
with its absolute value.
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Figure 5.1: Chord length of the tubercles-modified propeller

Tubercles were applied to the propeller blades with two different methodolo-
gies. In the first design, referred to as Wavy 1, only the chordwise coordinates of
the Baseline Propeller’s airfoils were scaled, stretching the airfoil along its length
without proportionally scaling its thickness. This resulted in a loss of the original
NACA 4412 profile and a reduced local thickness-to-chord ratio. In contrast, the
second design, referred to as Wavy 2, scaled both the chordwise and thickness coor-
dinates proportionally, preserving the NACA 4412 profile. Although the differences
may seem minimal, Wavy 1 changes the airfoil shape, while Wavy 2 maintains it.
Figure 5.2 illustrates the modified airfoils and a zoomed-in view of the leading edge.

In both Wavy 1 and Wavy 2, the addition of leading edge tubercles creates
undulations along the suction side of the airfoil, with humps behind tubercle peaks
and depressions behind throats. However, this effect is more pronounced in Wavy
2 because the thickness of the original airfoil was scaled proportionally with the
chord length. As a result, the sinusoidal modification introduced by the tubercles
on the leading edge was also mirrored on the upper surface, amplifying the humps
and depressions.
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Figure 5.2: Cross-sections of Wavy 1 and Wavy 2 blades

In both configurations, the modification was implemented without changing the
wetted surface area as the Baseline Propeller blade, allowing for a more direct com-
parison of performance between the modified and unmodified designs. Figure 5.3
shows the modified blades and the superimposition of the two designs, which high-
lights the differences in the humps and depressions along the suction side between
the two configurations. In Wavy 2, where the thickness was scaled proportion-
ally with the chord length, the humps are more pronounced, while in Wavy 1, the
depressions are shallower.

5.2 Simulation set-up

The mesh generation and simulation setup for the propeller with leading edge tu-
bercles were carried out in the same manner as for the Baseline Propeller, validated
in Chapter 4. This allowed a direct comparison of results between the two modified
designs and the reference propeller.

The computational domain was divided into a stationary region, with a diameter
of 8D and length of 15D, and a rotating region, with a diameter of 1.15D and
length 0.4D. The same mesh parameters and refinements were applied, and as a
result, the final polyhedral meshes contained 11 709 216 elements for Wavy 1 and
11 552 285 for Wavy 2. The simulation setup, such as solver settings, turbulence
and transition models, boundary conditions, and the steady-state approach (MRF),
remained identical as for the Baseline Propeller, in order to ensure that any observed
performance differences could be attributed to the presence of the tubercles rather
than variations in the computational setup.
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(a) Wavy 1 (b) Wavy 2 (c) Comparison

Figure 5.3: Designs of propeller blades with leading edge tubercles

5.3 Results
The simulations were performed to cover and compare all advance ratios analyzed
for the Baseline Propeller. Table 5.1 presents CT , CQ, and η for Wavy 1 and Wavy
2, along with their relative differences from the values computed for the Baseline
Propeller.

The analysis of Wavy 1 and Wavy 2 configurations revealed interesting trends
with respect to the Baseline Propeller. They exhibited a reduction in CT at all
advance ratios, with the most significant drop observed at J = 0.0025, where Wavy
2 showed a decrease of 8.62% compared to the reference model. As the advance
ratio increases, the performance gap between the modified propellers and the base-
line narrows, particularly at J = 0.6, where the difference is less than 1% for both
configurations. In terms of CQ, both configurations showed a significant increase
in hovering (J = 0.0025), with approximately a 6.5% rise compared to the Baseline
Propeller. However, this effect becomes negligible as the advance ratio increases.
The overall efficiency η follows a similar trend to the thrust coefficient, with both
Wavy 1 and Wavy 2 underperforming the Baseline Propeller. At lower advance
ratios, the efficiency decrease is more pronounced, while at intermediate advance
ratios, such as from J = 0.24 to J = 0.6, the difference is less than 2%. The
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Table 5.1: Comparison between Wavy 1, Wavy 2 and Baseline Propeller perfor-
mance computed with the steady-state (MRF) method

Thrust Coefficient
J Baseline Wavy 1 Diff Wavy 2 Diff

0.0025 0.1185 0.1087 -8.24% 0.1083 -8.62%
0.12 0.1094 0.1045 -4.49% 0.1048 -4.25%
0.24 0.0972 0.0949 -2.42% 0.0951 -2.18%
0.4 0.0734 0.0722 -1.59% 0.0724 -1.41%
0.6 0.0353 0.0351 -0.55% 0.0350 -0.69%
0.8 -0.0085 -0.0089 -5.43% -0.0091 -7.18%

Torque Coefficient
J Baseline Wavy 1 Dist Wavy 2 Dist

0.0025 0.0077 0.0082 6.48% 0.0082 6.56%
0.12 0.0080 0.0080 0.63% 0.0080 0.51%
0.24 0.0081 0.0080 -0.63% 0.0080 -0.64%
0.4 0.0073 0.0072 -0.68% 0.0072 -0.59%
0.6 0.0048 0.0048 0.02% 0.0048 -0.12%
0.8 ∼ 0 ∼ 0 ∼ 0% ∼ 0 ∼ 0%

Efficiency
J Baseline Wavy 1 Dist Wavy 2 Dist

0.0025 / / / / /
0.12 0.2613 0.2480 -5.09% 0.2490 -4.73%
0.24 0.4611 0.4528 -1.80% 0.4539 -1.54%
0.4 0.6418 0.6359 -0.91% 0.6365 -0.82%
0.6 0.7021 0.6980 0.58% 0.6980 -0.57%
0.8 -1.5850 -1.8490 -16.66% -1.9277 -21.62%

verification and validation process indicated that for J = 0.8, CFD data were not
reliable; for this reason, considerations for this advance ratio are not further dis-
cussed.

Figure 5.4 illustrates the surface streamlines of Wavy 1, Wavy 2, and the Base-
line Propeller. The introduction of tubercles creates additional vorticity and com-
plex flow patterns, which makes it difficult to clearly identify a laminar separation
followed by a turbulent reattachment. Only flow separation can be recognized, and,
following the same trend as the Baseline Propeller, the location of the separation
on both Wavy configurations shifts toward the leading edge as the advance ratio
decreases. As reported in [3, 9, 30], streamlines originating from the peaks appear
to separate later than those from the throats. A reattachment line across the blade
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span is not clearly visible, in contrast with the flow pattern of the Baseline Pro-
peller, which might explain the reduction in CT , particularly at lower advance ratios.

(a) J = 0.0025

(b) J = 0.24

(c) J = 0.4

Figure 5.4: Surface streamlines on the blade suction side for Wavy 1 (top-left),
Wavy 2 (top-right), and Baseline Propeller (bottom)
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(d) J = 0.6

Figure 5.4: Surface streamlines on the blade suction side for Wavy 1 (top-left),
Wavy 2 (top-right), and Baseline Propeller (bottom)

The pressure coefficient Cp and skin friction coefficient cf plots (Figures 5.5
and 5.6) provided additional insights into the flow behavior around the modified
blades. The most suitable cross-section for comparison is at r/R = 0.6, as it is
sufficiently far from the hub and tip, and lies between a peak and a throat. This
is also the region where the blade contributes most significantly to thrust. At this
location, despite the pressure distribution does not show significant differences in
absolute values at all advance ratios compared to the Baseline Propeller, a pres-
sure plateau followed by a pressure rise is not clearly visible. However, changes in
the chordwise skin friction coefficient on the suction side indicate that separation
and reattachment might occur. At J = 0.0025, the flow appears to be separated,
but at r/R = 0.4 and r/R = 0.8, turbulent reattachment might be present. This
suggests that isolated regions of separation and reattachment could exist, even if
they did not extend across the entire blade span, as for the Baseline Propeller. At
J = 0.24 and J = 0.4, flow separation on the Wavy configurations occurs closer to
the leading edge compared to the smooth blade. Additionally, turbulent separation
might be present at approximately 80% of the chord length. Overall, Wavy 1 and
Wavy 2 exhibited very similar flow behavior, but Wavy 1 showed larger regions
with negative chordwise skin friction coefficients compared to Wavy 2, particularly
at r/R = 0.6 at J = 0.6 and near the tip at J = 0.0025 and J = 0.24.

Figure 5.7 shows a comparison of Cp and cf behind a peak and a throat. The
chosen radial locations correspond to the peak and throat closer to r/R = 0.6, with
the peak located at r/R = 0.62 and the throat at r/R = 0.58. This comparison
highlights how the leading edge tubercles affect the flow around the blade, aligning
with results found in the literature [3, 9, 30]. Wavy 1 and Wavy 2 produced similar
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(d) J = 0.6

Figure 5.5: Pressure coefficient for Wavy 1, Wavy 2 and Baseline Propeller

results, both revealing that the flow originating from the throat separates earlier
than the flow from the peak. This is easily visible in the skin friction coefficient
plots: at J = 0.0025, the flow from the throat is fully detached, while the flow from
the peak experiences a separation at approximately 40% of the chord, followed by
a reattachment at x/c ∼ 0.6. At J = 0.24 and J = 0.4, the flow from the throat
separates at approximately 35% and 40% of the chord respectively, while the flow
from the peak showed the same behavior as before, although the position of the
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Figure 5.6: Skin friction coefficient for Wavy 1, Wavy 2 and Baseline Propeller

separation bubble shifted downstream as the advance ratio increased. At J = 0.6,
the flow from the peak appears to remain attached, while the flow from the throat
separates at approximately 70%.

Figure 5.8 shows the vorticity along Y-axes, which runs from the leading edge to-
ward the trailing. As reported [7, 13, 14, 30], tubercles appear to generate counter-
rotating vortices between adjacent tubercles, energizing the boundary layer.

45



Leading edge tubercles modification

0 0.2 0.4 0.6 0.8 1

x/c

-3

-2

-1

0

1

C
p

 W1 Peak

 W1 Throat

 W2 Peak

 W2 Throat

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

 W1 Peak

 W1 Throat

 W2 Peak

 W2 Throat

(a) J = 0.0025

0 0.2 0.4 0.6 0.8 1

x/c

-3

-2

-1

0

1

C
p

 W1 Peak

 W1 Throat

 W2 Peak

 W2 Throat

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

 W1 Peak

 W1 Throat

 W2 Peak

 W2 Throat

(b) J = 0.24

0 0.2 0.4 0.6 0.8 1

x/c

-3

-2

-1

0

1

C
p

 W1 Peak

 W1 Throat

 W2 Peak

 W2 Throat

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

 W1 Peak

 W1 Throat

 W2 Peak

 W2 Throat

(c) J = 0.4

0 0.2 0.4 0.6 0.8 1

x/c

-3

-2

-1

0

1

C
p

 W1 Peak

 W1 Throat

 W2 Peak

 W2 Throat

0 0.2 0.4 0.6 0.8 1

x/c

-0.01

0

0.01

0.02

c
f

 W1 Peak

 W1 Throat

 W2 Peak

 W2 Throat

(d) J = 0.6

Figure 5.7: Pressure and skin friction coefficients for a peak and a throat
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(a) J = 0.0025

(b) J = 0.24

(c) J = 0.4

(d) J = 0.6

Figure 5.8: Y vorticity
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Chapter 6

Conclusions

The goal of this thesis was to evaluate the effects of leading edge tubercles on the
aerodynamic performance of a drone propeller designed to operate at low Reynolds
numbers. This bio-inspired modification comes from the flippers of Humpback
Whales, where protuberances have shown potential as a passive flow control de-
vice. In the study, tubercles have been analyzed to understand their impact on
thrust, torque and efficiency of the propeller and on the Laminar Separation Bub-
ble that forms on the suction side of the blades.

A detailed numerical study was conducted using ANSYS Fluent. The simula-
tion set-up was validated by comparing the computational results of the Baseline
Propeller with experimental data. The verification and validation process demon-
strated that the SST k−ω Turbulence Model, coupled with the γ-Algebraic Transi-
tion Model, was suitable for predicting the performance coefficients of the propeller
using the steady-state Multiple Reference Frame approach on a mesh of approxi-
mately 11 million cells with a y+ < 1. Results indicated that the Thrust Coefficient
was overestimated at lower advance ratios, from J = 0.0025 to J = 0.24, and un-
derestimated at higher advance ratios, but relative errors never exceded 10% up
to J = 0.6. The Torque Coefficient showed good agreement with experimental
data, with relative errors consistently below 4.5% up to J = 0.6. However, the
numerical simulations provided slightly larger errors in hovering and struggled to
predict propeller performance at J = 0.8, where reverse thrust occurred. Addition-
ally, the numerical model predicted the presence of a Laminar Separation Bubble
on the suction side of the Baseline Propeller’s blades, according with the oil-flow
visualization, particularly at higher advance ratios. However, the location of the
turbulent reattachment was consistently underestimated.

Leading edge tubercles changed the flow characteristics. The additional vortic-
ity introduced by the modified leading edge led to complex flow patterns, which
made it difficult to clearly identify a laminar separation followed by a turbulent
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reattachment. In terms of aerodynamic performance, both Wavy configurations
exhibited a reduction in CT at all advance ratios, with the most significant drop
observed in hovering, where Wavy 2 showed a decrease of 8.62% compared to the
Baseline Propeller. However, the gap narrowed as the advance ratio increased, up
to less than 1% at J = 0.6. The effect on the Torque coefficient was negligible
for advance ratios ranging from J = 0.12 to J = 0.6, while a relative error of
approximately 6.5% was computed at J = 0.0025. This performance degradation
aligns with results in the literature, which indicate that tubercles improve post-stall
behavior but reduce the maximum lift coefficient and slightly increase drag before
stall at low Reynolds numbers. Thanks to surface streamlines, as well as pressure
and skin friction coefficient plots, it was demonstrated that the Wavy designs did
not exhibit a clear pattern like the Baseline Propeller, which was characterized by
a laminar separation followed by a turbulent reattachment. Only flow separation
could be clearly observed, with a separation point that moves toward the leading
edge as the advance ratio decreases. Consistent with findings from the literature,
it was observed that streamlines originating from the peaks separated later than
those from the throats, though no clear reattachment line was identified across the
blade span. Nonetheless, skin friction coefficient plots suggested the presence of
isolated regions of separation and reattachment behind the peaks.

6.1 Future work
Future research could extend these results in several areas.

• Optimization of tubercles geometry. The values of amplitude and wave-
length used to design the tubercles leading edge modification were chosen to
balance the effects analyzed in the literature. However, an optimization of
this geometry could lead to different results. Future work should focus on
varying tubercle dimensions to identify whether an optimal configuration ex-
ists. Additionally, different design methodologies from the two adopted for
this thesis might be explored.

• Aeroacoustic performance. The Baseline Propeller was extensively stud-
ied from an aeroacoustic point of view, revealing that the Laminar Separation
Bubble on the suction side of the blades causes vortex shedding that leads to
high-frequency broadband noise. Analyzing the effect of leading edge tuber-
cles on the aeroacoustic behavior would be interesting, considering that the
Wavy configurations did not exhibit a clear LSB.

• Experimental Validation. Wind tunnel tests of the Wavy propellers would
provide a direct comparison with the computational data. This validation is
essential to confirm the predicted effects of tubercles on thrust, torque and
efficiency.
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