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Abstract

The proliferation of small unmanned aerial vehicles (SUAVs) over the last decades has greatly increased
the demand for compact, efficient, and reliable propulsion systems. Despite significant technological
progress, small-scale propellers still suffer from low aerodynamic efficiency due to the low chord-based
Reynolds numbers and the challenging operative conditions encountered in a typical mission profile.
These challenges lead to unsteady loading and performance degradation, ultimately limiting flight
endurance, payload capability, and platform stability. This thesis addresses these critical aerodynamic
issues by conducting a comprehensive experimental and numerical investigation of an open-geometry,
small-scale propeller operating in challenging scenarios, such as non-axial inflow and dynamic

maneuvers.

An extensive experimental campaign was performed in the wind tunnel at Politecnico di Torino,
using load measurements and planar Particle Image Velocimetry to characterize thrust, torque, and
wake topology in both axial and cross-flow conditions. Large Eddy Simulations (LES) were then
used to provide high-fidelity insights into the unsteady flow physics, including vortex dynamics, wake
deflection mechanisms, and azimuthally varying blade aerodynamics. This numerical dataset enabled

the formulation of a simplified wake-skew modelling approach suitable for propellers in cross-flow.

To explore transient operational conditions, a mid-fidelity Vortex Particle Method solver (VUL-
CAINS), developed at ONERA, was validated against experiments and URANS simulations in
steady-state conditions. The validated tool was subsequently employed to analyse maneuvering
scenarios relevant to typical SUAV missions, including rapid rotational speed variations and propeller
tilting. These analyses revealed the presence of load hysteresis, transient performance overshoots, and

significant changes in the wake structure that are not captured under steady-state assumptions.

The findings deepen the current understanding of small-scale propeller aerodynamics and expand
the available performance and wake database beyond classical axial-flow/hovering configurations. This
work supports the development of more robust design and control strategies for next-generation SUAV

propulsion systems.
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Chapter 1

Introduction

1.1 Motivation

Over the last decade, the global interest in small unmanned aerial vehicles (SUAVs) has experienced
a dramatic surge, driven by advancements in miniaturized electronics, battery technologies, and
low-cost manufacturing processes [3]. The appeal of SUAVs lies in their peculiar technical features:
lightweight structures, low energy consumption, high maneuverability, vertical take-off and landing
(VTOL) capabilities, and compact footprints that enable deployment in constrained environments.
These aircraft, typically characterized by a maximum take-off weight under 25 kilograms, have evolved
from hobbyist gadgets into critical tools across both military (e.g. [4]) and civilian sectors (e.g. [5]).
With operational capabilities ranging from territorial monitoring (e.g. [6]) and disaster assessment to
package delivery (e.g. [7]) and precision agriculture (e.g. [8]), these small drones are now integral to

the technological landscape of the 21st century.

While their applications have become increasingly diverse, SUAVs continue to face fundamental
technical limitations. Chief among these is the inefficiency of their propulsion systems, particularly in
terms of aerodynamic performance. Unlike full-scale rotorcraft, which mostly operate at high Reynolds
numbers, SUAVs’ propellers operate in the low Reynolds number regime [9]. Laminar to turbulent
flow transition phenomena dominate, leading to a complex boundary layer behaviour, large laminar
separations, and significantly reduced aerodynamic efficiency [10]. The propeller is the primary source
of thrust and lift for most SUAVs, and thus any inefficiency in its aerodynamic design directly reduces
the vehicle’s endurance, payload capacity, and stability. Most off-the-shelf designs are suboptimal,
either because they are scaled-down versions of larger propellers or because they are designed without
sufficient attention to transitional phenomena. A focus is rather made on their durability and cost-
effectiveness, leading to thick geometries often featuring excessive surface roughness. In practice,
it translates into reduced efficiency, increased power consumption, and unpredictable aerodynamic

loads. Given that SUAVs are usually powered by batteries with limited energy storage, even modest
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improvements in the aerodynamic efficiency can result in substantial gains in flight time and payload
capacity.

Another crucial point of SUAV performance involves non-ideal operative conditions. Most
propellers are indeed designed to operate in on-design conditions, such as steady-state axial inflow or

hovering. SUAVs, however, frequently operate under challenging oftf-design conditions, such as:

* non-axial inflow during forward flight or gust encounters,
* propeller-propeller interference in multicopter configurations,
* rapid transient maneuvers such as pitching, rolling, or yawing,

* sudden changes in rotational speed due to control inputs or obstacle avoidance.

These conditions introduce complex unsteady flow phenomena that significantly affect the efficiency,
stability, noise, and structural integrity. In these scenarios, the flow across a given blade changes not
only in magnitude but also in direction over time, causing dynamic stall, cyclic loading, and hysteresis
effects that are difficult to predict using steady-state models. Non-axial inflow conditions, for instance,
result in flow non-uniformity across the propeller disk, which leads to asymmetric loading [11-13]. In
such scenarios, the interaction between unsteady aerodynamics, control systems, and vehicle dynamics
becomes critical. Yet, the bulk of aerodynamic data and models available in the literature focus on
steady-state hovering (e.g. [14—17]), axial flow conditions (e.g. [18, 19]), creating a knowledge gap

that limits optimization and design efforts for real-world scenarios.

The motivation of this thesis stems from the need to improve the aerodynamic understanding and
prediction capabilities for small-scale drone propellers, particularly operating under non-axial inflows
or dynamic operative conditions, which are furthermore characterized by low Reynolds numbers. For
this purpose, an open-geometry small-scale propeller is considered to obtain results that are repeatable
and extendible. The analysis is carried out through the use of a multitude of techniques, ranging from
an experimental approach to numerical methodologies of high and mid-fidelity. The focus is initially
made on the cross-flow condition, initially approached with an experimental campaign conducted in
Politecnico di Torino. This campaign involved the use of planar Particle Image Velocimetry (PIV)
and load sensors, respectively, for the velocity field and performance evaluation. The experimental
campaign was then used to validate a numerical high-fidelity dataset of Large Eddy Simulations (LES)
in similar conditions. With the multitude of data available from the LES campaign, the analysis of the
cross-flow condition was expanded, additionally leading to a simplified model for the wake deflection
prediction. A mid-fidelity code from the vortex particle method (VPM) category is then introduced
for the simulation of the more computationally demanding maneuvers, such as dynamic rotational
speed variations or tilting. The code was in-house built by ONERA and named VULCAINS [20-22].
It is initially validated through the comparison with higher fidelity methodologies, such as Unsteady

Reynolds-Averaged Navier-Stokes (URANS) simulations and an experimental campaign, assessing the
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code’s capability of correctly predicting the small-scale propeller aerodynamics in on-design conditions.
The maneuvers are subsequently simulated, assessing their impact on the propeller’s performance
and induced flow field. The results shown in this thesis aim to contribute new knowledge toward a
more robust and efficient design of SUAV propellers, closing existing gaps in the understanding of
their aerodynamic behaviour under some non-ideal operative conditions and laying the groundwork for

future studies, mainly on dynamic maneuvers, which are still scarce in the present literature.

1.2 Literature review

1.2.1 Low Reynolds numbers propellers and airfoil aerodynamics

Recent studies have specifically focused on the transitional aerodynamics of isolated airfoils to improve
the understanding of the fluid dynamics phenomena that occur on small-scale propellers. This is done
on one side to improve the airfoil design to be implemented in 3D blades, but additionally to extract
the airfoil polars (lift, drag, and moment coeflicients as a function of the angle-of-attack, Reynolds,
and Mach number) for lifting lines/surfaces approaches. The aerodynamic behaviour of airfoils at low
chord-based Reynolds numbers (Re, = %, being ¢ hereby the airfoil chord, W the relative velocity, and
v the kinematic viscosity) represents one of the most nuanced and challenging areas within the field of
rotary-wing fluid dynamics. This is especially true for small unmanned aerial vehicles (SUAVs), where
propeller blades typically operate in flow regimes that differ dramatically from those of larger aircraft.
In these regimes, defined approximately by Re. below 1,000,000, and often between 10,000 and
100,000, the flow undergoes complex transitional phenomena that are markedly sensitive to geometry
[23], angle of attack [10], freestream turbulence, and surface conditions [24]. Such effects challenge

both experimental reproducibility and numerical simulation representativeness.

In large-scale aeronautical applications, where Re, often exceeds 1,000,000, the boundary layer
transitions to turbulence early in its development. The flow typically remains attached along the
surface, separating only near the trailing edge under high adverse pressure gradients, as represented
in Figure 1.1(a). However, when the Reynolds number drops below this threshold, the aerodynamic
characteristics of airfoils differ considerably. At intermediate Re., roughly between 500,000 and
1,000,000, laminar flow separation emerges on the suction side near the leading edge, followed by
reattachment further downstream, as illustrated in Figure 1.1(b). This leads to the formation of a
laminar separation bubble (LSB) [9], a flow structure that fundamentally alters pressure recovery and

increases drag, even as it maintains attached flow along the rest of the chord.

As Re, is further decreased until around 50,000, the LSB becomes larger and more unstable. The
extent of laminar flow along the chord diminishes, and the point of reattachment shifts downstream,
sometimes with the LSB extending as much as 40 percent of the chord length, as represented in Figure

1.1(c). Under such conditions, the airfoil is subject to enhanced parasitic drag and unpredictable lift
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Fig. 1.1 Schematic illustration of flow evolution around a 2D airfoil at (a) Re. > 1,000,000, (b) 1,000,000 >
Re. > 500,000, (c) 500,000 > Re. > 50,000, (c) Re. < 50,000.

behaviour. Near the stall, the flow may exhibit alternating phases of reattachment and full separation,
introducing aerodynamic hysteresis and unsteady loads [25]. This regime is of particular concern for
SUAV propellers, whose efficiency and control characteristics are critically dependent on precise lift
and drag predictions under a range of operational angles of attack.

When Re. drops below 50,000, laminar separation may persist over most of the airfoil’s suction
side, with the shear layer failing to reattach altogether, as shown in Figure 1.1(d). This scenario results
in a dramatic degradation of aerodynamic performance, with diminished lift and significantly increased
pressure drag. The flow becomes increasingly dominated by viscous effects, and the airfoil effectively
operates in a near-stalled condition across its entire operative range. Such flow behaviour not only
limits propulsive efficiency but also introduces vibration, instability, and control challenges for the
vehicle [10].

A critical factor that exacerbates these effects at low Re, is the heightened sensitivity of the
boundary layer to the level of turbulence in the freestream. As shown in the study by Wang et al.
[24], increasing the freestream turbulence intensity can significantly alter the transition dynamics.
Turbulence tends to destabilize the laminar boundary layer, delaying separation and promoting earlier
transition. This, in turn, supports the formation of an LSB in regions where otherwise a full separation
might occur. While beneficial in some contexts, this turbulence-induced transition is not uniformly
desirable, as it introduces variability in performance and complicates modelling strategies. Moreover,
its influence becomes negligible at Re, higher than around 50,000, emphasizing its specificity to the

very low-Re, regime.
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The airfoil’s geometry plays an equally pivotal role in determining its aerodynamic response in
these conditions. Thickness, camber, and the position of maximum thickness all exert significant
influence on boundary layer stability and separation characteristics. Ma et al. [23] demonstrated that
increasing the relative thickness of the airfoil tends to enlarge the LSB and decrease the lift-to-drag ratio,
particularly at low angles of attack. This is primarily because the separation point moves upstream,
reducing the effective laminar evolution and increasing the adverse pressure gradient over the airfoil
surface. Conversely, shifting the position of maximum thickness toward the trailing edge can improve
the overall ¢ /cp performance by stabilizing the laminar boundary layer and delaying separation.
However, such geometrical alterations are not without trade-offs. Trailing-edge thickening, for example,
may compromise maximum lift and deteriorate stall behaviour, necessitating a balance between
cruise efficiency and maneuvering performance. Designing airfoils optimized for such environments
demands a sophisticated understanding of the interplay between geometry, turbulence, and transitional
mechanisms. The behaviour of the LSB, for instance, is influenced not only by the boundary layer
profile but also by pressure gradient distributions, which are directly linked to the curvature and
thickness distribution of the airfoil. While thin, highly cambered airfoils may offer enhanced lift at
moderate angles of attack, they are often prone to early stall due to leading-edge separation. On the
other hand, thicker sections may stabilize the flow at higher angles but incur performance penalties in

cruise.

Adding another layer of complexity is the phenomenon of flow hysteresis that arises near stall [25].
At low Reynolds numbers, the transition from attached to separated flow and back is not symmetric.
That is, the aerodynamic forces and moments experienced by the airfoil during increasing angle of
attack differ from those during the decreasing phase. This hysteresis is particularly evident in the

pitching moment and contributes to control difficulties in rapidly maneuvering SUAVs.

1.2.2 Non-axial inflow and forward flight conditions

In typical mission profiles, propellers are frequently exposed to non-axial inflows, especially during
translational motion or when subjected to environmental disturbances such as gusts and wind shears. A
non-axial inflow can be referred to as cross-flow or edgewise flow if it is perpendicularly oriented to the
propeller’s rotation axis. This scenario introduces a fundamental complexity in the understanding and
predicting the propellers’ performance, efficiency, and wake behaviour. Unlike the case of hovering
or axial inflow, non-axial inflow conditions impose spatial and temporal variations in the angle of
attack across the propeller disk. Each blade element, during its rotation, encounters a continuously
changing relative inflow direction and magnitude [26, 27]. As a result, the effective angle of attack,
the local Reynolds number, and the aerodynamic loading of each section become functions of both
the azimuthal position and the flight condition. This introduces unsteady and non-uniform loads that
influence thrust, torque, and moment coefficients, as well as flow separation and dynamic stall behaviour.

While classical helicopter aerodynamics has long addressed similar problems, especially in forward
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flight [28-30], the conditions faced by small drones introduce unique challenges. The low-Re, regime
(where, in propellers, Re, is usually calculated considering the blade’s chord located at around 75% of
the radial extension), typical of SUAVs’ propellers, causes the boundary layer to remain laminar over a
significant portion of the blade. This makes the flow more sensitive to variations in angle of attack
and more susceptible to early separation. Additionally, SUAV rotors typically lack blade pitch control,
which limits their capacity to adjust for asymmetrical inflow and further complicates the aerodynamic
response. Recent literature has sought to explore these effects in the context of small-scale fixed-pitch
propellers. Notably, the studies by Cerny and Breitsamter [11], Theys et al. [12], and Moreira et al.
[31] examined how non-axial inflows impact thrust and torque variation at different inflow angles and
advance ratios. These works highlighted that even modest deviations from axial flow can lead to a
significant decline in performance. The interaction of the rotating blade with an oblique inflow causes
uneven aerodynamic loading, which not only introduces significant periodic oscillations in forces and

moments over each revolution but also affects the time-averaged loads.

The wake behaviour under non-axial inflow is of particular concern for applications involving
multicopters, distributed propulsion systems, and urban air mobility vehicles (UAM), where propellers
often operate in proximity. In such configurations, the wake of one propeller can interfere with
another [32], generating inflow distortions that are both spatially and temporally unsteady. Instead
of being shed axisymmetrically downstream, the wake is deflected and distorted [11, 33], depending
on the flight direction and the propeller’s orientation. This leads to regions of increased turbulence
intensity and potential recirculation zones, both of which are problematic for precision flight and
control. Furthermore, at a significant inflow velocity, the formation of a counter-rotating vortex pair (as
in jets in cross-flow [34]) can be observed [35], further complicating this picture. The phenomenon
of dynamic stall, well documented in helicopter literature [2, 27], becomes increasingly relevant in
this context. As the blade rotates through regions of high relative inflow and then enters shielded
or reversed-flow zones, the angle of attack can vary rapidly. If this variation exceeds the static stall
angle, flow separation occurs, followed by vortex shedding and delayed reattachment. The resulting
unsteady lift and moment behaviour leads to dynamic overshoots and hysteresis effects that are difficult
to predict with quasi-steady models. While such effects are often mitigated in helicopters through active
blade pitch control and complex blade articulation, SUAV propellers generally lack these mechanisms,

making them more susceptible to performance degradation and control anomalies.

Beyond vehicle performance, the implications of non-axial inflow extend into application-specific
challenges. In precision agriculture [35, 36], for instance, the ability of the propeller-induced flow to
effectively disperse chemical agents such as pesticides or fertilizers depends on the wake behaviour.
When the flow is deflected or distorted, the spatial distribution of droplets becomes uneven, reducing
application efficiency and increasing the risk of environmental contamination. The strong vortex
structures indeed can transport particles over long distances away from the intended target zone [37].
The relevance of non-axial inflow investigations also extends to safety in swarm flight and obstacle-rich

environments [5, 38, 39]. As drones maneuver around buildings, trees, or other aerial vehicles, they
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frequently encounter non-uniform and rapidly changing flow fields. In these cases, local gusts, wake
interference, and flow separation become dominant factors in determining flight trajectory and stability.
The absence of real-time flow sensing or adaptive control surfaces in many SUAV platforms exacerbates

these vulnerabilities.

Thus, a robust understanding of how non-axial inflow alters aerodynamic forces and wake evolution
is crucial for developing resilient control laws and stability augmentation systems. In applications
ranging from package delivery and agricultural monitoring to emergency response and surveillance,
drones navigate complex and unpredictable environments; their ability to maintain stable flight and
deliver consistent performance hinges on accurately predicting and compensating for the aerodynamic
disturbances induced by non-axial inflows. In summary, the study of non-axial inflow conditions is not
a marginal consideration but a central aspect of SUAV aerodynamics. The deviation from the ideal
axial inflow condition, whether due to vehicle motion, environmental effects, or rotor interactions,
introduces a host of unsteady aerodynamic phenomena that affect performance, stability, and control.
Addressing these issues requires a combination of advanced modelling techniques, high-resolution
experimentation, and robust aerodynamic understanding. In this thesis, the cross-flow condition is
explored through experimental techniques and a follow-up LES campaign to obtain a comprehensive

and global understanding of the phenomenon.

1.2.3 Dynamic operative conditions

SUAVs are often tasked with performing rapid maneuvers during a typical mission profile. Unlike
fixed-wing aircraft that primarily operate in quasi-steady flight conditions or large rotorcraft with
mechanical and computational support for gradual control transitions, SUAVs frequently perform
abrupt tilting, acceleration, deceleration, or thrust variations in response to control commands or
environmental disturbances. These maneuvers might significantly affect the aerodynamics of the
propellers, introducing transient flow phenomena that challenge both aerodynamic predictability
and structural integrity. Such maneuvers raise regulatory and certification challenges, especially
in the context of autonomous operation [40]. Vehicles that cannot maintain stable flight under
transient maneuvers may not be allowed to operate in public airspace, particularly near people or
infrastructure. Standards for UAV reliability increasingly include requirements for handling gusts,
performing emergency avoidance maneuvers, and recovering from degraded flight states, all of which
are directly influenced by the aerodynamics of dynamic response. Therefore, the need for a predictive
framework that links maneuver profiles to aerodynamic behaviour and structural loading is foundational

to the future deployment of autonomous aerial systems.

Dynamic maneuvers in SUAVs can be broadly categorized into smooth transitions, such as pitching
into a new flight angle or ascending with increased thrust, and impulsive or high-rate movements, such
as evasive turns or gust rejection. In either case, the underlying issue is that the propellers are subjected

to unsteady conditions, and the standard assumptions of steady or even quasi-steady aerodynamics
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might no longer be valid. Each change in propeller orientation, angular velocity, or surrounding flow
direction gives rise to unsteady aerodynamic forces and induced wake, which in turn influence vehicle

attitude, control responses, and flight stability.

One of the primary effects of such maneuvers is indeed the induction of transient loading on the
propeller blades. These loads arise from the combined influence of the blade’s angular acceleration
or deceleration and the variation in inflow distribution resulting from vehicle motion. Mohren et al.
[41] showed that during significantly rapid dynamic rotational speed variations, propellers experience
structural deformations that differ significantly from those observed under steady-state conditions.
The dynamic inertial loads, especially in high acceleration phases, contribute to blades’ bending
and torsion, which in turn modify the effective pitch distributions. This coupling between structure
and aerodynamics introduces non-linearities in the thrust response, leading to discrepancies between
commanded and achieved performance. Rapid rotational speed changes induce torque transients through
the drive shaft and motor, potentially causing fatigue loading that accumulates over repeated missions.
Zosimovych [42] analysed such transient dynamics during VTOL transition phases and proposed
methodologies for predicting blade deformation and fatigue life. The work revealed that traditional
safety margins based on static loading scenarios may underestimate the cyclic stresses encountered
during real-world operations. For electric SUAVs, which often rely on lightweight composite materials
with directional stiffness properties, the accumulation of such fatigue loads can lead to premature

failure if not considered in the design process.

The effect of the rotational speed variation is not only structural but also deeply fluid dynamic.
Changes in rotation rate lead to rapid shifts in blade tip velocity and local Reynolds number, thereby
altering the boundary layer characteristics along the blade. As the flow transitions from laminar to
turbulent, separation bubbles may form, detach, or collapse in unpredictable ways. These dynamics
affect lift and drag production in a time-dependent manner, often leading to oscillatory behaviour in
thrust and torque output. In cases of deceleration, reverse flow phenomena may even occur near the

root, further complicating the flow field.

The acoustic implications of dynamic maneuvers are also fundamental to evaluate. As noted by
Bergmann et al. [43], changes in rotor speed and orientation result in fluctuating loading on the
blades, which generates broadband noise that differs from tonal emissions observed in steady flight.
Their analysis of VTOL vehicles revealed that noise peaks are strongly correlated with periods of
rapid acceleration and horizontal transition, suggesting that control strategies should consider not only
aerodynamic but also acoustic optimization. This is particularly important in urban environments,
where noise constraints may limit drone operation, especially in proximity to sensitive areas such as

hospitals, schools, or residential buildings.

In addition to the acoustic impact, flight control stability is closely tied to how dynamic maneuvers
influence the thrust vector and force distribution. Pavel [44] investigated control systems for VTOLSs

undergoing pitch and RPM variations, highlighting the importance of coupling control inputs to achieve
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smoother transitions and reduced oscillatory behaviour. By jointly tuning the pitch angle and rotational
speed, the study showed that more stable and efficient transitions could be achieved, especially in
the presence of external disturbances. This suggests that the design of SUAVs’ control systems must
account not only for steady-state gains and delays, but also for the transient aerodynamic response of

the propellers.

The thrust vectoring that emerges during tilting maneuvers is another critical aspect. As the rotor
axis is tilted from the vertical direction to accommodate translational motion, the thrust vector shifts,
and the rotor begins to act both as a lift and propulsion source. This alters the inflow angle across the
rotor disk and induces asymmetrical loading on the blades. The combination of angular velocity and
tilting motion results in time-varying effective angles of attack, leading to localized flow separation,
delayed reattachment, and, in some cases, dynamic stall. The extent to which these phenomena affect

performance depends on blade geometry, rotation speed, and maneuver aggressiveness.

Experimental exploration of these phenomena is not straightforward. Wind tunnel setups typically
focus on steady-state conditions or slow transitions due to the limitations of actuation systems and
measurement response time. To explore dynamic maneuvers, specialized rigs with rapidly controllable
pitch mechanisms or variable-speed drives are required. Load sensors must have high temporal
resolution to capture transient spikes, while flow visualization tools like high-speed PIV must be
synchronized to track rapid changes in vorticity and separation. From a numerical perspective, such
effects are challenging to capture using traditional high-fidelity approaches, mostly due to the prohibitive
computational cost. Different from steady-state conditions, dynamic maneuvers must be entirely
simulated, and even fractions of a second can be excessively expensive. Furthermore, computing
averaged quantities requires the repetition of the same test multiple times. Mid-fidelity tools such as
VPM stand out in this context and are used in the present work. Maneuvers are straightforward to
implement, and no mesh is required. The reduced computational cost makes these simulations also
affordable for various repetitions of the tests. However, they still depend heavily on accurate airfoil

polars, notoriously difficult to measure or compute for low-Re, conditions.

In conclusion, the study of dynamic maneuvers in SUAVs is essential for developing robust, efficient,
and safe flight capabilities. These maneuvers introduce time-dependent aerodynamic forces that are
challenging to predict but crucial for understanding control stability, structural integrity, acoustic
footprint, and vehicle performance. The complexity of modelling these effects, the difficulty of
replicating them experimentally, and their relevance across mission scenarios make them a central
theme in modern drone research. The present thesis particularly focuses on the rotational speed
variations and tilting maneuvers, aiming to provide a deeper understanding of transient behaviour
in small-scale propellers and showing the suitability of mid-fidelity tools such as the VPM, further
confirming the necessity of enhanced efforts in the development of these methodologies for a bright

future of SUAVs in the unmanned air mobility.
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1.3 Chapters summary

This thesis compiles the research work conducted throughout the Ph.D. path and presents it across
dedicated chapters.

Chapter 2 provides a detailed description of the open-geometry propeller selected as the case study
for this thesis. The chapter also outlines the experimental and numerical methodologies employed for
its aerodynamic characterization. It begins with a thorough presentation of the experimental setup,
including the wind tunnel setup and instrumentation, and proceeds to report the outcomes of the
wind tunnel campaign that was carried out for the flow characterization before the propeller testing.
The numerical tools implemented throughout the thesis are furthermore presented, with a particular
emphasis on the ONERA-developed VPM solver, VULCAINS. This tool is validated through the
comparison with higher-fidelity methods and experimental data, establishing its accuracy in simulating
the propeller’s aerodynamics in steady-state operative conditions. This chapter concludes with a
summary of the most relevant data reduction techniques used in the analyses.

Chapter 3 is devoted to the investigation of the propeller’s aerodynamic performance under
cross-flow conditions. A detailed analysis of this operative condition is conducted with the use of

experimental techniques and a subsequent LES campaign.

Chapter 4 focuses on the unsteady aerodynamic behaviour of the propeller during transient
maneuvers. These include dynamic variations in rotational speed and tilting motions, which are
simulated using the validated VPM code. The results provide insight into the propeller’s performance

and flow structures under maneuvering conditions, which are critical for SUAV applications.

Finally, Chapter 5 concludes the thesis by summarising the key findings and outlining potential
directions for future research.
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propeller using VPM against URANS and experimental data”, AIAA AVIATION FORUM 2025,
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Chapter 2

Methodologies

Understanding the aerodynamic performance of SUAVs’ propellers requires a combination of ex-
perimental and numerical tools, each with its strengths, limitations, and applicable scales. This
chapter explores the methodologies employed to assess the aerodynamics of a small-scale propeller
under different conditions, ranging from wind tunnel testing to numerical simulations of high- and
mid-fidelity.

Experimental investigations represent the cornerstone of aerodynamic research in the propellers’
field, as they provide the most tangible and trustworthy means of assessing the flow physics, directly
capturing the intricate interplay of laminar to turbulent transition, separation, and unsteady vortex
dynamics while simultaneously reflecting the real structural and manufacturing characteristics of
the blades. Advanced methodologies such as PIV allow for an accurate assessment of the flow
characteristics. PIV is a widely used non-intrusive technique for measuring velocity fields in fluid flows
[45]. The method consists of seeding the flow with tracer particles, which are illuminated by a laser sheet
and recorded by cameras. The particle displacement between two successive images is then evaluated
through cross-correlation, providing a detailed reconstruction of the instantaneous velocity field over
the measurement plane. By averaging these measurements in time, PIV enables an accurate description
of mean flow structures and serves as a reliable experimental benchmark for validating numerical
simulations. This methodology has been widely used in propellers’ aerodynamics, assessing the flow
physics in the blades’ proximity ([19]) and in the induced wake ([16]). Experimental campaigns specific
to small-scale propellers, however, face two major difficulties. First, the forces involved are often very
small, which makes their measurement prone to noise and uncertainty. Highly sensitive small-scale
load cells are required to capture lift, drag, and thrust with acceptable accuracy. Second, the propeller
geometry itself presents manufacturing challenges: the small size of blades increases the impact of
imperfections, such as surface roughness and trailing edge inaccuracies, which can fundamentally alter
flow characteristics in laminar or transitional regimes. The small thickness additionally makes the
blades prone to bending and torsion in on and off-design conditions. While this last feature is not
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itself a downside, it might be complicated to account for these deformations in numerical simulations,

leading to non-negligible deviations with respect to the experimental measurements.

Numerical simulations have indeed become indispensable tools in the analysis and design of SUAV
propellers. To pursue a high-fidelity solution, scale-resolving simulations such as LES can be employed.
LES is a turbulence modelling approach in which the largest, energy-containing turbulent structures
are directly resolved, while only the smaller scales are modelled using a subgrid-scale model. By
applying a spatial filter to the NS equations, LES captures the unsteady, three-dimensional nature of
the large eddies that dominate momentum and energy transport, providing an accurate description
of turbulent flows [46]. However, this high fidelity comes at a significantly higher computational
cost, especially near solid boundaries where fine spatial and temporal resolutions are required. In
particular, the LES approach usually necessitates finer meshes and higher-order discretisation schemes

to minimise numerical diffusion and accurately resolve vortex structures.

The most widespread methods are, however, RANS and URANS approaches, which have found
wide applicability in the simulation of SUAVs [47-49]. Reynolds-averaged approaches reach a lower
level of fidelity than LES, but are characterised by a significantly reduced computational burden, which
makes them pivotal for industrial applications. In particular, RANS are obtained by decomposing
each flow variable into mean and fluctuating components and applying a time- or ensemble-averaging
procedure to the NS equations [50]. This process introduces additional terms, the Reynolds stresses,
which account for the effect of turbulence on the mean flow and require closure through turbulence
models. These simulations are relatively affordable in terms of computational resources and are
widely used for predicting global performance metrics, such as thrust and torque, under steady-state
conditions. URANS extends this framework by solving the unsteady form of the NS equations in an
inertial reference frame, typically using rotating grids or body-fitted meshes to capture the motion of
the blades. This method is more computationally demanding but allows for the resolution of periodic

blade passing effects, unsteady wake development, and some forms of vortex shedding.

Finally, mid-fidelity methods stand out especially when it is required to reduce the computational
cost and the simulation complexity. A popular modelling approach is the VPM [51-53, 20], which
discretises the vorticity field into Lagrangian particles that are convected with the flow. Acceleration
techniques such as the Fast Multipole Method (FMM) help mitigate the computational cost by grouping
particle interactions. Unlike traditional panel or blade element methods, VPM does not assume
steady-state or axisymmetric flow, making it well-suited for modelling unsteady dynamic conditions.
It can furthermore handle multiple propellers, complex wake mixing, and non-axial inflow without
requiring direct mesh connectivity between vortical structures [54]. The lifting surfaces are typically
simulated with the lifting line/panels approach to keep the computational cost low. Novel codes such as
VULCAINS additionally implement a hybrid approach [55], which combines a high-fidelity Eulerian
solver near solid boundaries to resolve boundary layers and generate vortices, with a Lagrangian vortex
particle method to efficiently simulate and transport vortices in the far field, reducing the computational
cost compared to full URANS or LES simulations while maintaining high accuracy near the walls.
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Codes such as DUST [56] and FLOW Unsteady [53] also implement variations of the vortex particle
approach, enabling variable-fidelity simulations by adjusting the particle resolution. These tools
have gained popularity in the study of distributed propulsion systems and urban air mobility vehicles,
where multiple rotors interact within constrained environments. Their ability to resolve complex wake
phenomena makes them attractive for scenarios where control robustness, acoustic emissions, and

rotor-rotor interference are of concern.

2.1 Definition of a reference propeller geometry

The aerodynamic analyses of this thesis are carried out on an open-geometry propeller, defined by
taking the propeller employed in [57] as a reference and then scaling it for the current purpose to a
radius R = 7.5 cm. It originally derives from a two-bladed APC-9x6 model, by reshaping each profile
from r/R = 0.2 to the tip with NACA 4412 profiles, where r is the reference coordinate along the
propeller radius. An elliptical root section is merged with such profiles starting from the hub to r /R =
0.2. The blade geometry is defined by variable distributions of chord (c), twist angle (), sweep angle
(A), and dihedral angle (I") along the bladespan direction. S is the NACA 4412 profiles’ absolute pitch
angle around the first quarter-chord. A is the in-plane azimuthal offset of the blade. Finally, I" is the
out-of-plane deflection of the blade relative to the propeller’s plane. The propeller’s CAD is shown in
Figure 2.1(a). The chord and the three angles distributions along the bladespan direction are displayed
in 2.1(b).
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Fig. 2.1 (a) CAD view of the reference propeller, (b) blades’ geometrical features along the blade span direction

2.2 Experimental methodologies

2.2.1 Particle Image Velocimetry (PIV)

The flow field surrounding the propeller was investigated via PIV, which is a non-intrusive optical

measurement technique that has become one of the standard tools for the experimental investigation of
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fluid flows [45]. The content of this section is intended to provide an overview of the principles and
capabilities of the PIV, while a more comprehensive coverage can be found, for instance, in the work of
Raffael et al. [58].

PIV’s main advantage lies in the ability to provide instantaneous, two- or three-dimensional velocity
fields over an extended region, in contrast to point-wise measurement techniques such as hot-wire
anemometry or Laser Doppler Velocimetry. This makes PIV particularly well-suited for the study of
complex and unsteady flows, such as wakes, vortices, or turbulent boundary layers. The basic principle
of PIV relies on seeding the flow with tracer particles that follow the motion of the surrounding fluid.
These particles are illuminated by a thin laser sheet, which defines the measurement plane, and their
scattered light is recorded by one or more cameras. By acquiring two successive images separated by a
short time interval At, the particle displacement within small interrogation windows can be measured.
Assuming that the particles act as flow tracers, their displacement provides a direct estimate of the
local fluid velocity as: i(X) ~ %, where AX,, denotes the average particle displacement vector within
the interrogation region. To evaluate these displacements, a cross-correlation algorithm is typically
employed. For two interrogation windows 7;(X) and I;(X), corresponding to consecutive images,
the normalised cross-correlation function is defined as in Eq. 2.1. The displacement vector AX,, is
estimated from the location of the maximum correlation peak. Repeating this procedure over all the
interrogation regions yields a vector field representing the instantaneous velocity distribution across

the illuminated plane.

~ [ 11(X) L(Z +AX) dX
JI B i [ B az

R (AX) Q.1

By acquiring a large dataset of PIV images, not only instantaneous but also statistical properties of
the flow can be obtained. In particular, the time-averaged velocity field is computed as in Eq. 2.2, where
N is the number of samples and u; denotes the velocity field obtained from the i-th PIV image pair.
This averaging procedure provides reliable information on the mean flow topology, while fluctuations

around the mean can be used to characterise the turbulence intensity and the Reynolds stresses.

—_ 1 N
i(3) =~ D i(F) (2.2)

Over the years, several variants of PIV have been developed to enhance its capabilities, starting from
the simplest planar PIV. This approach allows for the computation of two-dimensional velocity fields
using a single camera perpendicularly oriented to the laser sheet. Stereoscopic PIV [59] enables the
measurement of all three velocity components within a plane, while tomographic PIV [60] reconstructs

the full three-dimensional flow field within a volume. Time-resolved PIV, using high-speed cameras
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and pulsed lasers, extends the technique to the study of highly unsteady phenomena by resolving the
temporal evolution of coherent structures.

In summary, PIV offers a powerful experimental approach for investigating fluid flows, combining
non-intrusiveness with the ability to deliver instantaneous velocity fields over extended regions.
These characteristics also make it a valuable benchmark for the validation of numerical simulations,
particularly in applications where wake dynamics, vortical structures, or turbulent mixing play a crucial
role.

2.2.2 Wind tunnel flow characterization

The experiments were performed in the "Ferrari" open-circuit suction-type wind tunnel at Politecnico
di Torino. The wind tunnel features a honeycomb and two mesh screens at its inlet section, followed
by a contraction with an area ratio of 3.25:1, which leads into a cubic enclosed open test section
with a side equal to 88 cm. The jet presents a circular section with an inlet diameter of D j.; = 40
cm. The diffuser has a diffusing ratio of 1:2.4. A 7-blade fan is mounted downstream of the diffuser,
run by a three-phase asynchronous motor with a maximum power of 7.5 kW. The wind speed range
is approximately between 1 and 24 m/s. A schematic illustration of the wind tunnel along with the
adopted reference system is reported in Figure 2.2. In particular, the x-axis is oriented according to
the jet streamwise direction. The y-axis and z-axis are oriented toward the jet crosswise direction,

respectively, in the parallel and perpendicular direction to the test section floor.

TEST SECTION

Fig. 2.2 Schematic representation of the Ferrari wind tunnel.

The flow characteristics inside the test section are evaluated using a Dantec P11 hot-wire probe .
The hot wire probe is positioned at two different distances from the jet inlet in the streamwise direction,
HW,4 =2 cm and HWp = 44 cm, as shown in Figure 2.3. In this way, the flow characteristics are
evaluated approximately in correspondence with the jet inlet and at mid-section, where the propeller is
subsequently positioned.

Thttps://www.dantecdynamics.com/product/miniature-wire-probe-straight/
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TEST SECTION

Fig. 2.3 Hot wire probe streamwise positioning inside the test section for the jet flow features characterisation.

The probe is then translated along the y and z axes to evaluate the streamwise flow characteristics
along the two cross-jet directions. In particular, the flow homogeneity is evaluated as the relative

deviation of the local time-averaged streamwise velocity (V) with respect to the time-averaged inflow
V_x_Voo
Voo

evaluated as: 7Ti = V"V&, being v, ruys the root mean square of the velocity fluctuations along the

velocity evaluated at the centreline position (Vio): 6V, = . The turbulence intensity is additionally
x-axis. The analyses a;e conducted for four different inflow velocities (V,, = 5.9, 10.9, 16.5, and 22.2
m/s), revealing small differences among them in terms of non-dimensional velocity and turbulence
intensity distributions along both the y and z axes. The results in terms of potential core diameter,
maximum 6§V, and maximum 7' within the potential core region are summarised in Table 2.1 and are
consistent for all four V,, investigated. At HW 4, the jet’s potential core exhibits a uniform velocity
distribution with 6V, below 2% along the y-axis and below 1.2% along the z-axis within a potential
core diameter of approximately 0.93Dje;. The turbulence intensity in this region remains below 1%.
Further downstream at HW g, the potential core region extends for approximately 0.67Dje, where the

6V, values remain below 3% on both axes and the turbulence intensity below 2%.

Table 2.1 Jet flow features at the streamwise positions HW 4 and HW g, expressed in terms of potential core
diameter and maximum ¢V, and T'i values within the potential core. The results are consistent among the four
Ve values investigated

Potential core diameter max(6Vy) max(77)
HW 4 (near inlet) 0.93Dje <2% (y), <1.2% (z) <1%
HWpg (mid-section) 0.67Djet < 3% < 2%

Based on these measurements, the propeller was subsequently positioned at the streamwise position

HWj such that its entire swept area and the near-wake region remained within the uniform and
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low-turbulence region of the jet potential core, which locally extends for a diameter of around 3.6R.
Only in cross-flow conditions, the propeller’s setup is moved by 1R from the centre of the test section
along the negative y-axis. In this way, the wake is contained inside the potential core region for an
axial distance up to 3R from the propeller’s hub, and thus the near wake is not significantly affected

due to the high turbulence level and velocity gradients of the jet mixing region.

2.2.3 Experimental setup

Focusing on the propeller and its support, the main components are presented in Figure 2.4 and herein
briefly described. The reference propeller presented in section 2.1 is 3D printed in VisiJet Armor
M2G-CL resin. The drivetrain is composed of a TRX370 1000KV brushless motor with a diameter of
2.8 cm and a maximum power output of 150 W. The motor is controlled by an external electronic speed
controller (ESC), which receives the input commands through an Arduino Uno board. The rotational
speed of the shaft is measured using a Hobbywing RPM sensor that is connected to two of the three
phases of the brushless motor. The sensor counts the voltage changes at the two phases within a time
interval of 0.1 s and converts the information to a value of rpm (n). The sensor has a rated output
which ranges from n = 1000 rpm to n = 300000 rpm for the case of a 2-pole motor, as the one hereby
considered. The drivetrain was mounted on a 3D printed support realised in polylactic acid (PLA). The
support shape was designed to host two load sensors to evaluate the propeller thrust and torque. To
this end, a bi-directional axial load cell, LSB201 Futek, excited with 5 V, was chosen for the thrust
measurements. The sensor is characterised by a rated output (RO) of 2.5 N, non-linearity and hysteresis
of + 0.1% of RO, and an operating temperature range of 223-365 K. A TFF400 Futek torque sensor
excited with 10 V was instead selected for the torque measurements. Thanks to the acquisition of the
motor’s rotational speed (€2), it is straightforward to obtain the power consumption from the torque
measurements as P = Q€Q. The torque sensor is characterised by a RO of 0.07 Nm, non-linearity and
hysteresis of + 0.2% of RO, and an operating temperature range of 223-365 K. The sensor is mounted
at a distance of about three times the radius R downstream of the propeller, to limit its blockage effects
[61-63]. To characterise the accuracy and robustness of the load-cell measurements, data were acquired
at a sampling frequency of 10,000 Hz, with each operating point recorded over a time window of 60 s.
A dedicated repeatability analysis was first conducted in hovering conditions at a rotational speed of
3000 rpm. Thrust, torque, and rotational speed were measured over ten consecutive repetitions, with a
waiting time of approximately two minutes between successive tests. The results of this repeatability
analysis are reported in Figure 2.5. The measurements exhibited good repeatability characteristics: the
dispersion of the thrust measurements corresponded to approximately 3.5% of the mean thrust value,
while the dispersion of the torque measurements corresponded to approximately 2.9% of the mean
torque value. The rotational speed measurements showed an even smaller dispersion, corresponding to
approximately 0.17% of the mean rotational speed. For both axial inflow and cross-flow conditions, the

thrust and power coefficients were obtained by averaging the results of four independent repetitions for
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each operating point. The uncertainty bars associated with these measurements represent the standard
deviation among the four repetitions at each operating point. The largest relative deviations were
observed in hovering conditions at 3000 rpm, with maximum deviations of approximately 3.7% for
the thrust coefficient and 2.6% for the torque coeflicient. These values are consistent with the results
obtained during the dedicated hovering repeatability analysis. Since the resulting uncertainty bars are
extremely small and would require substantial magnification to be clearly visible, they are not displayed

in the plots presented in the manuscript.

The PLA support is connected to an Optosigma OSMS-120YAW servo-motor, which allows a
360° rotation around the vertical axis passing through the propeller’s hub. The support is, in turn,
mounted on the ceiling of the test section at a streamwise distance of 44 cm from the jet inlet, so that
the propeller’s hub is located approximately at the centre of the test section. Thanks to the servomotor,
the propeller can be oriented at the desired incidence to the jet inlet, while remaining inside the
potential core region of the wind tunnel jet. At first, the characterisation of the propeller was carried
out in axial inflow, orienting the propeller with its rotation axis parallel to the jet axis. In a second
instance, the cross-flow condition was investigated in detail, orienting the propeller with its rotation

axis perpendicular to the jet axis.

ARDUINO UNO

POWER PLA SUPPORT

SUPPLY

PROPELLER \\ p

AXIAL LOAD CELL TORQUE CELL

Fig. 2.4 Schematic representation of the propeller’s support.

In the experimental campaigns carried out in this thesis, the planar version of PIV was considered.
In particular, a focus is made on assessing the wake flow generated by the propeller in axial inflow
conditions and cross-flow conditions. In the first case, being the wake on average axisymmetric, a single
region of interest (ROI) was considered, which extends for approximately 2.6R in the stream-wise
direction and 1.4R in the cross-wise direction (19.5 x 10.5 cm?), as illustrated in Figure 2.6(a). In the

case of cross-flow investigations, the wake region is no longer axisymmetric. Two ROI are therefore
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Fig. 2.5 Repeatability tests conducted in hovering at 3000 rpm for thrust (7'), torque (Q) and rpm (n) measurements.

investigated in the upwind and downwind regions with respect to the propeller’s support, as illustrated
in Figure 2.6(b). The upwind ROI extended for about 1.8R x 2.1R (13.5 x 15.7 cm?), whereas the
downwind ROI extended for approximately 1.9R x 2.1R (14.2 x 15.7 cm?). The adopted reference
system in the PIV measurements features the same axes orientation considered in the wind tunnel
characterisation. The axis x is hence oriented toward the wind tunnel jet direction, while y and z are
parallel and perpendicular to the ground, respectively. Different from what was discussed in section
2.2.2, the origin of the reference system is translated from the jet inlet to the propeller’s hub for all
the propeller’s measurements. For coherence, the same reference system will also be adopted in the
numerical setup. The flow was seeded upstream of the contraction using a Laskin nozzle, which
produces particles of about 1 um fuelled with the high-performance seeding fluid "'PIVLIGHT’ . A
Dantec Dynamics Nd:YAG Dual Power 200 laser (200 mJ/pulse, 15 Hz maximum repetition rate)
operated in dual pulse mode was used to illuminate the tracing particles. The laser was shaped into a
thin sheet using an optical setup consisting of a set of appropriate lenses and illuminated the ROI. One
Andor Zyla 5.5 Mpx sCMOS camera (sensor size of 2560x2160 pixel?, pixel size of 6.5 um, 16 bits)
was used to capture images of the illuminated tracing particles. The camera was synchronised with the
laser system using an NI - PCle 6612. The camera was equipped with a Nikon 60 mm Macro lens,
with a value of the aperture fi = 8. The optical resolution resulted in approximately 12.1 px/mm in
axial inflow and 13.2 px/mm in cross-flow. In this latter case, the upwind region was first analysed,
and then the camera was moved to the downwind region. The tests’ acquisition frequency was set to

14.1175 Hz, in order to avoid phase-locked measurements and ensure well-converged statistics.

Each measurement consisted of 2500 image pairs. The raw images were first pre-processed with a
historical minimum subtraction to reduce the light reflection from the propeller blades and the support.
The vector fields were obtained by processing the collected images using a correlation-based algorithm.
A spline interpolation of the images and the velocity fields was performed, as recommended by [64, 65].
A Blackmann weighting window was used to tune the spatial resolution [66]. The algorithm is based

on a multi-pass approach, and the final interrogation window size was 32 x 32 pixels® (2.4 x 2.4
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Fig. 2.6 Schematic representation of planar PIV setup. (a) Axial inflow conditions, (b) cross-flow conditions.

mm?), with 75% overlap, corresponding to a final vector spacing of about 8e-3R (0.6 mm). The
PIV measurements were carried out imposing a time delay between the two frames, which led to a
mean displacement of the tracer particles of about 12 pixels. Considering the common figure of an
absolute error of 0.1 pixels on the mean field, the error can then be estimated as lower than 0.1% on the
averaged quantities. Conversely, the error on the second-order statistics and the computation of the
vorticity component is less than 5% [67]. The turbulent kinetic energy k and Reynolds stresses were
furthermore post-processed with the use of a six-sigma to reduce the effect of any spurious vectors
on such higher order statistics. The image processing was carried out using the open source software
PaIRS 2, developed at the University of Naples Federico II [68]. PaIRS implements a state-of-the-art
iterative multi-grid image deformation method, which is central to achieving both high accuracy and

spatial resolution in PIV measurements.

2.3 Large Eddy Simulations (LES)

LES were considered to expand the experimental dataset obtained in cross-flow, allowing for the

computation of 3D vortex trajectories and providing more details on the unsteady propeller’s loading.

The LES approach is a turbulence modelling strategy that resolves the large, energy-containing
turbulent structures directly, while modelling only the smallest scales [46]. This approach is motivated
by the fact that the largest eddies, which are highly dependent on geometry and boundary conditions,
contain most of the turbulent kinetic energy and are primarily responsible for momentum and energy
transport. In contrast, the smallest eddies, which tend to be more isotropic and universal in character,
can be represented by subgrid-scale models without a significant loss of accuracy. By combining the
numerical resolution of the large eddies with subgrid-scale modelling of the small structures, LES
provides a high-fidelity resolution with lower computational cost than direct numerical simulations
(DNS).

Zhttps://www.pairs.unina.it/
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The starting point of LES is the filtered NS equations, obtained by applying a spatial filtering
operation to the instantaneous flow variables. For example, the filtered velocity field is defined as in Eq.
2.3, where G is the filter kernel and Qgp the spatial domain.

i(3,1) = / G(x-7)il;(F,1) dF (2.3)
Qsp

The filter width A f is typically related to the local grid spacing in the numerical discretisation. Applying
this operation to the incompressible NS equations yields the LES formulation, which features the
term T;j.GS . This is the subgrid-scale stress tensor, defined as: Tlrj.GS
influence of unresolved scales on the resolved ones. This term, however, requires closure modelling.

= u;u; —u;u; and representing the

One of the most widely used SGS models is the Smagorinsky model, which introduces an eddy
viscosity v; proportional to the strain rate of the resolved flow: v, = (C;Af )2 2%%, where C; is the
Smagorinsky constant, and S_,] the rate-of-strain tensor of the resolved field. More advanced dynamic
models, such as the dynamic Smagorinsky model by Germano [69], adjust C; locally based on the

resolved flow conditions, improving accuracy in transitional or near-wall flows.

The strength of the LES approach lies in its ability to capture the inherently unsteady and
three-dimensional nature of turbulence, including coherent vortical structures and their interactions.
Compared to RANS or URANS, LES provides a more faithful representation of turbulence physics,
which makes it a valuable tool for fundamental studies and for applications where accurate unsteady
flow details are essential. However, the computational cost of LES is substantially higher, particularly
near solid boundaries, where the resolution requirements to capture small eddy scales increase with the
Reynolds number. Despite this limitation, LES has seen increasing use in aeroacoustics, bluff-body
aerodynamics, and turbomachinery research, where unsteady flow phenomena dominate performance

and noise generation.

The LES approach is particularly effective in the simulation of small-scale propellers operating
at low Reynolds numbers, since they are characterised by laminar-to-turbulent transitions, laminar
separation bubbles, and intermittent flow separation. These transitional phenomena are difficult to
accurately capture with RANS or URANS models, which rely on turbulence closures designed for
fully developed turbulence and usually higher Reynolds numbers. LES, by directly resolving the large
structures and transition processes, offers the potential to provide more accurate predictions of the
unsteady aerodynamic behaviour of low-Reynolds-number propellers. The low Reynolds numbers
additionally favour a coarser mesh close to the solid boundaries, decreasing the computational burden

compared to simulations of larger propellers.
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Fig. 2.7 LES setup. (a) Computational domain and Boundary conditions, (b) baseline grid.

2.3.1 Simulations setup

LES simulations are run with the STAR CCM+ solver on the high-performance computing facility from
Politecnico di Torino (HPC@POLITO). The compressible NS equations were used as the mathematical
model in the simulations, filtering the smaller turbulent scales with the dynamic Smagorinsky model
by Germano [69], using the modification proposed by Lilly [70]. The dynamic filtering permits the
prediction of both laminar and turbulent regions, allowing the capturing of separation-induced laminar-
turbulent transition [71, 72]. The evaluation of the viscous fluxes uses a second-order approximation. In
contrast, the calculation of inviscid fluxes uses a third-order central difference reconstruction with a 4%
upwind blending using the preconditioned Roe’s Scheme proposed by Weiss et al. [73]. Additionally,
the model uses a second-order implicit dual-time integration method. The inner gear is run for 10

iterations, allowing for the reduction of residuals over 2 orders of magnitude.

The computational domain is modelled as a cube with a size of 166R, as shown in Figure 2.7(a).
The numerical setup initially includes the presence of the propeller’s support, simulated as a cylinder
with a radial extension equal to 199% of R. The support was initially simulated using LES to replicate
the same setup used in the experimental campaign. In a following numerical campaign, the support is
instead removed to evaluate the isolated propeller’s wake evolution without the support influence. The
rotation of the grid is modelled with an overset near-body grid that overlaps with a background grid,
as shown in Figure 2.7(b). The near-body grid is made from polyhedra that allow a good resolution
of complex geometries with a contained number of cells and a prism layer with a y+ below one to
capture strong wall-normal gradients. Conversely, the background grid is a Cartesian grid to reduce
the numerical dissipation in the wake [74]. Overset grids for rotation modelling help the sampling of
statistics in the near rotor region in a computationally efficient way.



24 Methodologies

Table 2.2 Grid and Time-Step refinement study.

Base Size Number of Cells Time-Step Cr C_Q CPU hours
2 5.9 Millions 1.38¢e-5  0.0174 0.00259 1,300
1.5 10.6 Millions 1.04e-5 0.0168 0.00271 4,000
1.25 15.7 Millions 8.68e-6  0.0168 0.00276 8,200
1 26.8 Millions 6.94e-6  0.0168 0.00286 20,000
0.8 47.0 Millions 5.55e-6  0.0167 0.00288 45,800

2.3.2 Spatial and Temporal Discretisation Refinement Study

A sufficiently refined grid is considered to resolve the vortices containing most of the energy in the
flow, modelling only the smallest scales. In this work, a baseline grid was defined with a target cell size
of the order of the Taylor micro-scale in the relevant regions of the flow where transition to turbulence
is expected. This grid was generated with a base size equal to 1. The base size is a parameter used to
refine the grid systematically by scaling all the mesh control target sizes. Table 2.2 shows that 3 grids
coarser than the baseline grid were created along with a finer version of it. Initially, ten revolutions
were carried out at a time step of 2.5° per iteration, and then six revolutions at a time step of 0.125°
per iteration for the baseline grid, ensuring a CFL~1 in the whole domain. The first revolutions with
a larger time step allow the flow to develop by advecting the starting vortex downstream. Then, the
following iterations with a smaller time step ensure a time-accurate solution. The time step is chosen to
maintain a CFL=1 for all the grids, a requirement to adequately capture small flow structures. It can be
appreciated how the baseline grid (base size = 1) presents errors below 1% in the time-averaged thrust
(Cr) and torque (C_Q) coeflicients compared to the finest grid and therefore will be used in the rest of

the analyses presented in this paper.

2.4 Unsteady Reynolds-Averaged Navier Stokes (URANS)

URANS simulations were exclusively performed in hovering and axial inflow conditions, serving as
a higher-fidelity tool for the VPM code validation in canonical operative conditions, along with the
experimental data. In the present section, an overview of the URANS formulation and the considered
turbulence and transition models is first given. Subsequently, the simulation setup is described along

with a spatial and temporal discretisation study.

The DNS/LES of turbulent flows by directly solving the NS equations is generally prohibitive
for practical applications due to the enormous range of spatial and temporal scales that must be
resolved. The RANS approach is one of the most established strategies to resolve the NS equations

by modelling the turbulence [50] with a lower computational cost. The RANS equations are derived
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by decomposing each instantaneous flow variable into a mean and a fluctuating part according to the
Reynolds decomposition. For instance, the velocity field is expressed as: u;(X,1) = u;(X) + u(X,1),
where u; denotes the time-averaged (or ensemble-averaged) velocity and u; the turbulent fluctuation
along the i direction. Compared to the laminar NS equations, the RANS equations contain an additional
term, —8@/(% 7, which represents the divergence of the Reynolds stress tensor: Tl-I;. = —pm.
This term accounts for the effects of turbulence on the mean flow and introduces a closure problem:
additional equations or models are required to express 7'5. in terms of mean quantities. This necessity
has led to the development of a wide range of turbulence models, such as algebraic eddy-viscosity

formulations, one- or two-equation models (e.g. k —¢&, k —w).

While the classical RANS approach is inherently steady, many engineering applications involve
unsteady phenomena. To account for these, the URANS framework is employed. The URANS
equations retain the same form as RANS but allow the mean quantities u; to vary in time. URANS
simulations are hence capable of capturing large-scale unsteady effects, such as vortex shedding or blade
passing interactions, while the small-scale turbulence is still modelled through the chosen turbulence

closure.

The appeal of RANS and URANS lies in their computational affordability: by solving only for
the mean flow (and possibly its time evolution), the need to resolve the entire turbulent spectrum is
avoided. This makes them suitable for engineering applications involving complex geometries and
high Reynolds numbers, where DNS or LES would be computationally prohibitive. Nevertheless, the
accuracy of RANS/URANS strongly depends on the turbulence model adopted and its calibration.
While they can reliably predict integral performance quantities such as lift, drag, thrust, and torque,
discrepancies may arise in wake dynamics or flows dominated by laminar-to-turbulent transition, flow
separation, and strong anisotropy. Their application in low Reynolds numbers is indeed still trivial, as
even the most popular transitional models are mostly calibrated for higher Reynolds numbers.

In summary, the RANS framework provides the time-averaged equations of motion and relies
on turbulence models to account for unresolved scales, while URANS extends this formulation to
capture large-scale unsteadiness. Together, they represent the key tool of industrial computational fluid

dynamics, providing a pragmatic compromise between fidelity and computational cost.

2.4.1 SSTLM turbulence and transition model

The SST k — w turbulence model, developed by Menter [75], is one of the most reliable and widely
used eddy-viscosity models in engineering simulations involving wall-bounded flows, adverse pressure
gradients, and flow separation. It represents a hybrid model that blends the near-wall accuracy of the
k —w model with the numerical stability of the k — e model in the freestream. This is achieved using
blending functions that switch smoothly between the two formulations as a function of wall distance.
The governing equations for the SST k£ —w model consist of transport equations for the turbulent kinetic
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energy k and the specific dissipation rate w, respectively expressed as in Eq. 2.4 and Eq. 2.5.
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9P Y o py - + 2 | (m + N v201-F ~R%Y 25
o1 dx; a X Kk —Bpw ox; (Hm + T ly) ox; ( l)pO'wa dx; ox; (2.5)

In these equations, p is the fluid density and p,, is the molecular dynamic viscosity. The turbulent
eddy viscosity u, is modelled as in Eq. 2.6.

k 1 S,
u =2 -max(—, ) (2.6)
w a* wk

where S, is the strain-rate magnitude and Fj, F, are blending functions that regulate the transition
between the k —w and k — € behaviour. Despite its robustness in fully turbulent regimes, the SST
model assumes a flow that is turbulent from the onset, which makes it unsuitable for problems
where transition from laminar to turbulent flow occurs. To address this, Langtry and Menter [76]
introduced a four-equation transition model, known as the Langtry-Menter model. This extension
adds two additional transport equations: one for the intermittency (), and one for a local transition
momentum-thickness Reynolds number (Reg, ), enabling the model to capture natural and bypass
transition processes dynamically. y acts as a switch that modulates the production of turbulence, and
is governed by Eq. 2.7, where the production and destruction terms P, and E, are defined through

empirically calibrated correlations that depend on local flow quantities and Rey, .
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Eq. 2.8 instead governs the evolution of Reg,, where Py, is a source term calibrated to drive the

transition location prediction based on freestream turbulence intensity and pressure gradient.

JdpRey, . dpujRey,

0R€9, (2 8)
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an
These two new variables are coupled to the original SST equations by modifying the production term
Py in the turbulent kinetic energy equation. Specifically, the turbulence production is multiplied by
the intermittency factor y, effectively delaying the growth of turbulence until a physically realistic
transition onset is reached. This coupling ensures that turbulence is not generated prematurely in

laminar regions.



2.4 Unsteady Reynolds-Averaged Navier Stokes (URANS) 27

The y — Rep, or Langtry-Menter model relies on two main empirical correlations: one for the
transition onset and another for the transition length. These correlations are formulated as functions
of local Reynolds numbers, turbulence intensity, and pressure gradient. Their calibration has been
performed against a comprehensive experimental database, ensuring model applicability across a wide
range of flow regimes, including natural transition, separation-induced transition, and low freestream
turbulence conditions. The primary advantage of this transition model lies in its capability to predict
transition in a fully local and computationally efficient manner, without requiring non-local integral
quantities or boundary layer thickness estimates. Moreover, its compatibility with unstructured grids
and complex geometries makes it a practical choice for industrial CFD applications in aerospace,
turbo-machinery, and external aerodynamics. On the other hand, the model was mainly calibrated to
accurately predict the flow evolution for higher Reynolds numbers than the ones treated in the present
work. Few attempts in the literature showed, however, a good accuracy of the model for small-scale

propellers featured by low Reynolds numbers [77, 78].

2.4.2 Simulations setup

The URANS simulations of the rotating propeller were performed using the elsA solver developed by
ONERA [79]. The computational workflow, including grid generation, simulation, and postprocessing,
was executed using toolchain MOLA v1.183. As anticipated, URANS simulations were exclusively
performed in hovering and axial inflow conditions. An overset meshing or "Chimaera" technique was
used to simulate the blades’ motion as done in LES for the cross-flow condition. The two blades were
initially simulated from r/R = 0.2 to their tip to reproduce the same setup of the VPM simulations.
The two rotating meshes were generated with a structured grid starting from a wall cell height that
guarantees a Ay* of around 0.2 in the considered operative conditions. The grid was extruded for
a normal-to-wall distance of 0.12 R. The rotating meshes were subsequently overlapped on a static
Cartesian background mesh. A further refined cylindrical region was then generated to adequately
capture the flow evolution in the wake. The cells in this region have characteristic dimensions that are
very similar to the outermost cells of the rotating domain, in order to ensure an exchange of information
between the two meshes, which minimises numerical dissipation. The entire computational domain is
modelled as a cube with a size of 40R. A slice of the final mesh close to the propeller is reported in
Figure 2.8(a). The cylindrical support was subsequently added to the mesh generation to additionally
replicate a similar setup used in the experiments, as shown in Figure 2.8(b). As it will be shown in
section 2.6.1, the support showed a negligible influence both in hovering and axial inflow. Among
the available turbulence models, the SST k — w [75] was chosen as one of the most widely used for
external aerodynamics. It was coupled with the y — Rey transition model developed by Langtry and
Menter [76] to attempt to capture the laminar-to-turbulent transition that characterises the flow around

propeller blades at these low Reynolds numbers. The coupled model is henceforth referred to as

3https://github.com/onera/mola
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SSTLM for simplicity. In elsA, the implemented model follows the standard NASA Langley version of
the Langtry-Menter four-equation model, as described in the NASA documentation*. Only the standard
transition model is considered, without the inclusion of additional modifications such as the "Stationary

Crossflow Extension" or high-lift-specific correlations.

(b)

Fig. 2.8 Computational grid in URANS simulations. The wall cell dimension is locally chosen to obtain a
Ay* < 0.2, the rotating region extends until 0.12R, and the last cell has a size of approximately 0.02R, which
is the same size as the cells in the refined region of the Cartesian mesh. (a) Grid with the blades simulated
between 0.2 < r/R < 1 as in the VPM simulations, (b) propeller entirely simulated with its cylindrical support.
The support features the same cell size growth as the propeller blades.

2.4.3 Spatial and temporal discretisation

A spatial and temporal discretisation study was conducted for both hovering and axial inflow, using
three different meshes and corresponding time steps. The propeller was rotated at a rotational speed Q
= nnr /30 = 523 rad/s, with n = 5014 rpm. For the axial inflow condition, the propeller was subjected
to an axial inflow of V., = 3.4 m/s, hence operating at an advance ratio of J = s‘%‘} = 0.1. The tests
were conducted for 30 revolutions, and the loads were averaged over the last 10 revolutions. The
meshes differ mainly in the number of points on the blades’ surfaces and in the extrusion direction.
Consequently, the refined background is adapted according to the mesh features in the rotating domain.
The time-step value in seconds is calculated as At = Ay /(6n), being Ay the azimuthal angle swept
by the blades per time-step. The discretisation parameters and the resulting time-averaged thrust and

torque coefficients are reported in Table 2.3.

The time-averaged non dimensional loads C7 and C_Q present almost negligible differences between
M2 and M3 both in hovering (J = 0) and axial inflow (J = 0.1). The loads evaluated for the M1 case
instead result in slightly deviating from the other two cases, with relative errors up to 5-6% for Cy and
7-8% for C_Q in hovering conditions. The M2 mesh was consequently chosen for the comparison with

the experimental results and the baseline VPM case, presenting almost equivalent integral load values

“https://turbmodels.larc.nasa.gov/langtrymenter_deqn.html
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Table 2.3 Grid and Time-Step Convergence Parameters.

J=0.0 J=0.1
Mesh Name Number of Cells Ay [°] C_r C_Q C_r C_Q
M1 8.3e6 1.5 1.45e-02 2.21e-03 1.03e-03 2.20e-03
M2 17.1e6 0.75 1.36e-02 2.39e-03 9.97e-03 2.11e-03
M3 31.8e6 0.25 1.35e-02 2.38e-03 9.97e-02 2.11e-03

of the most refined mesh M3, but with a considerable decrease in computational cost. A further mesh
was realised from M2 by adding the spinner geometry. The number of points increased to 21.1e6 due

to the presence of the spinner.

2.5 Vortex Particle Method (VPM)

The VPM code VULCAINS [20-22] is a central tool in this thesis, as it is used for the simulation of
challenging dynamic operative conditions due to its ease of use and low computational cost. This
section aims to present an overview of the methodology, focusing on peculiar features that characterise
VULCAINS with respect to the other available codes in the literature.

A viscous, unbounded, and incompressible flow can be resolved by formulating the NS equations
into their vorticity form. This is done by taking the curl over the original momentum equation from a

Lagrangian point of view, leading to the expression in Eq. 2.9, given & = V x U as the flow vorticity.

%:‘;—‘ﬁ(ﬁ-%)a:(a-%)ﬁwm 2.9)

The material derivatives expressed in Eq. 2.9 are well suited for a Lagrangian description. The
two terms on the right-hand side respectively account for the vortex stretching and the viscous effects
in the flow. The flow is spatially discretised by introducing a finite set of particles, which act as a
radial-basis Gaussian function of core radius o~. Each particle induces velocity at any point of the flow
field according to the Biot-Savart law. This discretisation process is equivalent to a spatial filter of size
o. Hence, all flow structures smaller than o cannot be resolved, and they represent the unresolved
scales. For the VPM to converge, the particles must overlap [80], i.e., the inter-particle distance 4 must

satisfy h < 0.

Eq. 2.9 can be filtered in space to account for such unresolved scales, and therefore a term E,mnc
appears on the right-hand side. The term in Eq. 2.10 represents the error between the resolved and the
unresolved quantities, due to the filtering of the small scale [53]. A turbulent viscosity model can be

used for its approximation since it represents the enstrophy loss transferred to the small scales.
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In Eq. 2.10, the @ is the filtered vorticity, while v; is the turbulent kinematic viscosity. The second

term on the right-hand side is here neglected [81].

Each particle is characterised by a strength @, obtained by integrating the vorticity of the flow
in the volume of the particles. The vorticity of the flow can be, in turn, retrieved from the particles’
strength, taking into account a Gaussian distribution for the spatial filter. The evolution equation of the

particles’ strength is written in Eq. 2.11.

d&si

dt
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The flow velocity is obtained with the Helmholtz Decomposition Theorem as U=Us+ Ug + Uy,
where the last two terms correspond respectively to the curl-free and solenoidal parts of the total
velocity. No irrotational sources are considered in this approximation, the only contributions to the
total velocity are hence the divergence-free velocity which is induced by the particles and is obtained
from the Biot-Savart law i, = /v ﬁd’) X FdV and the freestream velocity. The solenoidal velocity is

regularised by a smoothing function, obtained directly from the spatial filter.

The particles are advected in the flow according to the total velocity. In this work, the curl-free
velocity sources i, are neglected, thus leading to Eq. 2.12, used to compute the position of each
particle X;.

d_)' S - d d -
% = UGnt) ~ Uy = Uso +ily, 2.12)

The direct solution of the terms involved in the vorticity equation is costly, being the inter-particles
interaction of O(N?). The Fast Multipole Method (FMM) can be used to efficiently reduce these
interactions and reduce the cost to approximately O(N). The open source module ExaFMM [82] was

considered for the purpose, parallelised with OpenMP.

2.5.1 Viscous treatment of the flow

One of the principal advantages of the VPM, in comparison to other potential flow methods, lies in
its intrinsic ability to account for viscous effects. The diffusion term of the VPM equations can be
solved to simulate viscous interactions among vortex structures. The VULCAINS code implements 3
different schemes for the diffusion modelling: the Core Spreading Method (CSM), the Particle Strength
Exchange (PSE), and the Diffusion Velocity Method (DVM). The DVM particularly aims to accurately
compute the diffusion effects in the flow, without requiring a frequent redistribution or excessive growth
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of the particle size. For such reasons, the DVM was considered in the current study, and its main
features are hereby summarised. For a more detailed description, see the work [20].

The DVM rewrites the vorticity equation as an advection equation by incorporating part of the
diffusion term inside the material derivatives. The unfiltered vorticity equation (Eq. 2.9) can be

rewritten considering a diffusion velocity ii; as done in Eq. 2.13.

a ) - - - - - -
a—(;)+v-((U+L7d)X(D):(a_j-V)U+V-((VV+17d)X(D) (2.13)
The diffusion velocity aims to represent the diffusion occurring in the rotation plane of the particles
V]|
llll

In this fashion, ii; becomes singular when the vorticity becomes
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being wq a cutoff vorticity set to a small fraction of the highest vorticity value in the flow [85]. Different

and can be written as iy = —v

null, which usually happens at the edge of the domain [83, 84]. This is avoided using:

from what is done in previous works [83, 84], in VULCAINS the diffusion velocity is directly computed,
instead of updating the particles’ volume, solving the strength «; for each particle. In this fashion, the

volume of the particles V has to evolve according to ‘2—‘; = /V V. ugdv.

The diffusion velocity calculated in a discrete formulation for the particles is added to the total
velocity. The complete system of equations that governs the particles’ evolution with the DVM is

written in Eq. 2.14.

iy (2.14)

2.5.2 Turbulent viscosity modelling

The turbulent viscosity used to account for the truncation error and to close the VPM equations is
computed through a model, to avoid solving the smallest scales [86]. For this purpose, the mixing
length theory is taken into account, as it allows to approximate the turbulent viscosity as: v; oc A?| |§| |,
with A = o as the flow filter width and ||§ || the strain tensor [87]. Depending on the resolved scales,
v; can be approximated with the use of the Smagorinsky constant Cs: v, = C so'2||§ ||. Many LES
turbulent viscosity models are available in the literature, but the limited number of physical quantities
directly accessible in VPM restricts the number of possibilities. Three models were implemented in
VULCAINS: the Smagorinsky model, the Mansour model [88], and the Vreman model [89]. These
three models come from the hypothesis of homogeneous and isotropic turbulence; each model depends

on the value of the constant Cy, which can emphasise or defuse the role of turbulence in the flow.
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2.5.3 Control of the particles

To preserve the divergence-free nature of the modelled flows and to prevent numerical instabilities, it is
necessary to intervene by redistributing, resizing, or reorienting the particles according to the vorticity
field. In this section, an enstrophy-based control filter developed in VULCAINS is introduced. The
intensity of this filter can be increased or decreased by the user through the scalar fy. This filter results
in impacting the flow solution, mostly in highly turbulent flows, such as the wake of a propeller in
hover or at high Reynolds numbers. In the past, Pedrizzetti [90] proposed an approach for the filter only
based on the re-orientation of particles, with a minor side effect on their magnitude. In VULCAINS, a
new approach based on the active control of the enstrophy (&) is proposed. After each sub-iteration
of the Runge-Kutta integration scheme, the particle’s strength is adjusted both in magnitude (||@;||)
and direction (&;), according to: a/sm = ﬁg(as,AtO) mag(as,Ato)ﬁ,,(ozs,AtO) The two filters
of magnitude %,,,, and direction ?'d,-, are defined as functions of the particle strength and depend
also upon the time interval Aty over which they are applied. The filters can be initially defined as
in Eq. 2.15, being fiqq fair the cutoff frequencies of the two filters and & the enstrophy of the flow
&= fR3 ||§ xU [|?dV) in its filtered and self-induced forms (&g, & fo)-

7_;nag(as’ AlO) =1 +At0fmag ( ;;30 1)

fo (2.15)
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Using constant values of f,,, and fy;,, might lead to inadequate adjustments of the particles’
properties, trying to match the local divergence-free fields. If the particles’ vorticity is not already
close to the vorticity field in terms of magnitude and orientation, sudden and often insufficient changes
might occur to their magnitude and direction features. The cutoff frequencies are hence written as a
function of the particles’ enstrophy, calibrating their properties changes with respect to this quantity.
The magnitude of the cutoff frequency is tailored according to the particles strength, to avoid the spatial
filtering of weak particles and to overlook the strong ones: fj,4q, &< &, — & for each i particle, being
& the mean enstrophy of the flow. The directional cutoff frequency is instead updated based on the
angle between each particle’s vorticity and the vorticity field. The non-constant cutoff frequencies can
be hence written as in equation 2.16, given f,,44, and f4;r, user-defined constants, &y the maximum
enstrophy among the particles immediately shed by the propeller blades.

&-&
AZ‘Ofmag, fmagosl <

s (2.16)
At fair; = fTarccos( __& )
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As a best practice, the authors suggest the use of f,44, = AY fo and fuir, = 2AY f for the rotating
lifting lines, being Ay the azimuthal angle swept per each time-step. The enstrophy filter is consequently
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controlled by the user, varying the cutoff frequency fp, which must be increased for highly turbulent
flows, such as the wake of a propeller in hovering.

2.5.4 Coupling with lifting lines

The propeller blades are simulated with a lifting line module, added to VULCAINS for its low
computational cost and simplicity, following the approaches proposed in the literature[91, 92]. The
two lifting lines, positioned at the first quarter of the blades’ chord distribution, are discretised in
100 segments with a hyperbolic tangent distribution along the radial direction. The blades are only
simulated between /R = 0.2 and r/R = 1, where the smallest segments are located. The lifting lines
are moved according to the propeller’s rotation axis to simulate the propeller motion. As the blades
rotate, discrete particle sources are shed from the lifting lines with a vorticity value that preserves
the local circulation calculated on the corresponding lifting line element. The local angle of attack is
computed by considering the kinematic velocity of the lifting lines, the freestream velocity, and the
induced velocity from the particle sources. The aerodynamic loads are calculated on each segment
leveraging an airfoil polar database, which links the local angle of attack, the Reynolds number, and
the Mach number to the corresponding values of the aerodynamic loads, namely lift and drag. Once
the loads are computed, it is possible to calculate the relative circulation with the Kutta-Joukowski
theorem. According to Kelvin’s theorem, the introduction of a solid in the flow needs to be balanced
with vorticity generation due to the variations of circulation in the lifting lines. To satisfy this, particle
sources are shed from the lifting lines and set free in the wake. The particles are generated with a
distribution that can also be independent of the lifting lines’ discretisation. In the current application, it
is appropriate to shed more particles close to the blades’ tips to properly capture the tip vortex dynamics.
The particles generated in the wake induce in turn a velocity on the blades’ elements, affecting the

angle of attack and consequently the loads and the circulation.

2.5.5 Airfoil polars computation

The NACA 4412 airfoil polars are calculated for Re. = 10,000, 20,000, and 30,000 and @ from 0° to
15°, keeping the Mach number (M) fixed to the value of 0.2. The loads’ solution is the result of the
interpolation among these curves. The solution is extrapolated between the chosen polars and a dataset
of polars obtained for the NACA 0012 airfoil in post-stall condition [93] if @ or Re, falls out of the

computed polars’ range.

Due to the low Re,. regime, it is not straightforward to compute an adequate set of airfoil polars for
the VPM simulations. The first approach features the use of XFoil, which integrates a panel method
based on potential flow theory and an integral boundary layer formulation described by Drela [94]. The
purpose of XFoil was indeed to assess the effectiveness of airfoils under low Reynolds number conditions.

XFoil can determine the pressure distribution and incorporate the effects of laminar separation bubbles
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and mild trailing edge separation. This work is based on the XFoil 6.99 version, executed through
MOLA. XFoil employs the e"ei* envelope method to predict the transition to turbulence. This method
examines the highest amplified frequency at a specific location on the airfoil, downstream from the
instability point, to estimate the magnitude of the disturbance. Transition is assumed to occur when the
integrated amplitude tops a value defined empirically. N,,;; can be related to the freestream turbulence
intensity 77 as for the Mack’s relationship [95]: N, = 8.43 —2.4In(Ti). Uranga [96] demonstrated
that XFoil can predict transition caused by separation, provided that turbulence intensity is appropriately
adjusted through the choice of an adequate value of N,;;. For high Reynolds numbers (Re. > 100,000),
the aerodynamic polars are found to be almost unaffected by the value of N.,;;, while, for lower Re,
values, significant differences are instead observed [97]. In particular, the c, is observed to increase
with N.,;;, while the c¢p decreases, leading to an improved airfoil efficiency with the increase of the
turbulence level. The NACA 4412 polars obtained with XFoil at Re. = 20,000, M = 0.2 at different
N..ir are displayed in Figure 2.9. As anticipated, the N.,;; plays a fundamental role in evaluating the lift
and the drag coefficients of the airfoil at such a low Reynolds number. At @ = 6° for instance, the ¢,
increases by 35%, 75%, and 100% if the N, is respectively decreased from the default value of 9 to 7,
5, and 3. On the contrary, the cp is less affected, showing almost negligible difference between N,;; =
7 and N,y = 9. By further lowering the N,;; value to 5, significant differences are mostly noticeable
for @ > 8 -9°. The cp —a curve with N..;; = 3 finally shows significantly lower values compared to
the curve obtained at N.,;; = 9, with differences up to 40% at high angles of attack. In the absence of
reliable high-fidelity data, it is difficult to determine which polar is most suitable for the lifting line
simulations. In section 2.6, a VPM validation campaign is conducted, also exploring the influence
of N.,ir on the propeller’s performance in hovering and axial inflow. The analysis led to the choice
of N =5 as an optimal value for the present propeller. This value is then used to investigate more

complex maneuvers such as rotational speed variation and tilting in Chapter 4.

7 ‘ ‘ ENE
L5 — LVerit =3
Ncrit =5
0.2}
Q
QO
0.1}
0
0 ) 10 15 0 ) 10 15
o [°] o [°]

Fig. 2.9 Lift (¢p(@)) and drag (cp(a@)) coefficients of the NACA 4412 airfoil at Re. = 20,000 and M = 0.2
computed using XFoil at different N,,;; values.
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The second approach considered for the polar computation features elsA for 2D URANS simulations
of the NACA 4412. For this purpose, the SSTLM model was taken into account. To capture the
periodic vortex shedding that occurs on the suction side from the point of separation, it is necessary
to use an unsteady solver with an adequate time step. Capturing these vortices is therefore crucial
as they significantly affect the performance of the airfoil [98]. As observed by the authors, the lift
considerably increases due to the low-pressure zone periodically generated by these vortices on the
suction side. As the angle of attack increases, the turbulence model activates, and turbulent flow regions
begin to appear on the suction side in the separated area. The averaging introduced by activating the
model dampens instabilities and vortex shedding, causing the flow to tend toward a stable solution,
practically equivalent to that obtainable with a RANS solver. At equivalent angles of attack, the laminar
solution is usually found at higher lift coefficients, still characterised by vortex shedding phenomena
with lower frequency but larger structures. The use of an unsteady solver is essential, especially at
very low Reynolds numbers and low angles of attack, while at higher angles, a RANS solver may be
sufficient, which is certainly less computationally expensive. For such reason, an unsteady solver with
a second-order integration in time is used, considering the gear method with 20 sub-iterations. For the
spatial integration, a second-order Roe scheme was considered, with the minmod limiter as a slope
limiter.

The influence of the low Mach preconditioning is furthermore taken into account, noticing that it plays
amajor role in the present case, most likely due to the low Re. range. Low Mach number preconditioning
is a numerical technique employed to enhance the accuracy and convergence of compressible flow
solvers in regimes where the Mach number is low (typically M < 0.3) [99]. In such conditions,
conventional compressible solvers suffer from stiffness due to the disparity between acoustic and
convective time scales, leading to slow convergence and poor numerical conditioning. Preconditioning
modifies the compressible NS equations by rescaling the eigenvalues of the system to reduce this
disparity, effectively restoring numerical efficiency and maintaining solution fidelity. This approach
enables the use of compressible solvers in low-speed aerodynamic applications while preserving
consistency with the incompressible limit. The low Mach preconditioning can be implemented in its
steady or unsteady form, as formulated by Venkateswaran and Merkle in their work [100]. Steady
preconditioning methods, originally developed for steady-state problems, enhance convergence by
modifying the wave speeds of the governing equations to address the imbalance between acoustic
and convective time scales. While effective for steady problems and certain unsteady cases with
large physical time steps, these preconditioners prove inadequate when applied directly to unsteady
simulations with small time steps. In contrast, unsteady preconditioning, as developed within the dual
time-stepping framework, introduces a pseudo-time derivative with a tailored preconditioning matrix
that dynamically adapts to the unsteady character of the flow. This approach preserves the favourable
damping properties of the time-derivative term at small time steps while ensuring numerical stability
and convergence across a wide range of flow regimes. As shown in [100], unsteady preconditioning

yields superior performance for low-speed, time-accurate flows, such as vortex propagation and mixing
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layers, where steady preconditioning would otherwise lead to slow or even divergent convergence

behaviour.

The unsteady features of the flow in this analysis might, however, be suitable for the use of a
steady preconditioner. As the flow separates close to the leading edge, large vortex structures are shed
in the wake from the airfoil suction side, characterised by a low frequency and a large scale. As a
consequence, these structures can be adequately captured with quite large timesteps. As elsA only
features the low Mach steady preconditioning, a first convergence study is carried out at Re. = 20,000
and a = 6° with the use of a steady preconditioner and without the preconditioning. The time-step is
normalised with respect to the characteristic convective time of the airfoil simulation (7, = é) The

results in terms of time-averaged c; and cp are reported in Table 2.4.

Table 2.4 Grid and Time-Step Convergence Parameters.

Pre-conditioning No pre-conditioning

Mesh Name Number of Cells At/t. [%] ¢ cp cL cp
M1 2e5 1 0.66 0.09 0.49 0.079
M2 4e5 0.5 0.62 0.085 0.47 0.075
M3 6e5 0.25 0.61 0.085 0.47 0.074

The time-averaged non-dimensional lift and drag coeflicients c; and c¢p present almost negligible
differences between M2 and M3, both with and without the use of the steady preconditioner. The
coefficients evaluated for the M1 case instead result in slightly deviating from the other two cases,
with relative errors up to 6% for the ¢, and for the cp. The M2 mesh was consequently chosen for
the computation of the full set of polars, presenting almost equivalent aerodynamic coefficient values
of the most refined mesh M3, but with a reduced computational cost. The ¢; —a and drag cp —
obtained with the mesh M2 and a At/t. of 1% at Re. = 20,000 and M = 0.2 are displayed in Figure
2.10. The curves obtained with XFoil and N..;; = 5 are superimposed for comparison. The use of the
steady pre-conditioner has the effect of increasing the lift coefficients and the drag coefficients. This
is most likely due to the enhanced vortex shedding generated from the airfoil suction side, as also
observable from the increased standard deviation at a given angle of attack. In the present thesis, the
purpose is to find the most suitable set for the VPM computations of the analysed propeller. Without
the presence of reliable high-fidelity datasets in the literature, it is not straightforward to choose a priori
the best of polars, so in subsection 2.6.3, a comparison of the VPM results is carried out with the three
sets of polars shown in Figure 2.10.
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Fig. 2.10 Lift (¢ (@)) and drag (cp (a)) coefficients of the NACA 4412 airfoil at Re. = 20,000 and M = 0.2.
2.6 Validation of the VPM code in hovering and axial inflow

The analysis of complex dynamic maneuvers with VULCAINS required an initial validation campaign.
The validation is carried out in steady-state hovering (J = 0) and axial inflow conditions (J = 0.1),
comparing the VPM time-averaged results with higher fidelity URANS simulations and experimental
data. URANS simulations are carried out with the presence of the support (URANSg),), to simulate a
similar setup used in the experimental campaign, and without the presence of the support (URANS),
to simulate a similar setup used in the VPM. This validation is divided into three main parts: the
definition of a VPM baseline case (VPMp; ) and the comparison with URANS and experiments in
section 2.6.1; the influence of the main VPM input parameters in section 2.6.2; the influence of the

airfoil polars in section 2.6.3.

The VPMp case is defined starting from parameters suggested by the Literature ([20]), for small
drone propellers in similar operative conditions. XFoil polars are chosen due to their significantly
lower computation cost compared to the URANS polars shown in Figure 2.10. A value of N.,;; =5 was
chosen, leading to the smallest relative deviation from the experimental thrust and torque coefficient.
The analysis on the input parameters focuses on the influence of the number of particle sources shed
by each blade at each timestep (Ns), the azimuthal angle swept per timestep (Ay), the order of the
Runge-Kutta scheme for the integration in time, the diffusion modelling scheme, the turbulent viscosity
model and finally the cutoff frequency ( fp) to regulate the intensity of the enstrophy control filter. One
of the advantages of VPM is that these parameters do not need a specific calibration for each different
test case, and the same values might be used in various applications. However, their choice might affect
the computations in terms of final results or computational cost. The influence of airfoil polars is then
evaluated, comparing VPM results obtained through the different sets of polars shown in Figure 2.10.
These VPM simulations are conducted with an improved set of VPM input parameters, in light of the

main findings of section 2.6.2.
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2.6.1 Comparison of the VPM baseline case with URANS and experiments

A VPM baseline case (VPMp; ) is defined with the input parameters displayed in Table 2.5.

Table 2.5 Input parameters for VPM baseline case

2D polars Ns Ay [°] Int. Order Diff. Scheme Turb. Visc. Model  fy
XFoil (N.i;=5) 40 5 3 DVM Vreman 0.75

The time-averaged axial velocity fields Vx/ QR in hovering (J = 0) and axial inflow (J = 0.1) are
displayed in Figure 2.11. In the same Figure, the time-averaged non-dimensional thrust C7 and torque
values C_Q are reported for the different methodologies. The velocity profiles extracted at x/R = -0.5,

0.7, and 1.5 are instead displayed in Figure 2.12 for a quantitative comparison among the different

cases.
PIV URANSg,  URANS VPMp;,
—0.5
0.20
0.0
o 0.18
I A 05
~ 8 0.15
1.0
-0.13
1.7 Cr = 1.30e-02 Cr = 1.40e-02 Cr = 1.37e-02 Cr = 1.23¢-02
Cp = 2.27e-03 Cp = 2.47e-03 Cg = 2.46e-03 Cp = 2.30e-03| | 0.10 g
~
F0.08 |~
— : —— 0.05
— ¢
? 0.03
~
| 0.00
]
1.5 Cr = 9.37¢-03 Cr = 9.85¢-03 Cr = 9.67-03 Cr = 9.33¢-03 -0.02
Cg = 2.00e-03 Cq = 2.12¢-03 Cg = 2.08¢-03 Cg = 2.11e-03
00 05 10 00 05 10 00 05 10 00 05 10
y/R y/R y/R y/R

Fig. 2.11 Colourmaps of the normalized time-averaged velocity along the x-axis (V, /QR). The propeller-shaped
mask is added to improve the clarity.

Initially focusing on the comparison between the URANS,, and the URANS case, it is noticeable
how the presence of the support does not significantly affect the time-averaged loads and flow field.

The relative differences in loads are below 2%, while the velocity profiles appear almost superimposed.
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Fig. 2.12 Axial velocity (V) profiles extracted from the flow fields in Figure 2.11 at x/R = -0.5, 0.7 and 1.5.

On the other hand, the URANSg, and URANS simulations tend to overestimate the loads evaluated in
experiments, both in hovering and axial inflow. In hovering, the deviation is more pronounced, being
around 5.5% for Cr and 8.3% for C_Q between experiments and the URANS case. Such relative error
decreases in the case of axial inflow, dropping to 3.2% for C7 and 3.9% for C_Q between the same cases.
Similar considerations can be made by analysing the axial velocity field or the velocity profiles for a
quantitative comparison. The greatest differences are again found in the case of J = 0, especially in
the core of the wake, between y/R > 0.3 and y/R < 0.6. As can be observed in the velocity profiles
extracted at x/R = 0.7, the relative error between the experiments and the URANS simulations is of the
order of 8%. For y/R > 0.75, the two velocity profiles instead tend to overlap, thus indicating a good
match of the wake width prediction in the radial direction between the two methodologies. At x/R =
1.5, the URANS overestimates the experimental axial velocity in the wake with errors around 14%.
At this distance, the velocity profiles at y/R > 0.6 do not smoothly overlap as previously observed,
but instead show a slight difference, indicating that the experimentally measured wake is, on average,
wider in the radial direction compared to the URANS wake. These differences are obtained both in
the presence and in the absence of the propeller’s support in the URANS simulations. In axial inflow
with J = 0.1, an overlap of the velocity profiles and a strong similarity between the flow fields are
observed almost everywhere. Relative deviations between loads are below 5%, while velocity profiles
appear almost superimposed, both close to the propeller (x/R = 0.7) and farther at x/R = 1.5. Small
differences are exclusively observed around (x/R,y/R) = (1.5,0.8), where the experimental wake
appears to be narrower than the URANS and URANSg,, wake, with local relative errors around 12%.

Focusing on the results of the VPMp; case, a good prediction of the time-averaged loads can
be observed, both in hovering and axial inflow. Particularly at J = 0O, the relative errors are around
5.0% for Cr and 1.4% for C_Q The slight underestimation of thrust and overestimation of torque are
found again at J = 0.1, where the errors respectively become 0.4% and 5.1%. The value of N,,;; has

a significant influence on the time-averaged loads. Increasing N,,;; leads to a decrease in thrust and
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torque, resulting in errors up to 8-9% already at N.,; = 6. Conversely, decreasing N.,;; leads to an
overprediction of the loads, with errors up to 7%. N.; =5 is finally the most suitable choice for the
propeller in the analysis, leading to loads’ prediction errors below 5.1%. Although the errors on the
loads are small, non-negligible differences are present in the induced velocity field. In the hovering
case, the VPMp, case tends to underestimate the wake velocity near the propeller, as observable in
the velocity profiles extracted at x/R = 0.7. The wake velocity is thereby on average lower than the
experimental velocity, with about 8% error, and it is consequently also lower than the URANS velocity.
The wake, however, appears to be wider in the radial direction, presenting higher axial velocity values
for y/R > 0.6 compared to the experimental and the URANS fields. At z/R = 1.5, the wake velocity
increases, yet still underestimates the velocity evaluated through the URANS, while being almost
superimposed on the experimental velocity profile. Unlike the URANS case without support, the wake
evaluated through the VPM significantly expands towards y/R = 0 from x/R > 1. A further difference
is observable near the tip and root of the blade. The negative velocity induced by the presence of the
tip vortex is lower in absolute value, indicating that the VPM might underestimate the intensity of
this vortex. On the contrary, at the blade root, a more extended zone with greater velocity in absolute
value can be observed compared to the URANS case, indicating that the root vortex might have been

overestimated instead.

In the case of axial inflow at J = 0.1, despite the integral values of Cr and C_Q being close to the
experimental and the URANS values, the axial velocity field still displays non-negligible differences.
The axial velocity is generally lower compared to the other two methodologies, with errors around 5-6%
in the core of the wake, both at x/R = 0.7 and x/R = 1.5. However, the wake obtained with the VPM
appears wider in the radial direction, displaying higher velocity values compared to the experiments
and the URANS between y/R > 0.6 and y/R < 0.9. Unlike the hovering case, in the region close to the
propeller’s rotation axis, the velocity profiles of the VPM case overlap with those extracted from the
URANS simulations. This is an indication that, at significantly high advance ratios, the wake evaluated
with the VPM no longer expands towards the propeller’s rotation axis, being closer to the URANS

simulations.

The VPMp; case is characterised by a significantly reduced computational cost compared to
URANS simulations. A single revolution in hovering is, on average, simulated by VULCAINS in
a CPU time of about 7.6% of the time needed in the URANS computations. Negligible differences
(2%) are obtained between the URANS and URANSg,, simulations. In the case of axial inflow, the
computational cost per CPU is further reduced, reaching approximately 4.8% relative to the URANS.

2.6.2 Influence of the VPM input parameters

The input parameters (Ngs, Ay, time integration order, diffusion scheme, turbulent viscosity model) are
varied one at a time to investigate their isolated influence compared to the baseline case. The number

of sources per time-step Ng was initially varied between 20 and 60, while Ay was varied between 2.5°
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and 10°. The time integration order of the Runge-Kutta scheme was instead compared from the 1
to the 4. The influence of the diffusion scheme and the turbulent viscosity model was analysed by
comparing the implemented models in VULCAINS. Particularly for the choice of the diffusion scheme,
the DVM model was compared with CSM and PSE. Regarding the turbulent viscosity model, the
Vreman model was compared with the Mansour and the Smagorinsky models. Finally, the enstrophy
filter cutoff frequency fo was varied from 0.25 to 1.25. The impact on the final solution was evaluated
in terms of propeller loads, induced velocity in the wake, and computational cost. The loads are
compared to the baseline case in terms of time-averaged non-dimensional thrust and torque coefficients
(C_T, C_Q), non-dimensional thrust standard deviation (o, ), and time-averaged non-dimensional thrust
per unit-length distribution along the blade span direction (sc,). The induced velocity in the wake
is evaluated as a time-averaged non-dimensional axial velocity profile (V,/QR) extracted at z/R =
1. Finally, the computational cost is evaluated in terms of total time required per core (Ccpy) to
complete the simulation. The averaging operation of the listed quantities was carried out over the
last 30 revolutions at both advance ratios. The comparison is finally carried out by computing the
relative deviation (6(-)) of the listed quantities §(-) compared to the baseline values. In the case of
scalar quantities such as C_T, C_Q sc,» and Ccpy, the relative deviation is computed as a relative error
compared to the baseline case. On the other hand, in the case of the sectional thrust distribution s¢c,
and the axial velocity profile V./QR, the relative deviation is computed as a mean relative deviation,
thus evaluating point-by-point the relative error in absolute value compared to the baseline case.

In Tables 2.6 and 2.7, the values of &(-) obtained for each of the analysed cases are displayed. The

input parameters corresponding to the baseline case are highlighted in bold.

Table 2.6 Relative deviation (6(-)) compared to the baseline case quantities. Influence of the number of sources
(Ns), the azimuthal angle swept per time-step (Ay), and the integration order.

Ng Ay [°] Integration Order

J 6(+) [%] 20 30 40 50 60 2.5 5 10 1 2 3 4

0.0 Cr -1.2  +0.0 - -0.1 3.4 +0.0 - +06 | -14 +0.1 - -02
@ 37 09 - +0.1 2.4 +0.0 - +03 | -14 +02 - -05
ocy 370 -620 - +67.8 +173.0 | +4.1 - +173 | 495 +126 - +53
Scr 34 1.4 - 1.3 4.0 0.3 - 1.2 1.1 0.1 - 04
V,/QR 125 94 - 6.9 21.7 0.8 - 23 5.7 0.7 - 3.2
Ccpu -62.2 -29.1 - +47.6 +117.0 | +113.0 - -51.7 | -48.3 -257 - +349

0.1 Cr +0.2 +00 - +0.1 +0.1 -0.1 - +05 | -03 +00 - +40.1
@ 04 -02 - 402 +0.3 +00 - +0.1 | -0.1 +0.0 - +0.0
ocy -15.3 35 -  +11.8 +21.7 | +100 - -13.0 | -122 +47 - ~-17.0
Scr 33 1.5 - 1.2 1.8 0.6 - 1.3 0.2 00 - 01
V./QR 9.8 3.0 - 1.8 2.8 0.5 - 1.8 0.5 0.0 - 07
Ccru -66.8 -39.1 - +422 +102.0 | +109.0 - -449 | 448 2277 - +21.2
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Table 2.7 Relative deviation (6(-)) compared to the baseline case quantities. Influence of the diffusion scheme,
the turbulent viscosity model, and the enstrophy filter cutoff frequency (fp).

Diffusion Scheme Turbulent Viscosity Model Jo

J 6(-)[%] | PSE DVM CSM | Mansour Vreman Smagorinsky | 0.25 0.75 1.25

00 Cr +0.0 - 0.2 +0.2 - 0.5 +0.5 - -0.3
Co -0.2 - -0.1 +0.2 - -0.5 +09 - -05
ocy +237 - 353 | +13.3 - +22.6 +954 - 293
Ser 0.5 - 0.45 0.2 - 0.6 0.7 - 0.4
V./QR | 24 - 1.7 0.7 - 1.8 3.9 - 2.1
Ccpu | 4956 -  +139| 55 - +6.4 116 - +114

0.1 Cr +0.2 - -0.1 +0.0 - +0.1 -0.1 - 401
Co +0.1 - +0.0 | +0.0 - +0.0 +0.0 - +0.0
ocy -12.7 - +180 | +3.1 - -12.4 +192 - -135
Scr 0.2 - 0.1 0.0 - 0.1 0.2 - 0.1
V./QR 1.5 - 0.7 0.2 - 0.8 1.3 - 0.7
Ccru +8.6 - -5.35 -0.4 - 0.2 -1.8 - 404

Number of sources (Ng)

The influence of Ng is more significant in hovering compared to the axial inflow case, where generally
lower 6(-) values are obtained. Regarding the impact on the time-averaged loads, the relative errors
are not negligible but do not exceed in absolute value 3.4% for the thrust and 3.7% for the torque in
hovering. Focusing on o¢,, an increasing trend can be observed with the increase of Ng. At Ng =
60 particles, o, increases by +173% with respect to the baseline case. It’s necessary, however, to
highlight that in the baseline case, o¢, is about 0.4% of Cr; consequently, even such a significant
increase leads to a small value of o, /C_T.

The Cr time histories of the different cases are displayed in Figure 2.13, and it can be noted that the
amplitude of the high-frequency Cr oscillations increases with the number of sources, likely due to
the numerous interactions between the lifting lines and the growing number of surrounding particles
at each iteration. At Ng = 50 and 60, lower frequency oscillations around the time-averaged value
are also noticeable, while they were less visible or practically negligible at lower Ng values. Finally,
although Cr converges to slightly different values, this convergence is reached approximately after 30
revolutions at the largest Ng value. In Figure 2.13, the Cr time histories in the case of axial inflow are
also displayed. Under these operating conditions, the time-averaged value is almost identical across
the various Ny values, with errors in absolute value below 0.4%. Cr converges in all cases after
approximately 10 revolutions, presenting a oc, /Cr around 3.16e-5, which, despite again appearing to

increase with Ng, remains small and almost negligible even at Ng = 60.

Analysing the dsc, values, non-negligible values are obtained for Ng = 20 and 60. In Figure 2.14,
the thrust per unit-length distributions are shown, and they almost overlap up to about /R = 0.8, then
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show some differences near the tip at r/R close to 1. At J = 0, the sectional thrust obtained for Ng
= 60 appears to slightly underestimate the one obtained at lower Ng values, while more significant
differences towards the tip are also observable among all the remaining cases. The higher the Ny value,
the more the load towards the tip appears underestimated. This aspect also occurs in axial inflow. Such
peculiarity in the tip region is typical of potential methods that see strong positive thrust gradients
due to the tip vortex induction and due to the methods’ intrinsic inability to capture the virtual camber
effect. For this purpose, specific analytical correction functions have been implemented in other solvers,
managing to improve the loads computation close to the blades’ tip [101]. This effect is indeed not
present in higher-fidelity simulations as URANS or LES, where the thrust and torque peak is recorded
between 60 and 80% of the radius with a monotonically decreasing trend towards the tip. Another
fundamental aspect to evaluate is the influence of Ng on the axial velocity in the wake. The variation
of N results in the highest 5V, /QR, reaching values as high as 21.7% at Ng = 60 in hovering and 9.8%
for Ng = 20 in axial inflow. In Figure 2.15, the velocity profiles extracted at z/R = 1 for the different
Ny values are displayed. In hovering, the greatest differences are observed, especially in the wake core
(approximately between x/R > 0.3 and x/R < 0.6). As Ny increases, a trend of increasing V,/QR is
observed in this area. The Ng = 60 case stands out, showing a strong increase both in the core and in
the inner zone towards x/R = 0. In this latter area, the greatest differences are concentrated for the
axial inflow operative condition at J = 0.1. The differences between the profiles are indeed exclusively
confined to x/R < 0.3, while in the wake core, the profiles almost overlap. In conclusion, an additional
trend can be observed regarding the computational cost. The computational cost per core Ccpy appears
to increase with the number of particles in both hovering and axial inflow. At Ng = 60, Ccpy is almost
doubled for both the J values.
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Fig. 2.13 Time-histories of Cr for the different values of Ngs.
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Fig. 2.15 Non-dimensional axial velocity V, /QR profile extracted at z/R = 1 for the different values of N

Discretization in the azimuthal direction (Ay/)

The azimuthal angle swept per iteration (Ay) shows an almost negligible influence on the analysed
quantities. Both in hovering and axial inflow, errors in average loads are lower than 0.6%, and no
significant variations are observed in o¢,. The only remarkable effect of the Ay increasing to 10° is
a slight reduction in the wake velocity for x/R < 0.3, being, however, almost negligible if compared
to what is observed for Ng. Nevertheless, it is expected that a much higher Ay might significantly
influence the final solution, even though Ay > 10° is seldom taken into account in the numerical
simulation of rotating lifting lines. Finally, the only significant effect of increasing Ay is to decrease
Ccpu by about 50% when moving from 5° to 10°, and to increase it by about 100% when reducing Ay
from 5 to 2.5°.
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Order of Integration in Time

The choice of the order of integration in time does not impact the final solution as significantly as Ng.
In particular, the average loads are not affected beyond 1.4% in hovering and 0.3% in axial inflow, and
oc, 1s not particularly impacted either. However, observing the Cr time histories at J = 0 in Figure
2.16, the choice of a 1*' order integration scheme leads to a C7 trend which is initially very similar to
the 2" and 3"¢ order trends, but Cr seems to slightly diverge from the average solution calculated
for higher orders as the simulation advances. For what concerns the 4t order, the solution reaches
convergence only around the 40" revolution, displaying strong oscillations in the previous iterations,
not present in lower orders’ time histories. Almost negligible differences are instead present in the
wake velocity profile. The choice of a higher integration order ensures better accuracy of the solution
over time, but it comes with some disadvantages, including an increased computational cost. However,
this increase is limited to what is observed for small Ay or high Ng.
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Fig. 2.16 Time-histories of Cr for the different orders of integration.

Diffusion Scheme

The choice of the diffusion scheme is almost negligible in terms of how it affects the time-averaged
loads and wake velocity, particularly the velocity profiles being almost overlapped. However, by
observing the Cr time histories in hovering as reported in Figure 2.17, an unexpected trend of the
CSM solution is observed. The solution significantly oscillates above the mean value until almost
the 60" revolution, however, ultimately converging to a mean value which is very close to the other
schemes. This behaviour makes the numerical scheme unreliable, especially because the simulations
are typically run for fewer revolutions to save on computational cost. Regarding the computational
cost, Ccpy increases by only +13.9% in hovering for the CSM scheme, while it increases by up to
+95.6% for the PSE scheme, making the latter less advantageous due to the frequently required particle
distribution in the domain.
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Fig. 2.17 Time-histories of Cr for the different considered diffusion schemes.

Turbulent Viscosity Model

The turbulence viscosity model does not appear to have a significant influence on the solution, neither
in terms of loads nor wake velocity. Moreover, it does not seem to have a significant impact on the
computational time either, which varies at most by +6.4% for the Smagorinsky model in the hovering

conditions.

Enstrophy filter cutoff frequency ( fy)

The last investigated parameter is the enstrophy filter cutoft frequency fy, which determines the
intensity of the filter to control the particles’ strength in magnitude and orientation. A higher value
of this parameter indicates a greater filter intensity, often useful in highly turbulent flows to maintain
a divergence-free velocity field. The effect of fy appears to be almost negligible in both hovering
and axial inflow conditions regarding average loads and load distribution along the blade. The o¢, is
reduced with the increase of fj; however, as observable in Figure 2.18 at J = 0, the case with fj =
1.25 requires more revolutions to reach convergence. On the other hand, in axial inflow conditions,
negligible differences are instead observable among the different C7 time histories. Choosing an fj
different from the baseline also leads to slight differences in velocity profiles, as observable in 2.19. In
hovering, an increase of fy results in a decrease of the axial velocity in the wake core, while it has
a negligible effect in the case of axial inflow. To conclude, no significant effect is observed in the

computational cost of the simulations.

2.6.3 Influence of the airfoil polars

The parametric investigation carried out in Section 2.6.2 revealed a non-negligible sensitivity of the
VPM solver to the number of sources shed from the propeller blades. Among the analysed values,
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Fig. 2.19 Non-dimensional axial velocity V, /QR profile extracted at z/R = 1 for the different values of the cutoff
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Ng =50 was identified as the most appropriate choice, providing the most accurate prediction of the
induced flow field. The assessment of the airfoil polars influence is consequently conducted starting
from the VPMp| case, with the input parameters listed in Table 2.5, but now increasing N to 50 for
improved agreement with the PIV axial velocity measurements. This refined configuration is hereafter
referred to as VPMys, denoting the use of XFoil-based airfoil polars. To evaluate the airfoil polars’
influence, two additional cases are considered, both employing 2D URANS polar sets obtained with the
SSTLM turbulence model: one including the low-Mach Pre-conditioner (VPMs_p.), and one without
it (VPMgs_,,pc). The three sets of polars were previously displayed in Figure 2.10 in section 2.5.5, at

M =0.2 and Re. = 20,000.

The time-averaged axial velocity fields (V,/QR) obtained from experiments, URANS, and the
different VPM cases, are reported in Figure 2.20 for both hovering (J = 0) and axial inflow (J = 0.1).
The corresponding Cr and C_Q values are also included in the same figure. For a quantitative comparison,
the axial velocity profiles extracted at x/R = —0.5,0.7, and 1.5 are shown in Figure 2.21. Starting with
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the VPMys case, the integral time-averaged loads remain close to those of the VP Mp; configuration.
Table 2.6 confirms that the increase of Ng from 40 to 50 produces relative variations below 0.2%.
However, more substantial differences are observed in the wake flow field. The higher number of
sources indeed enhances the predicted axial velocity. In hovering conditions (J = 0), the velocity
profiles of VPMys nearly overlap with URANS for y/R > 0.25, although discrepancies remain near the
rotation axis, with relative differences reaching 50% at x/R = 1.5. Atx/R = 0.7, VPMys additionally
shows good agreement with the experiments, while at x/R = 1.5 it overestimates the velocity by
approximately 14%, similarly to URANS. In axial inflow (J = 0.1), the match improves significantly:
deviations in the wake core are reduced to about 4%, with VPM s displaying better overall predictions
than VPMp; . Nonetheless, the VPM wake remains broader in the radial direction, with higher velocity
levels observed in the range 0.06 < y/R < 0.9.

The VPMjg_p. case produces thrust values close to VPMys, with relative deviations of only 0.3%
in hovering and 3% in axial inflow. This consistency can be explained by the similarity of the c; —
curves at high angles of attack (around 9-10°), which dominate the hovering condition (Figure 2.10).
At lower angles of attack (5-7°), more relevant at J = 0.1, the differences between the ¢ — « curves are
more pronounced, explaining the observed thrust discrepancies. For the torque, however, significant
deviations occur in both conditions: VPMg_p. overpredicts C_Q compared to both experiments and
URANS, by 19% and 17% respectively in hovering and axial inflow, and by about 13% relative to
URANS. VPMg_p., however, significantly overpredicts experimental C_Q values by 19% in hovering
and 17% in axial inflow. This case also overpredicts URANS torque values by about 13%, both in
hovering and axial inflow. These errors reflect the higher drag coefficients of the cp — a curve. Despite
this, the axial velocity fields remain nearly indistinguishable from VPMys, since the thrust levels are

similar, resulting in comparable wake features.

The VPMs_,,p. case exhibits the opposite trend. Cr is consistently underpredicted: by 18%
and 15% relative to experiments, and by 29% and 21% relative to URANS in hovering and axial
inflow, respectively. This reduced thrust leads to significantly lower axial velocity in the wake core.
Interestingly, C_Q is instead accurately captured, with deviations below 4% from both experiments and

URANS, thus yielding a better torque prediction than the other considered VPM cases.

The comparative analysis can be expanded by considering the radial distributions of the non-
dimensional time-averaged thrust per unit length (sc;) and torque per unit length (sc,). These
distributions, obtained by integrating the loads along the blades’ chord, are only available from
numerical simulations. Figure 2.22 reports sc; as a function of r/R, while Figure 2.23 shows 5¢, .
The URANS and URANSg,, distributions are nearly superimposed, with the support producing only
minor shifts of the maximum load toward larger R, particularly in hovering. In contrast, VPM
consistently underpredicts thrust in the inboard blade region (r/R < 0.65). AtJ =0, VPMg_p. and
VPMys show an approximately constant offset around 2 x 10> with respect to the URANS, while
at J = 0.1 this difference reduces to about 1 x 1073. VPMy_,,pc initially follows the other VPM
cases but diverges toward lower thrust levels for /R > 0.4, worsening the mismatch with URANS.
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Fig. 2.21 Axial velocity (Vy) profiles extracted from the flow fields in Figure 2.20 at x/R = —0.5,0.7 and 1.5.

In the outboard region (r/R > 0.65), VPMg_p. and VPMys initially agree well with URANS, but
progressively overestimate the loads approaching the tip, with significant errors of 40-50% in hovering.
AtJ =0.1, the URANS maximum is observed around r /R = 0.65, while the VPM places the maximum
more outboard (0.7 < r/R < 0.8), depending on the used set of polars. With the XFoil polars, the
maximum thrust closely matches the URANS, while VPMg_p. underpredicts it by 8% and VPMg_,,,p¢
by 25%. Concerning the torque distributions, VPMg_,,p. shows good agreement with URANS across
the span, mostly in hovering, with slight overestimations at J = 0.1 close to the tip region. The VPMys

shows good accordance with the higher-fidelity URANS results also in hovering, with, however, greater
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overestimations in axial inflow. VPMg_p. shows, in conclusion, the worst match with URANS data,
featuring high torque values already in hovering conditions.
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Fig. 2.23 5¢,, distribution as a function of r/R.

To further explore the discrepancies between the loading distributions, the pressure coefficient (c,)

distributions on the blade surface are analysed. ¢, is defined as: ¢, = tZ (_p = > with p the local pressure
3P QR
value, and is plotted along the chordwise non-dimensional coordinate (x./c) at three radial coordinates,

i.e. r/R=0.4,0.6, and 0.8, respectively in Figures 2.24, 2.25, and 2.26). URANS and URANSg,
show again superimposed ¢, distributions, mostly at lower chordwise coordinates (x./c < 0.6). In
hovering conditions, ¢, displays typical features of laminar separation bubbles on the suction side,
being characterised by a first steep pressure recovery followed by a pressure plateau, where the flow is
detached, and finally by a further pressure recovery towards the blade tip. This behaviour is mostly
evident at /R = 0.4, while at greater radial coordinates these features are less clear to identify. In axial
inflow at J = 0.1, a smoother pressure recovery is instead observed, and a large pressure plateau with
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no subsequent recovery is present at /R = 0.8, indicating that no separation bubble is likely present
in these conditions. Among the VPM cases, VPMys provides the best prediction of the URANS ¢,
distributions. At /R = 0.6 and 0.8 in hovering, VPMys nearly overlaps URANS on both the pressure
and suction side, predicting pressure plateaus and steep gradients. At r/R = 0.4, slight deviations
can be observed, with suction-side separation and reattachment occurring earlier than in URANS. At
J = 0.1, significant overprediction of thrust at r/R = 0.8 corresponds to slight discrepancies in c,.
Conversely, VPMg_p, and VPMg_,,,p. systematically show a mismatch with URANS and VPMys
distributions, not only in predicted values, but more generally in the prediction of the flow behaviour.
In particular, no pressure recovery is found after the pressure plateaus, resulting in larger values in the
chordwise direction. These polars are indeed not able to predict a separation bubble as observed with
the XFoil polars, leading to significant discrepancies with higher-fidelity URANS results.
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Fig. 2.25 ¢, distribution at /R = 0.6 as a function of x./c.

To complement the pressure analysis, the skin friction coefficient is examined: ¢y = IT—WZ, where
7p(QR)

7, 18 the wall shear stress projected along the chordwise direction. The chordwise location where ¢y =0
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provides an approximate indicator of flow separation onset on the suction side. While this criterion is
not exact for rotating blades due to radial velocity gradients, it remains useful to highlight systematic
differences in the flow separation between the analysed cases. The c ¢ contours are displayed in Figure
2.27, with white dashed lines marking the separation coordinates (x./cs.,) on the blades’ suction side.
The corresponding normalised values x./cs., are reported as a function of r/R in Figure 2.28 for a
quantitative comparison. At J =0, URANS and URANSg, show nearly identical trends: separation
occurs near the leading edge in the inboard blade region, moving towards x./cs., = 0.27 at mid-span
and then again near the leading edge close to the blades’ tip. Similar distributions are also found in
axial inflow at J = 0.1. However, the support affects the blade region close to the root (r/R < 0.35),
where separation occurs much earlier in URANSg, than in URANS. The VPM cases systematically
predict earlier separations in the inboard region and delayed separation in the outboard one, consistent
with the thrust predictions in the two regions observed in Figure 2.22. Among the VPM cases, VPMys;
yields the largest separation coordinates, followed by VPMg_p. and then VPMg_,,,p.. Discrepancies
are most pronounced near the tip, where URANS predicts separation around x./cse, = 0.1, while
VPMys delays it to about 0.3.

2.6.4 Conclusions

In this section, a comprehensive multi-fidelity analysis was performed to assess the predictive capabilities
of the VPM code VULCAINS against higher-fidelity methodologies, such as URANS and experiments.
The analysis focused on the small-scale propeller operating in both hovering and axial inflow conditions.

A first comparison employed the input parameters and airfoil polars reported in Table 2.5 for the
baseline VPM case. In this configuration, experiments, URANS, and VPM provided overall consistent
predictions. In axial inflow, the relative differences in thrust and torque coefficients with respect to
experiments remained below 4% for both URANS and VPM. Nevertheless, URANS delivered superior
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Fig. 2.28 Chordwise separation coordinate x./cs., as a function of r/R.

predictions of the induced axial velocity field, overlapping experimental data across most of the wake
region, with slight discrepancies near the rotation axis due to the absence of the spinner in the numerical
setup. The VPM, on the other hand, tended to underestimate the wake core velocity, with errors on the
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order of 5%. In hovering, larger differences arose among the methods: thrust and torque errors reached
up to 8%, while URANS overestimated the wake velocity by 8 to 15% and VPM underestimated it
by about 5%, particularly near the propeller disk. The VPM additionally showed a wake spreading
towards the rotation axis that is not observed in the other methodologies. Furthermore, experiments
revealed a localised maximum velocity region around half a radius downstream of the disk, whereas in
both URANS and VPM, the axial velocity continued to increase up to at least 1.5 R.

Following this baseline assessment, a parametric analysis was undertaken to evaluate the sensitivity
of VPM to its main input parameters. Among these, the number of vorticity sources shed per time step
(Ns) emerged as the most influential. Increasing Ng from the baseline value of 40 to 60 resulted in
thrust and torque variations of up to 3% in hovering and 0.2% in axial inflow, but a much stronger
effect was observed in the induced wake. Particularly in hovering, the axial velocity magnitude in
the wake core increased by about 15%, while in axial inflow, the wake appeared negligibly affected.
Increasing the number of particles leads to a greater computational cost, which nearly doubled when
increasing Ng from 40 to 60. Other parameters investigated showed little influence on global results,
although the convergence behaviour was noticeably affected in some cases. For instance, with the CSM
diffusion scheme, more than 60 propeller revolutions were required in hovering to reach convergence
of thrust loads, compared to about 20 revolutions with the DVM scheme in the baseline case. This
emphasises that while most parameters are not critical to the accuracy, they may substantially influence

numerical efficiency.

Based on these findings, a further investigation into the choice of the airfoil aerodynamic polars
was carried out. A refined baseline case (VPMys), with input parameters as in Table 2.5 but with
Ns =50 for a better match with higher-fidelity results, was compared with two additional configurations
employing SSTLM-derived polars: VPMg_p., using the low-Mach preconditioner, and VPMg_,,,p.,
without the preconditioner. Among the three, VPMy;5 delivered the closest agreement with experiments
and URANS. Integral thrust and torque coefficients were predicted within 4% error, and the wake
velocity profiles overlapped almost entirely with URANS results, thanks to the increased Ng. VPMg_p,
also showed reasonable agreement in thrust and wake velocity, but overestimated torque by up to
19%. Conversely, VPMs_,,,p. reproduced torque accurately, with errors below 4%, but significantly
underestimated thrust (by up to 29%) and wake velocities. The comparison was extended by examining
radial distributions of thrust and torque per unit length, along with surface pressure and skin-friction
distributions. These analyses revealed systematic discrepancies between VPM and URANS. In all
VPM cases, thrust was underestimated inboard (/R < 0.65) and overestimated outboard (r/R > 0.65),
leading to a spanwise redistribution of loading. The skin-friction distributions confirmed this behaviour:
regions of delayed flow separation corresponded to higher local thrust predictions, while earlier
separation was associated with thrust underestimation. Among the three VPM cases, VPMy5 again
provided the closest match to URANS, particularly in reproducing laminar separation bubbles on the
suction side, characterised by localised pressure plateaus bracketed by non-zero gradients. In contrast,
both VPM;s_p. and VPMg_,,,p. displayed a more simplified pattern of initial suction recovery followed
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by extended plateaus up to the trailing edge, failing to replicate the characteristic pressure trends
captured in URANS.

Overall, this analysis has enabled a clear assessment of the capabilities and limitations of the
VPM code VULCAINS for the simulation of small-scale propellers in hovering and axial inflow.
The mid-fidelity method, characterised by low computational requirements and straightforward setup,
proved to be an efficient tool for preliminary design. The VPM code demonstrated reliable predictions of
integral time-averaged quantities, such as thrust and torque coefficients, and, particularly in axial inflow,
captured the induced wake with good accuracy in both radial extent and core velocity. The limited
sensitivity of the results to most input parameters suggests that extensive calibration is unnecessary,
though careful parameter selection may still improve agreement with higher-fidelity references. In
contrast, the choice of aerodynamic polars emerged as a critical factor, especially at the low Reynolds
numbers considered. Among the tested options, XFoil polars with N.,;; = 5 were found to provide
the most accurate results at negligible computational cost. Nevertheless, the correct selection of N,.;;
remains Reynolds-dependent and requires guidance from higher-fidelity data, limiting its general
applicability to other geometries or operative conditions. The SSTLM-based polars offer broader
generalizability without the need for such calibration, but show poorer accuracy in both performance
and induced flow field predictions. In the present work, the SSTLM model was employed with its
standard calibration. Although alternative calibrations may potentially improve the prediction of
aerodynamic polars, they require dedicated tuning and validation against higher-fidelity data, which
adds complexity and reduces general applicability. An additional strategy could be to rely on even
higher-fidelity approaches, such as Large Eddy Simulations (LES), which are capable of providing
detailed aerodynamic information. However, the computational cost associated with LES makes them
impractical in the context of mid-fidelity tools like VPM, whose main advantage lies in their reduced
cost and suitability for preliminary design phases.

In conclusion, XFoil polars at N.,;; = 5 are identified as the most suitable choice for VPM simulations
at the tested Reynolds numbers, and are therefore adopted for the subsequent analysis of dynamic
maneuvers. Chapter 4 extends this validation campaign to dynamic operative conditions, maintaining

the same input parameters as defined for the VPMys configuration.

2.7 Data reduction

2.7.1 Vortex Identification

In order to quantify how the vortical structures evolve in the propeller’s wake, two vortex identification
and characterisation methods are exploited in this work. Multiple methods exist in the literature and
have become rather popular in the past years [102]. In the classical fluid mechanics theories, vortices

are thought of as regions of high vorticity. The simplest detection method is indeed based on the
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relation between local vorticity maxima and vortex centres. However, this presents some intrinsic
flaws, not being able to accurately predict the vortex centre when a shear flow is superimposed on pure
rotation [102]. To cope with this problem, different gradient-based approaches have been proposed
in the literature. These methods are Galilean invariant, due to the independence of the velocity
gradient tensor from the considered inertial system. Furthermore, they are based on a threshold, which
permits distinguishing between regions with a prevalence of rotation and those regions where the strain
instead dominates. Such a threshold can either be physics-related or arbitrary. In the present work,
the Q-criterion [103] and the I criterion [104] were chosen for the analysis of numerical data and

experimental data.

The Q-criterion is one of the most commonly employed due to its intuitive physical interpretation
and ease of implementation in numerical environments. It derives from the analysis of the velocity
gradient Vi, where u is the velocity vector field. This tensor can be decomposed into a symmetric
part S, representing the rate-of-strain, and an antisymmetric part ¢, representing the local rotation
as Vii = Sp +Qp. Sp and Qg can be written as Sg = 5 (Vi + (Vii)!) and Qp = 5 (Vi — (Vii)T).
Physically, Sp accounts for deformation without rotation, while Qg captures the rigid-body rotation
component. The Q-criterion then defines a scalar field Q based on the second invariant of Viz, that is

written in Eq. 2.17

_ 1 2 2
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Here, || - || denotes the Frobenius norm. A region of the flow is considered vortical if Q > 0, meaning
that the local rotation dominates over strain. This provides an objective and Galilean-invariant way to
extract coherent structures, independent of the observer’s frame of reference. The vortices’ centres
can be identified at this stage in correspondence with local Q maxima in connected regions featured
by O > 0. The vortex area, therefore, extends until Q > 0 in the surrounding connected region. Once
the area is evaluated, making use of the Stokes-Kelvin theorem, it is possible to compute the vortex
circulation as the integral of the vorticity. To isolate the stronger structures, it might be necessary to
consider rotational regions with Q greater than an arbitrary threshold, in turn greater than 0. This is
particularly effective in the case of the tip vortices, typically stronger than other vortical structures shed
by propellers.

From a numerical standpoint, the Q-criterion is especially suitable for large-scale CFD simulations
because it involves quantities readily available from the computed velocity field and does not require
pressure or vorticity derivatives. It allows for the clear visualisation of vortical structures by plotting
iso-surfaces of positive Q, which is particularly useful in studying vortex shedding, turbulence, and
instabilities in wakes or boundary layers. Moreover, its relatively low computational cost makes it ideal

for post-processing in high-resolution, unsteady simulations such as LES or DNS.
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Despite being the state-of-the-art of vortex identification criteria in multiple applications, the
Q-criterion might not work properly if applied to PIV data, where experimental noise is also present.
In dedicated work [105], De Gregorio et al. tested the effectiveness of different methods for the
identification of the tip-vortices shed by a small helicopter rotor. Inaccuracies in the velocity fields
computation due to laser reflections on the blades, lack of seeding, and low signal-to-noise ratio put a
strain on the velocity gradient-based methods, resulting in an often inaccurate vortex identification. To
overcome such limitations, a further method introduced in [104] and widely used in the PIV analysis
[106—-108] was taken into account by De Gregorio et al. for a comparison. The method, based on a
scalar function I, relies solely on the local flow topology, thereby avoiding the computation of the
velocity gradient and resulting in greater robustness for PIV data. In particular, let P be a fixed point in
the 2D rectangular grid where the velocity is evaluated through the PIV technique. It is possible to
define a dimensionless scalar denominated I in the point P as in eq. 2.18, being Sp a rectangular
domain of fixed size which surrounds P, M a point in Sp, PM the vector which links the two points,

and z a normal vector to the considered plane.
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In the limit of Sp — 0, it can be shown that I'; is only a function of the rotation rate corresponding
to the anti-symmetrical part of the velocity gradient and the eigenvalue of the tensor’s symmetrical part
[104]. Despite of the still unknown exact relation between |I';| and the two quantities, it is shown that it
is possible to discriminate among regions dominated by strain (|I';| < 2/xr), regions of pure shear (|| =
2/rr) and regions of the flow dominated by rotation (|I'2| > 2/x) [104]. The overall method represents a
robust way to identify vortical structures. On the other hand, the evaluation of vortex dimensions is
instead highly dependent on the chosen value for N. For this purpose, in [107] it is suggested to choose
N to evaluate the two scalar functions in a domain Sp of the order of the tip-vortices present in the flow
field. The vortices’ centres can be identified at this stage in correspondence with local [[’;] maxima
which overcome an arbitrary threshold I',_,,. The vortex area is then evaluated around the centre, and
it is retained to extend until |I;| > 2 /7 in the surrounding connected region. Once the area is evaluated,
making use of the Stokes-Kelvin theorem, it is possible to compute the vortex circulation as the integral
of the vorticity. The choice of the parameter N instead significantly influences the calculation of both
vortices’ area and circulation. In particular, the vortex area is subjected to a magnification with the
increase of N. This inevitably leads to non-negligible uncertainties in the exact area and circulation
values. Fixing the value for N among the investigated cases, however, allows a comparative assessment

of the area of the vortices.
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2.7.2 Proper Orthogonal Decomposition

Proper Orthogonal Decomposition (POD) is a powerful and extensively used modal decomposition
technique to analyse complex fluid flows. It enables the extraction of coherent structures from large-
scale datasets, which can originate from either numerical simulations or experimental measurements.
Originally introduced to the fluid mechanics community by Lumley [109], the method is based on the
Karhunen-Loeve theorem [110] and shares strong mathematical similarities with techniques such as
the Principal Component Analysis (PCA) used in statistics. Its central goal is to find an optimal set of
orthogonal basis functions, or modes, that best represent the energy content of a given dataset, thus

providing a low-dimensional approximation of a high-dimensional system.

Let us denote a flow field variable (e.g., velocity or vorticity) as g(X,t), where X is the spatial
coordinate vector and ¢ denotes time. The field is first decomposed into a temporal mean 67 (X) and
a fluctuating part: §(X,7) = §(¥) + §'(%,1). The fluctuating component is then expressed as a linear
combination of spatial modes weighted by time-dependent coefficients: §'(¥,t) = Yr_, ay (1) by (%)
Here, ¢ (X) are the POD modes, which form an orthonormal basis in the spatial domain, and ay (z) are

the temporal coefficients.

The POD modes are determined by solving an eigenvalue problem associated with the covariance
matrix of the data as reported in Eq. 2.19, where X(#;) represents the data vector at time ; (with
the mean removed), and X € R™ is the data matrix constructed by stacking m snapshots of n x 1
dimension. The original multi-dimensional snapshots are indeed vectorised on 1 dimension 7 to solve

the eigenvalue problem.

1 © 1
R= —Zz(n)zT(n) =—xx" (2.19)
m =1 m

The eigenvalue problem reads R(E k= Ak (5 x> where the eigenvalues A indicate the energy associated

with each mode q;k, ranked in descending order, and orthonormal under the L? inner product.

In high-dimensional problems, such as those arising from large-eddy simulation (LES) or PIV
data, computing the full covariance matrix R € R™" is computationally prohibitive. To address this
issue, Sirovich proposed the method of snapshots [111], which reformulates the problem using a
smaller m X m matrix, since usually m < n. This approach dramatically reduces the computational
burden and is widely adopted in different fluid dynamics applications. Alternatively, the Singular Value
Decomposition (SVD) provides a numerically robust and mathematically equivalent framework for
computing the POD: X = ®XW¥’, where ® contains the spatial modes (POD modes), ¥ the temporal
coeflicients, and ¥ the singular values such that a',f = Ai. The equivalence between SVD and POD is

discussed in foundational works such as [112, 113].
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One of the key reasons for the popularity of POD in fluid mechanics is that it minimizes the
mean-square error between the original signal and its low-rank approximation. This makes POD
particularly effective for tasks such as data compression, coherent structure identification, and reduced-
order modelling (ROM). In the ROM context, POD modes are often used in conjunction with Galerkin
projection to derive low-dimensional dynamical systems that approximate the full NS equations [114].
However, POD presents some limitations. Since it ranks modes solely by energy content, the most
energetic modes are not necessarily the most dynamically relevant. Additionally, for convective flows,
coherent structures such as travelling vortices often appear as paired modes with a phase shift (e.g.,
sine and cosine components), which complicates physical interpretation. Moreover, the standard POD
does not isolate frequencies, resulting in temporal coefficients that may contain mixed spectral content.
To address these issues, extensions such as spectral POD [109] and balanced POD [115] have been
developed. Spectral POD, for instance, decomposes flow structures by frequency and is particularly
effective for analysing statistically stationary flows. Balanced POD, on the other hand, introduces
adjoint simulations to assess both controllability and observability of modes, improving suitability for
flow control applications.

In summary, the POD provides a mathematically rigorous and practically efficient framework
for extracting dominant flow features from complex datasets. Its optimality and compatibility with
reduced-order modelling make it an indispensable tool in modern computational and experimental

fluid mechanics.



Chapter 3
Cross-flow conditions

In this chapter, a focus is made on the aerodynamic effects of the cross-flow conditions on the reference
propeller. A first experimental analysis is conducted, and the results are described in section 3.1. A
subsequent analysis is conducted via Large Eddy Simulations in section 3.2 to expand the experimental
dataset and assess the causes behind the increase of time-averaged thrust and torque with the cross-flow
velocity. The wake topology is also analysed in detail, presenting a simplified approach to predict the
deflection of the vortical structures starting from the thrust distribution on the disk and the cross-flow

velocity.

The primary and most intuitive effect of the cross-flow is to locally increase or decrease the
relative tangential velocity perceived by the blade as a function of the azimuthal position. To illustrate
such an effect, a schematic representation of the propeller’s top view is shown in Figure 3.1(a). The
reference frame used to describe the position of the blades during their rotation is chosen in analogy to
vertical-axis wind turbines [116], as they exhibit a coherent evolution of the relative tangential velocity,
also operating under cross-flow conditions. For this reason, the region corresponding to the azimuthal
angles () around ¢ = 0° is defined as the upwind region, whereas the downwind region is located
around ¢ = 180°. The propeller rotates counter-clockwise in this view, so around ¢ = 90° it crosses
the leeward region, whereby the relative velocity is at its minimum given the different signs of the
cross-flow velocity (V) and of the kinematic tangential velocity (2r —u”). The dual region is named
the windward region, located around ¢ = 270°, where, for the opposite arguments, the relative velocity
seen by the blade is maximum. An isolated blade element at a distance » from the propeller’s hub is
shown in Figure 3.1(b). The relevant velocities, forces, and angles are reported in the same figure,
in accordance with the 2D BET theory. Compared to the canonical hovering case, the cross-flow
contribution (Vesin(y)) is added to the kinematic tangential velocity (Qr —u’). Depending on the

sine of the angle ¥, the cross-flow contribution can either increase or decrease the relative velocity

seen by the blade element (W = +/(Qr — u’ + Voosin(i))2 +v'2). The cross-flow velocity particularly
affects W both in terms of magnitude and orientation, and thus, the local «. This leads to a periodic
influence on both the elementary lift (dL = % pcr(a)W?c) and drag (dD = % pcp(@)W2e, where p is
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Fig. 3.1 Schematic representation of a propeller in cross-flow: a) frontal view; b) isolated blade section at a
distance r from the propeller hub with forces, velocity components, and angles according to the BET theory.

the flow density. The trends of elementary thrust (d7') and torque (dQ) are closely related to those of
lift and drag, allowing, at first order, to write: dT =~ dL and dQ/r ~ dD + dL(3 — «). Such small-angle
approximations are often considered in studies of helicopter rotors in forward flight ([117]). Therefore,
the presence of V,sin(y) > 0 leads to an increase in dT. At the same time, dQ variation is due to two
contributions: dD, which increases if V,sin(y) > 0, and a second contribution that increases if the dL

increment is greater than the decrease of the term (8 — «).

The primary effect of the cross-flow is therefore to generate unsteady loads throughout the propeller’s
revolution, with maximum loads occurring around ¢ = 270°, where the blades experience maximum
relative velocity, and minimum loads around ¢ = 90°; under these conditions, the blades may even
encounter reverse flow conditions. The loading is therefore expected to be periodic over the propeller’s
revolution. The frequency associated with this phenomenon is called Blade Passing Frequency (BPF),
which is equal to the revolution frequency times the number of blades. This primary effect can be
interpreted through the Blade Element Theory (BET) ([118]). Nevertheless, this theory does not
provide information on the propeller’s induced velocity from its wake or the streamtube deflection,
which in turn affects the blade loading. Typical inflow models used in BET-based tools to determine
induced velocities consider azimuthally uniform induced flows and are, therefore, unable to accurately

predict the propeller performance in cross-flow conditions.

The secondary effect of cross-flow is indeed associated with the interaction with the propeller’s
streamtube and wake. The streamtube tends to align with the cross-flow as the intensity of this
latter becomes significant, showing noticeable differences between the upwind and downwind regions.
Furthermore, an appreciable shift of the tip vortices generated at the leeward tip of the blade can be
detected, with the shedding point significantly displaced towards the cross-flow direction close to the
propeller’s support. Both effects of the non-uniform streamtube and the wake deviation contribute
to modifying the loading distribution along the blade span and azimuthal direction, displacing the
position of the maximum and minimum loads at different azimuthal positions than ¢ = 270° and



62 Cross-flow conditions

=90°. The aforementioned azimuthal asymmetry also affects the wake topology, generating skewed
tip vortices and strong blade-vortex interactions ([13]). In cross-flow, the wake advects downstream,
developing into a complex three-dimensional structure characterised by multiple macro-scale vortical
structures. The main non-dimensional parameter that drives the wake behaviour is the cross-flow ratio,
defined as the ratio between the cross-flow velocity and the tip velocity (u = %). At low values of
U, the classical vortex structures already observed in hovering can be found: strong tip vortices and
weaker root vortices that coil into a helical structure and a central vortex downstream of the hub. In
hovering conditions, this vortex system typically undergoes an early breakdown close to the propeller
disk due to the absence of an advecting external inflow ([119]). This behaviour is different from that of
propellers subject to axial inflow. The latter has a stabilising effect on the vortical structures, since it
leads to an increased pitch of the vortices. As u increases, the vortical system is advected towards the
cross-flow direction, promoting a stabilising effect similar to the axial inflow and leading to increased

propulsive efficiency in a specific u range ([120]).

The vortex system is initially deflected rigidly until a critical condition is reached, beyond which a
coherent counter-rotating vortex pair (CVP) emerges. According to [121], this transition occurs at an
advance ratio of approximately u = 0.1, while [26] identified a threshold of i = 1.15v/C7. Beyond this
limit, CVP is generated through a mechanism similar to that of jets in cross-flow ([122, 123]) near
the momentum source (i.e., the propeller or jet nozzle), as the wake shear layer rolls up due to the
pressure differential between the upwind and downwind wake regions ([34]). Unlike jets, however,
the momentum distribution on the propeller’s disk is azimuthally non-uniform in cross-flow, due to
the aforementioned primary effect on the blades, leading to the formation of an asymmetric CVP.
The windward branch of CVP is typically stronger, reflecting the locally higher blade loading, and
consequently follows a different trajectory compared with its leeward counterpart. The formation of this
asymmetric CVP has been previously reported in the aerodynamics of drones ([124, 125, 35]), although
referred to as a horseshoe vortex, wing-tip vortices, or super-tip vortices, and was also documented in
early studies of helicopter rotors ([126]). At sufficiently high u, the wake of helicopter rotors exhibits
strong similarities to the tip-vortex system of low-aspect-ratio wings ([127]), indicating a transition
towards a lifting-surface-like behaviour of the propeller.

Particularly in the context of helicopter-rotor aerodynamics, simplified analytical models are
employed to predict the mean wake deflection in cross-flow conditions. One of the most classical
approaches is the actuator disk model, in which the propeller is idealised as a uniformly loaded,
infinitesimally thin disk imparting a steady momentum jump to the flow ([128]). Under the rigid wake
assumption, the wake is treated as a cylindrical surface that remains aligned with the resultant velocity
vector formed by the axial induced velocity and the cross-flow component. The wake deflection, in this
case, can be derived from geometric considerations. A refinement of this model accounts for the axial
acceleration along the wake due to pressure recovery, typically assuming a far-wake axial velocity that
is twice the induced velocity at the disk, as in the classical actuator disk theory. An alternative approach
is provided by the flat wake model, originally introduced by [26], which assumes that, at sufficiently
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high advance ratios, the wake is strongly deflected and collapses into a planar sheet nearly aligned
with the cross-flow direction. This model is particularly suited to regimes where the rotor begins to
behave like a lifting surface and has been shown to accurately predict wake deflection when the advance
ratio exceeds a threshold dependent on the thrust coefficient, typically u > 1.154/C7. These models
provide useful theoretical limits for estimating overall wake deflection and remain valuable tools for
predicting wake-induced effects in both helicopter and multi-rotor configurations. Nevertheless, these
models struggle to provide a detailed description of the different vortical structures contributing to the
wake. As the cross-flow velocity is increased, the asymmetries in the wake grow significantly, and each
macro-structure features its own peculiar trajectory. As a consequence, integral quantities are no longer
representative of the wake topology. To this purpose, this work proposes a simplified model to predict
the evolution of each macro-scale vortical structure based on quantities evaluated on specific portions

of the disk loading distribution.

3.1 Experimental investigation of the cross-flow influence

The results of the experimental campaign carried out on the reference propeller in cross-flow conditions
are reported in this section. The measurement of the forces and the flow field in the x — y plane is
carried out with the setup illustrated in Figures 2.4 and 2.6(b). The main scope is to investigate how the
propeller’s performance and the induced flow field are affected by the presence of a cross-flow, which
can be representative of the forward flight condition for a drone’s propeller. In addition, starting from
the one-dimensional momentum theory (1D MT) for helicopters’ rotors in forward flight [121], some
modifications are proposed to fit the measured thrust and power of small-scale fixed pitch propellers.
In particular, starting from the thrust data, the induced velocity is evaluated through the 1D MT to
finally estimate the consumed power. Such a simplified approach might indeed result in a useful tool to
quickly assess the consumed power of a drone propeller without the need for a direct measurement.

In the 1D MT for rotors in forward flight, the inflow velocity vector V,, presents a significantly high
angle a ;5x with respect to the actuator disk’s rotation axis, as illustrated in Figure 3.2. According to
this approach, the axial induced velocity (v’) is assumed to be constant over the entire surface of the

actuator disk.

From the momentum balance, it is possible to derive a formulation for Cr, which depends on the
non-dimensional axial induced velocity on the actuator disk 4; = v'/QR, @gisk, and u. This relation is

further simplified by imposing a5k = 90° in cross-flow conditions and is therefore written in Eq. 3.1.

Cr :2/1,-1//1?+,u2 (3.1)

Eq. 3.1 is representative of the operative conditions analysed in the present work and more generally

of a propeller in cross-flow. From Eq. 3.1 it is possible to isolate the induced velocity A; as a function
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Fig. 3.2 Actuator disk model in non-axial inflow conditions.

of Cr and p, as written in Eq. 3.2. Furthermore, at considerably high p, A; results in being negligible
compared to u, leading to the Glauert high speed approximation (GHS) [121], reported in Eq. 3.3.

2 1/,u4+C%

M
Ai=\-—==
' 2 2

(3.2)

Ai-Gus = g—T (3.3)
u

This simplified formulation of 4; is particularly useful for the evaluation of the propeller’s consumed
power. For a generic rotary wing aircraft, the non-dimensional consumed power (Cp) is hence evaluated
as the sum of three contributions: the induced power (Cp,), the profile power (Cp,), and the parasitic
power (Cp,) [1]. The parasitic power Cp, is, however, the power necessary to overcome the drag of the
aircraft, and it is therefore neglected in this analysis. C,, can be consequently written as in Eq. 3.4,
being k| an empirical corrective coefficient typically around 1.15 for the helicopters’ rotors [1], o7
the blades solidity, c¢p,, the mean blade profile drag coefficient and k» a further corrective coefficient,

which is usually taken between 4.5-4.7 in the helicopters’ preliminary design [2].

oskscp,

Cp =Cp,+Cp, = k1CrA; + (1 +kop?) (3.4)

The evaluation of c¢p,, is trivial for a twisted blade with a significant chord length variation in the
radial direction. Furthermore, unsteady loading conditions in cross-flow make its evaluation even more
complicated. A proposed approach is: ¢p,, = k3cp,, where cp, is the blade profile drag coefficient
at zero angle of attack, evaluated from the airfoil polars in 2.10 at the average Reynolds and Mach
Numbers encountered by the blades, and k3 is a corrective coefficient, empirically evaluated with
the performance data shown in this section. Averaged values of average M = 0.1 and Re. = 10,000

approximately lead to a cp, = 0.05. In particular, Eq. 3.1 is used to obtain A; from the experimental
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non-dimensional thrust data (Cr,,,). Cr,x, and A; are given as inputs of the semi-empirical relation
in Eq. 3.4, used to fit the experimental power data (Cp,,,). The fitting is carried out with the least
squares method, using ki, k», and k3 as free interpolation coefficients. The resulting values of k; and
ko are finally compared with the literature values.

3.1.1 Tests Matrix

The load sensors measurements were conducted at a fixed value of n = 3000, while V., ranged from 0
m/s to 15 m/s with a step of 1 m/s, thus corresponding to values of u between 0 and 0.64. The PIV
tests were exclusively conducted at inflow velocities between Vo, = 0 m/s and V, = 5 m/s. The blades’
chord-based Reynolds number Re, varies along the blade-span between 5000 and 15000, depending on

the radial station r/R where it is calculated and the local velocity due to the influence of the external
cross-flow.

3.1.2 Propeller’s aerodynamic performance

The results in terms of Cr,,, as a function of y are shown in Figure 3.3(a). Cr,,, displays a
monotonically increasing trend as a function of u. At small u values, the Cr,,, growth appears to be

contained. As u is increased above 0.1, the thrust shows a steeper increase, establishing a quasi-linear
trend.
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Fig. 3.3 (a) Cr, (b) 4;, and (c) Cp as a function of u. A; is calculated with the equations 3.2 and 3.3, imposing
Cr = Crpp- Cpryp are displayed along with the best fitting curves obtained from the semi-empirical formula in
Eq. 3.4. The interpolation is respectively carried out on the entire experimental data set (Cp,,,., continuous red
line) and for y > 0.15 (Cp,.;_;ps» dashed red line).

Egs. 3.2 and 3.3 are now taken into account to evaluate the trend of A; and A;_ggs as a function
of u. To this aim, the Cr,,, values shown in Figure 3.3(a) are used in the equations, and the results
are displayed in Figure 3.3(b). The dimensionless induced velocity A; obtained from the equation 3.1
exhibits a monotonically decreasing trend, starting from the initial value obtained for the hovering
condition at u = 0. Such a decrease appears steeper for small u values, but becomes considerably
smaller as u increases. The induced velocity evaluated with the GHS approximation A;_ggs shows a
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similar trend, overlapping with the A; values from p > 0.15. For lower u values, this approximation
loses its validity, leading to A;_ggs values which tend to infinity as u approaches the null value.

In Figure 3.3(c), the non-dimensional experimental consumed power Cp,,, is displayed as a
function of u. Cp,,, shows a similar trend to Cr,,,, featured by a contained growth for ¢ < 0.1
followed by a steep increase for greater cross-flow ratio values. As outlined in the introduction to this
chapter, the behaviour of the time-averaged loads results from the interplay of two main effects. At
low values of u, the dominant contribution arises from the periodic variation of thrust and torque over
one revolution. This mechanism produces only a limited increase in the time-averaged loads, since
the larger loads generated when the blade is in the windward sector are partly compensated by the
smaller loads produced in the leeward region. As u > 0.1, a secondary effect becomes increasingly
important: the deflection of both the incoming streamtube and the propeller wake. This deflection leads
to a reduction in the axial induced velocity across the propeller disk, thereby increasing the effective
angle of attack of the blade. As a consequence, both thrust and torque exhibit a monotonic rise with
increasing p. A more detailed assessment of the instantaneous thrust and torque trend is carried out via
LES in section 3.2.3.

The same plot also includes the interpolation of the experimental data obtained using Eq. 3.4 with
k1, ko, and k3 as the free interpolation coefficients. A first interpolation is carried out on the totality of
the experimental points (Cp,,,). Furthermore, a second interpolation is carried out by only taking into
account the points for ¢ > 0.15 (Cp,;;_sus ), hence about the range of u where the GHS approximation
was shown to be valid. The curves shown in the figure represent the best fits obtained, and the values
assumed by the free interpolation coefficients are summarized in Table 3.1. The fitting curve Cp,,,,,
represented with a solid red-coloured line in figure 3.3(c), results in accurately approximating the Cp,, ,
data in the considered y range. The Cp,,, curve deviates more significantly from the experimental data
in the hovering condition (u = 0) and for u values between 0.21 and 0.38. Even in these cases, the
relative error among the data does not, however, exceed 10%. The corrective coefficients k| and k;
of this first fit result in being very close to the values used in the helicopters’ preliminary design, as
displayed in table 3.1. The third corrective coeflicient k3 can be multiplied by the blades’ airfoil c¢p,, to
obtain an approximation of the profile mean drag coefficient cp,, for the given propeller in cross-flow
conditions. In the same figure, the Cp,,, ., fitting curve is displayed with a dashed red-coloured
line. The curve is obtained and plotted for u > 0.15, according to the observations made for the results
in Figure 3.3(b) regarding the GHS approximation validity. The interpolation results are even more
accurate, with relative errors averaging under 3% and a maximum relative error equal to 7% at u =
0.15. In this case, k» is closer to the literature value with respect to the Cp,,, fitting; however, k; is
considerably increased, as shown in table 3.1. In conclusion, k3 is closer to 1, indication that cp,, is

closer to ¢p, in the GHS approximation.

The quality of the two interpolations can be additionally inferred from the evaluation of the
coefficient of determination R? [129]. The coefficient quantifies the proportion of variance in the
dependent variable (Cp,.,, or Cp,,,_.,s) that is predictable from the independent variable (Cp,,).
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The resulting R? values are respectively equal to 95 % for the Cp,,, fitting and 98 % for the Cp,,,_.ps
fitting. Such results suggest an excellent data fitting and the choice of an adequate semi-empirical
model for the scope. The fitting coefficients k; and &, result in being close to the literature values,
mostly in the first interpolation on the larger ¢ range. Some differences were, however, expected due to
the propeller’s low Reynolds number and the blades’ high pitch. Moreover, there was the necessity of
introducing a third coefficient k3 to approximate cp,, directly from cp,. The value of k3 is most likely
non-generalizable to different geometries or operative conditions; however, it should not be excluded
that further experimental campaigns might lead to a value of k3 that can be ultimately generalized in
the field of small-scale propellers.

ki ko k3
Literature 1.15 4.5-4.7 -
Cprrr 1.20 5.00 1.82

Chrrons 205 467 153

Table 3.1 Corrective coefficients obtained from the Cp,,, data interpolation. The coefficients k; and k, used in
literature [1, 2] for helicopters in forward flight are also reported for the sake of comparison.

3.1.3 Time-averaged flow features

The time-averaged absolute velocity magnitude (|V|/QR) fields are shown as colourmaps with overlaid
streamlines in Figure 3.4. In the hovering condition, as shown in figure 3.4(a), the wake mainly
develops in the axial direction toward the y axis. The propeller operates in still air, inducing a velocity
field in the wake region which reaches values up to around 0.19 QR. At u > 0, the flow field loses its
axisymmetry. Already at small values of u, the flow field topology appears to be significantly affected
by the cross-flow, as noticeable in Figures 3.4(b) and 3.4(c). The wake generated by the blade passing
in the upwind ROI indeed begins to be visible in the downwind ROI. In the cases characterized by
greater u values (Figures 3.4(d), 3.4(e) and 3.4(f)), the wake generated in the upwind ROI is mostly
visible in the downwind region, while the upwind ROI is mainly characterized by the progressive
deceleration of the flow impacting against the propeller support. In addition to this, a large recirculating
flow region, identifiable by the local streamlines pattern, is generated in the downwind ROI. Such a
low-speed structure grows in size at higher u values, due to a stronger wake deflection. As concerns the
propeller’s inlet region, located above the propeller itself, it is clear that the streamlines are deflected
towards the x direction due to the presence of the cross-flow. Such deflection becomes more evident as
u increases. In particular, at y = 0.21 (Figure 3.4(f)), the streamtube entering the propeller is almost
aligned with the x axis in the upwind ROI, to then deviate towards the y axis in the downwind ROI,
owing to the momentum transfer of the propeller blades.
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Fig. 3.4 Colourmaps of the normalized time-averaged velocity |V|/QR with overlaid streamlines in the x/R-y/R
plane. (a) u =0, (b) u=0.04, (c) u=0.08, (d) £ =0.13, () £ =0.17, (f) u = 0.21.

Figure 3.5 shows the axial velocity (V_y/ QR) fields as colourmaps with overlaid streamlines at the
same u values as Figure 3.4. The axial velocity Vy/ QR decreases in the wake region as u is increased.
The wake indeed gains momentum in the x direction at the expense of the y direction. The different
streamline orientations close to the propeller are quantitatively compared by evaluating the orientation
angle @ = atan(vy/vx) of the local velocity vectors at y/R = 0. The angle ® as a function of x/R
for the different cases is reported in Figure 3.6(a), where ® = 0° indicates a velocity aligned with the
x axis. The velocity vectors located in the propeller’s inlet region tend to orient in the x direction
as u is increased. Especially in the upwind ROI, the @ profiles obtained for 4 = 0.17 and 0.21 are
representative of a velocity almost aligned with the x axis.

Fig. 3.5 Colourmaps of the normalized time-averaged velocity V_y/ QR with overlaid streamlines in the x/R-y/R
plane. (a) u =0, (b) ©u=0.04, (c) ©u=0.08, (d) u =0.13, () u =0.17, (f) u = 0.21.
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The V_y/ QR values extracted at y/R = 0 from the velocity fields in 3.5 are instead representative
of the non-dimensional induced velocity A; distribution at the propeller plane. Such velocity profiles
are displayed in Figure 3.6(b) for a more detailed comparison. In the hovering condition (u = 0), the
velocity profile is approximately axisymmetric. For |x/R| > 1, the velocity assumes a small constant
value, while it reaches a local minimum at x/R = -1 and x/R = 1. These minima are caused by the
presence of strong tip vortices, which locally induce a negative velocity on the flow. The flow is
advected in the axial direction in the region between x/R > -1 and x/R < 1. As x/R approaches 0,
a gradual decrease in Vy/ QR can be noted. This is mostly due to the lower tangential speed of the
blades close to the hub, and to the presence of the propeller’s support, which generates a blocking effect
on the flow. The presence of the cross-flow alters the symmetry observed between the upwind and
the downwind ROI in the hovering condition. In the upwind ROI, V_y/ QR tends to decrease as u is
increased. Furthermore, both the local minimum and the maximum are shifted towards the cross-flow
direction. On the other hand, in the downwind ROI, an increase in the Vy /QR velocity is observed with

a stronger cross-flow.
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Fig. 3.6 (a) Velocity vectors orientation angle @ as a function of x/R evaluated at y/R = 0. (b) V_y/ QR as a
function of x/R extrapolated at y/R = 0.

The analysis of the propeller’s wake can be further expanded to account for the distribution of

the higher-order statistics. The non-dimensional turbulent kinetic energy (k/ (QR)? = 1/2(V_,§2+

V§2) /(QR)?) fields are displayed in Figure 3.7 as colourmaps with overlaid streamlines. In Figures
3.7(a) and 3.7(b), the largest values of k are attained in the wake shear layer, where the vortices shed
from the blades’ tip are located. Furthermore, the wake’s portion located in the upwind ROI shows
larger k values as u increases. For u greater than 0.08, the wake generated in the upwind ROI interacts
with the propeller support, resulting in a significant increase in turbulent kinetic energy, which cannot
be exclusively associated with the increase in the cross-flow velocity. The wake generated by the
cylindrical support plays, in fact, a significant role at high cross-flow velocities, considerably affecting
the higher-order statistics of the flow field generated by the isolated propeller. In Figure 3.7(b), a small
circular region of high k is located under the blade at x/R = -0.75. This can be associated with the
average position of the early-age strong tip vortices. This local peak of k tends to shift towards greater
x/R coordinates as u increases, until it is no longer visible in Figures 3.7(e) and 3.7(f). In these cases,

the wake generated in the upwind ROI results in being almost completely deflected in the downwind
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region. Thus, the early age tip vortices end up interacting with the propeller’s hub, resulting in an
expanded region of high k, which eventually extends also for positive x/R coordinates. The wake’s
portion generated in the downwind ROI exhibits a less straightforward behaviour. While the turbulent
kinetic energy in the shear layer initially seems to be slightly enhanced from p =0 to u = 0.13, it then
undergoes a noticeable drop in the shear layer for the cases in Figures 3.7(c) and 3.7(d). When pu is
further increased, a growth in the shear layer’s k values is again observable, most likely due to the

interaction with the propeller’s support wake.

Fig. 3.7 Colourmaps of the normalized time-averaged k /(QR)?> with overlaid streamlines in the x/R-y/R plane.
@u=0,b)u=0.04,(c) u=0.08, (d) u=0.13, (&) u = 0.17, (f) u = 0.21.

Similar considerations can be inferred from the component of the Reynolds stress tensor W /(QR)?,
as reported in Figure 3.8. This quantity indicates the evidence of high turbulence dynamics in the flow,
which is predominantly registered in the wake shear layer and close to the propeller’s blades. Large
negative W/ (QR)? values are indeed obtained in the wake’s shear layer generated in the upwind
ROL. For u between 0.13 and 0.40, a peak of negative Reynolds stress is registered close to the blade,
as reported in figures 3.7(b), 3.8(c), and 3.8(d). As already discussed for the k fields, this local peak
represents the average location of the early age tip vortices, and it is advected towards the cross-flow
direction as u attains greater values. As u is equal to 0.17, this local peak is no longer present, most
likely due to the interaction of the tip vortices with the propeller support. Such interaction additionally
contributes to the generation of two distinct high va’/ (QR)? zones of opposite signs in the wake shear
layer. This is observable mostly in Figures 3.8(e) and 3.8(f), where the support’s wake effect starts to
become prominent. The wake generated in the downwind ROI undergoes a different modification due
to the cross-flow presence. In the hovering condition in Figure 3.8(a), the Reynolds stress distribution
appears to be symmetric to the stress distribution in the upwind ROI. As u is increased over 0.13,
the positive W/ (QR)? region generated in the wake shear layer is no longer visible, and a region

of negative Reynolds stress takes place. The interaction with the propeller’s support generates an
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additional region of positive VYV / (QR)? values, visible for i > 0.17, which becomes predominant as
w is further increased.
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Fig. 3.8 Colourmaps of the normalized time-averaged VVy/ (QR)? with overlaid streamlines in the x/R-y/R
plane. (a) u =0, (b) u=0.04, (c) u=0.08, (d) x =0.13, (e) x =0.17, (f) u = 0.21.

3.1.4 Vortical system characterization

The I';-criterion, introduced in section 2.7.1, is hereby used to characterize the evolution of vortices
in terms of trajectory and circulation. The criterion used is, however, highly prone to vortex
misidentification due to its reliance upon empirical thresholding. As a consequence, the choice of a
different threshold value I’;_;;, can severely impact the number of identified structures and should be
adapted for the specific purpose. In the present work, I>_;,, was imposed equal to 0.9 after a dedicated
investigation carried out on the hovering case. This case presents, in fact, multiple vortical structures
of different dimensions and circulation, which are not advected away from the propeller proximity due
to the lack of an external flow. To properly isolate the vortices of interest, shed by the propeller’s tips
and roots, it is necessary to choose a significantly high I',_,,, which allows for isolating the strongest
structures. On the other hand, it is likely that excessively increasing the threshold towards the value of
1 may lead to the identification of a small number of vortices, affecting the statistical significance of
the results. To this purpose, the vortex identification was carried out for the hovering case with three
different I’,_;j, values, and the obtained results are reported in the scatter plots in Figure 3.9. In Figure
3.9(a), the results of the identification carried out with I',_;, = 0.85 are displayed. With such a value,
many vortical structures are identified mostly in the wake shear layer, generating a dense region of
points where it is not straightforward to isolate the strongest structures. By increasing [>_;, to 0.9,
as reported in Figure 3.9(b), the strongest structures become more visible as the weakest vortices are

neglected. If the threshold value I,_;j, is further increased to 0.95, the tip vortices are not identified
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and consequently not represented in the scatter plot in Figure 3.9(c). As a result of this analysis, the
authors opted for I, = 0.9 for the current investigation.
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Fig. 3.9 Scatter plots of the identified vortical structures in the hovering condition (i = 0) at different threshold
values F2—thr- (a) Fz_th, = 0.85, (b) FZ—thr = 0.9, (C) FZ—thr =0.95.

The vortical structures identified with the use of the I, criterion are reported in the scatter plots in
Figure 3.10. In particular, the vortices are displayed in correspondence with their identified centres as
fixed-size dots, with a colour scale that characterizes their dimensionless circulation. The circulation
I', is calculated with the use of the Stokes-Kelvin theorem, as the integral of the vorticity field in the
area of a given vortex. As previously mentioned in section 2.7.1, the vortex area corresponds to a
singularly connected region whose points present |[I| > 2/m, calculated with the use of Eq. 2.18. For

the current analysis, a [, value of 0.9 was finally taken into account at each value of u.

In Figure 3.10(a), two main aggregations of vortical structures are visible in the upwind and
downwind RO, respectively. Such structures are shed from the blades’ tip and show a strong circulation
of opposite sign in the two regions. Their circulation additionally tends to decrease in absolute
value with the distance from the blades. Once they are shed from the blades, the tip vortices tend to
move closer to the propeller’s hub, as a cumulative effect of the wake shrinking caused by the local
acceleration and their own induced velocity. Their mean trajectory is, however, not well defined along
a clear path and presents a significant scattering in the direction of the cross-flow. In the absence of an
external inflow, the vortices are advected away from the propeller exclusively by the induced velocity
generated in the wake. The propeller in hovering hence works in less uniform air conditions, which
might result in a drop of the propulsive efficiency [120]. The tip vortices end up scattering outside of
the wake and are still visible in the flow field despite their significantly damped circulation. Further
weak vortices can be detected close to the propeller’s hub. These structures represent the vortices shed
from the blades’ root, respectively in the upwind and downwind ROI, and their circulation might be

enhanced by the interaction with the propeller’s support.

As u is increased, even small cross-flow velocities lead to major changes in the vortices’ distribution.
In the upwind ROI, the tip vortices present a clearer pattern with respect to the hovering condition. At
1 =0.04 and 0.08 (Figures 3.10(b) and 3.10(c)), the tip vortices appear to be confined to a well-defined

trajectory and are shifted towards greater x/R coordinates as u is increased. As u is increased above
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0.08, the early-age tip vortices undergo a strong deflection along the blade span, eventually interacting
with the following passing blades. Such early age vortices are characterized by a small circulation value;
thus, if the blades-vortex interaction results, on one hand, more frequently with a stronger cross-flow
velocity, the vortices involved in this interaction present a damped circulation, consequently containing
the downsides of this phenomenon. The tip vortices are then advected downstream and become visible
in the downwind ROI for ¢ > 0.13. In Figures 3.10(d), 3.10(e) and 3.10(f), the streamlines orientation
close to the propeller’s support indicates the presence of a major flow recirculation, already discussed
in terms of time-averaged flow features when presenting Figure 3.5. In this region, the propeller’s wake
vortices interact with the propeller support’s wake, generating a vortical macro-structure and locally
enhancing the tip vortices’ circulation. The root vortices are also advected in the downwind ROI and

are displayed with a greater circulation as u is increased.

Regarding the vortices generated in the downwind ROI, it is necessary to make different consid-
erations. The blue-coloured tip vortices are damped in circulation and organized in more defined
trajectories as u is increased. As u is increased above (.17, their circulation is reduced to the extent
that they are no longer visible in the region of interest. At u =0.21 as reported in Figure 3.10(f), only a
few vortical structures with a negative value of I',, are detected close to the blades’ tip, indication that
the downstream tip vortices are disrupted by the interaction with the cross-flow and possibly swept
away from the blade owing to the cross-stream velocity. In the same region, some weak vortices with a
positive circulation become predominant as u is increased. Such vortices are generated by the blades’
root and display an opposite behaviour with respect to the tip vortices. Their circulation is increased
as u is increased, due to the interaction with the support’s wake. Furthermore, at u = 0.21, multiple
vortices with positive circulation are detected on the blades. As previously observed in the upwind
RO, the presence of the cross-flow contributes to the enhancement of the blades-vortex interaction, by
displacing the early age vortical structures along the blade-span direction and not in the axial direction

as an axial inflow would do.

In the downwind ROI for ¢ > 0.13, it is possible to notice a misalignment between the tip vortices’
trajectory and the flow fields’ streamlines. This effect might be due to an intrinsic flaw of the chosen
methodology for the vortices identification, since it properly works when the vorticity is mostly
aligned with the out-of-plane direction. In the hovering case, the vorticity is indeed expected to be
mostly directed towards the out-of-plane direction in the wake shear layer, and the remaining vorticity
components can be neglected. While this is true in the hovering case, it is not straightforward to predict
how the vorticity components evolve with the increase of the cross-flow velocity. For instance, in [130],
the formation of a strong counter-rotating vortex pair oriented in the cross-flow direction is observed
since small u values. A considerable increase in the vorticity components along x and y might lead to
a misidentification of the tip vortex centres and a miscalculation of their circulation since they might
not be mostly aligned with the out-of-plane axis. While this aspect is surely of interest, it is not within

the capabilities of the current measurement approach. Indeed, it would be necessary to retrieve all
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the vorticity components with the use of different PIV setups, among which the tomographic PIV, or
through CFD simulations of the rotating propeller.
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Fig. 3.10 Scatter plots of the identified vortical structures with overlaid streamlines in the x/R-y/R plane. (a)
u=0,0)x=0.04,(c)x=0.08, (d) £ =0.13, (e) . = 0.17, (f) u = 0.21.

3.1.5 Conclusions

The investigated propeller was characterized in terms of thrust and torque at different values of the
cross-flow ratio u. While in axial inflow, both thrust and torque monotonically decrease as the axial
velocity increases, in cross-flow conditions the loads exhibit the opposite behaviour. Especially once
the cross-flow ratio exceeds approximately p = 0.1, the thrust and torque increase with u. This trend is
directly linked to the progressive deflection of the streamtube and its wake, which reduces the axial
induced velocity across the disk and therefore produces a net increase in effective angle of attack.
The experimental data were interpolated with the use of semi-empirical equations derived from the
field of helicopter design. The interpolation led to a satisfactory fit, and the computed corrective
coefficients resulted in being very close to the ones used in literature. The propeller’s mean blade
profile drag coefficient was evaluated from its drag coefficient at zero angle of attack with the use of a
third corrective coeflicient. The value of this coefficient might be generalizable for different geometries
and operative conditions, but there would be a need for further experimental campaigns focused on the

topic.

Flow field measurements were carried out with the use of the planar PIV. The main findings showed
a significant deflection of the velocity vectors in the propeller’s inlet and wake regions towards the
direction of the cross-flow, even for contained u values. The flow field’s higher-order statistics, such as
the turbulent kinetic energy and the cross-component of the Reynolds stress tensor, were inspected.

Both quantities showed local increases in the wake shear layer as the u was increased. The major
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effects were, however, due to the interaction with the propeller’s support, which led to a significant
local enhancement of both quantities.

In conclusion, a thorough analysis of the vortical structures’ evolution in the different cases was
carried out with the use of the I;-criterion. The strongest vortices were found to be located in the
propeller’s wake shear layer, after having been shed by the blades’ tips. Compared to the hovering case,
the vortices were confined in more defined trajectories due to the presence of an external cross-flow.
The tip and root vortices generated by the upstream passing blades appear stronger with the increase
of the cross-flow velocity. On the other hand, the tip vortices generated downstream appeared to be
damped by the cross-flow, while the root vortices still resulted in being enhanced, due also to the
interaction with the propeller’s support. Further flow and performance features can be inferred with the
use of computational tools, if adequately adapted for the low Reynolds number regime. In addition,
different propellers’ geometries and angles of attack with respect to the inflow need to be investigated
to further extend and validate the proposed modifications of the semi-empirical formulas from the
literature to small-scale propellers. The open and easily replicable geometry of the present propeller is
intended to ensure a continuity of research in this area, to expand the scientific community’s knowledge

of such complex operative conditions.

3.2 Large Eddy Simulations of the cross-flow influence

The current section aims to expand the experimental results in cross-flow via Large Eddy Simulations.
An investigation is conducted on the mechanisms driving the increase in thrust and torque with the
cross-flow velocity observed in the experimental campaign. The wake deflection and asymmetric inflow
patterns are identified as the primary causes behind this trend. The evolution of the macro-scale vortical
structures, such as tip vortices, hub vortex, and the formation of a counter-rotating vortex pair as in jets
in cross-flow, is then characterised in detail. The propeller’s support, used in the reference experimental
campaign, is removed for a thorough assessment of the wake dynamics. Spectral and Proper Orthogonal
Decomposition analyses confirm that the support introduces significant perturbations in the near wake,
especially in the downwind wake region. Nevertheless, the influence is limited to the induced flow
field, while the loads on the propeller are negligibly affected. In the absence of the support interference,
the vortices’” evolution is tracked using the I'; criterion, allowing for the evaluation of the macro-scale
vortices’ trajectory. Finally, a simplified model is developed to describe the vortex trajectories as a
function of the cross-flow velocity and the thrust distribution on the propeller’s disk; thus, the proposed
model is not specific to the analysed propeller geometry. The predicted trajectories are then compared
to those directly extracted from the flow fields.
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Fig. 3.11 Non-dimensional time-averaged (a) thrust coefficient Cr, and (b) torque coefficient @, from LES and
experiments.

3.2.1 Tests matrix

The LES simulations were first conducted with the cylindrical support to replicate the experimental
setup. An initial validation campaign was carried out at n = 3000 rpm and V, = 0, 2, 4, 6, and 8
m/s, corresponding to u =0, 0.08, 0.17, 0.24, and 0.32, respectively. The effect of the support was
then examined in detail by simulating the case at u = 0.24 without the support. Finally, an additional
campaign was performed at u = 0, 0.04, 0.08, 0.17, 0.24, and 0.32, considering only the isolated
propeller. This setup enables the evaluation of the evolution of the macro-scale vortical structures
without the influence of the propeller’s support. All simulations were run for 21 revolutions, with

statistics computed over the last 10.

3.2.2 LES against experimental results

The LES results are compared with the experimental data of section 3.1 to validate the numerical
approach. The comparison focuses on time-averaged loads and velocity fields. Cy and C_Q are shown in
Figure 3.11(a) and Figure 3.11(b), respectively, highlighting the agreement in trends between numerical
and experimental results. Although some discrepancies are present, the overall trends are well captured.
An initial plateau in both thrust and torque coefficients is observed at u = 0 and u = 0.08, followed
by a steep increase for u > 0.08. The LES tends to overestimate the integral values: thrust is mostly
overestimated at low cross-flow ratios, while the torque is systematically overestimated for all values of
p. The largest discrepancies occur in the hovering condition (u = 0), with relative errors of 16% for C

and 10% for C_Q with respect to the experimental values.

A comparison of the LES and PIV time-averaged velocity fields is shown in Figures 3.12 and 3.13,
focusing on the components V, and Vy in the plane at z = 0, which corresponds to the only measurement

plane available from the planar PIV data. Three cross-flow ratios are considered: u =0, u = 0.08,
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Fig. 3.12 Normalized time-averaged velocity V_x/ QR (column 1) from PIV experiments, and (column 2) from
LES computations: Colourmaps and (column 3) velocity profiles extracted at x/R = -0.5, 0.5, 1.2, (a) at u =0,
(b) at u =0.08, and (c) at u =0.17.

and u = 0.17. For each case, colourmaps of the normalised velocities and velocity profiles at selected
coordinates are presented to facilitate quantitative comparison. Overall, the flow fields from LES
and PIV are in good agreement across all tested cross-flow ratios, though LES tends to slightly
overestimate the wake velocities in both the x and y directions. Considering the x-component of
velocity (Figure 3.12), a good agreement is observed upstream of the propeller disk, at x/R = —0.5
and downstream at x/R = 1.2. Some discrepancies arise at x/R = 0.6, particularly for 4 = 0, where a
local peak appears in the experimental profile near y/R = 0. This peak is likely caused by the periodic
passage of the blade through the PIV plane, which can introduce measurement errors due to reflections.
Aty =0.17 (Figure 3.12(cq,c3,¢3)), a larger discrepancy is observed in the wake of the support structure
near the brushless motor, at x/R ~ 0.25, y/R ~ 0.25. In the LES model, this component is simplified
to ease the meshing process, as shown by the different masks superimposed on the velocity fields.
As aresult, local flow deviations near the support are expected but diminish further downstream, as

confirmed by the restored agreement of the velocity profiles at x/R = 1.2.

Focusing on the y-component of velocity (Figure 3.13), the agreement between LES and experimental
data is still remarkable. The velocity profiles extracted at y/R = —0.3 and y/R = 1.0 show near-complete
overlap between the two approaches. Nonetheless, LES slightly overestimates Vy throughout the
domain. As with the x-component, the largest discrepancies are localised near the motor support and
become more pronounced at high cross-flow ratios. At y = 0.17, the wake generated by the support is
more energetic and spatially extended, increasing the sensitivity of the local flow field to any geometric
simplification in the LES setup.
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Fig. 3.13 Same caption as Figure 3.12 but for V_y/QR.

The overall comparison indicates that the LES methodology captures well the trends observed
experimentally. However, significant quantitative differences are found, mostly in the integral loads.
The velocity fields also show some discrepancies, mainly addressed to simplification in the modelling
of the propeller’s support. Several factors may further contribute to these discrepancies, among which
are geometric differences between the actual 3D-printed propeller and its digital counterpart. These
include material-induced deformations and blade flexibility effects, which are not accounted for in the
numerical simulations, as well as the blade surface roughness, which might influence the boundary
layer transition. Furthermore, the experimental campaign involves measuring low-magnitude forces,
particularly at low u, where thrust and torque fall below the optimal sensitivity range of the sensors
employed. For example, in hovering, the measured torque is about 5% of the sensor’s rated output
(0.07 Nm). Additionally, the inherently unsteady nature of the flow and the mechanical vibrations of
the rotating system may introduce further inaccuracies in the experimental evaluation of time-averaged
loads.

3.2.3 Aerodynamic loads

This section investigates in detail the influence of the cross-flow on the unsteady aerodynamic blades’
loads, with particular emphasis on the thrust. The objective is to assess the physical mechanisms
underlying the increase in the time-averaged thrust observed for u > 0.08. To this end, Figure 3.14
shows the time histories of the thrust coefficient Cy for the individual blades and their combined total,

at selected values of u. The analysis focuses on the final 4 revolutions of each simulation.
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Fig. 3.14 Non-dimensional thrust temporal evolution at (a) u =0, (b) u =0.08, (c¢) u =0.17, (d) u = 0.24.

In hovering conditions at u = 0 (Figure 3.14(a)), the thrust generated by each blade fluctuates around
a nearly constant mean value, with high-frequency, low-amplitude oscillations. These almost negligible
fluctuations are attributed to the breakdown of the separated shear layer into small-scale vortices. As
the cross-flow velocity increases, periodic oscillations emerge with a frequency corresponding to the
BPF/2, assuming a double-bladed propeller is considered. These oscillations are driven by the variation
in relative velocity experienced by each blade throughout a revolution. In particular, the relative
velocity increases in the windward region near ¢ = 270°, leading to a corresponding increase in the
instantaneous thrust. Conversely, in the leeward region around ¢ = 90°, the blades encounter a reduced
relative velocity and therefore generate less thrust compared to the hovering case. At low cross-flow
velocities (up to approximately u = 0.08), these opposing effects are balanced out: the increased thrust
in the windward region is balanced by the reduced thrust in the leeward region, resulting in a mean
value close to that in hovering. However, at higher p, the thrust generated in the leeward region is only
partly attenuated, while the thrust in the windward region continues to increase. The resulting temporal
signal becomes irregular and deviates from the quasi-sinusoidal pattern observed at = 0.08. This

leads to a net increase in time-averaged thrust, as also evidenced in Figure 3.11.

Interestingly, at low values of u, the angular position of maximum Cr does not occur at ¥y = 270°.
To highlight this behaviour, the phase-averaged thrust coefficient of a single blade over the final 4
revolutions (a(w) = }—1 Z?ev:u Cr (Y + Rev -360°) ¢ € [0,360°)) is plotted as a function of azimuthal
angle ¢ in Figure 3.15. At u = 0.08, the phase-averaged thrust coeflicient Cr attains its maximum
at approximately |

=293°. As the cross-flow ratio increases, ¥ | shifts progressively

max(a) max(CAr)
toward the windward azimuthal position, approaching ¢ = 270° and reaching a value of 271° at

1 =034

The asymmetry arises from the non-uniformity of the induced velocity field, a consequence of
the skewed inflow and the wake deflection caused by the cross-flow. The inflow pattern seen by the
propeller is no longer axisymmetric, resulting in asymmetric loading, specifically between the upwind

and downwind regions. This behaviour is consistent with the inflow patterns shown in Figure 3.13 and
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Fig. 3.15 Phase-averaged single blade non-dimensional thrust evolution; maximum values indicated with ¢
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observed in section 3.1, where the axial velocity component above the propeller in the upwind region is
significantly reduced compared to the downwind side. The local decrease in axial velocity leads to an
increase in the angle of attack, thereby enhancing the local thrust generated by the blade operating in
the upwind region. As a result, the distribution of aerodynamic loads becomes skewed towards the
upwind region. At greater values of u, the streamtube is progressively more symmetric between the
streamtube in the upwind and downwind regions, being predominantly oriented towards the cross-flow

direction. In these conditions, the maximum loading is found around = 270°.

The distribution of the non-dimensional thrust per unit length (radial extent) sc, over the propeller
disk, defined in Eq.3.5, is now shown in the two-dimensional contour plots of Figure 3.16.

dT (. y)/d(r/R)
= 3.5
scy (QR)AR? (3.5)

As expected, the maximum thrust is consistently observed near r/R = 0.75 for all azimuthal
positions, whereas the inboard portion of the blade, closer to the root, exhibits negligible values of sc,
across the disk. At u = 0.08, the peak loading occurs at ¢ ~ 300°, highlighting a clear asymmetry in
the thrust distribution between the upwind and downwind regions. This asymmetric pattern induces
a pitching moment (Cyy,), which, at low cross-flow ratios, is comparable in magnitude to the roll
moment (Cyy), as shown in Figure 3.17. If at u = 0 the two moments are null, at u = 0.08 they are
non-negligible and comparable in magnitude. In addition, they are also comparable to the time-averaged
torque coefficient at the same cross-flow ratio. As u increases, the loading distribution becomes more
symmetric between the upwind and downwind regions, and Cy;. starts to drop. On the other hand, the
asymmetry between the leeward and windward region becomes more relevant, and the Cj, appears to
monotonically increase with u. At u = 0.26, the two moments significantly differ in magnitude, with
Cy. being almost negligible compared to Cyy.. As the cross-flow ratio increases, the load distribution

becomes more symmetric between the upwind and downwind regions. Already at p = 0.26, this
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Fig. 3.17 Pitch moment (Cj;,) and roll moment coefficients (Cpy, ), at different y values.

loading asymmetry is significantly reduced, and the roll moment emerges as the dominant aerodynamic

moment acting on the system.

The non-dimensional thrust per unit length, sc,, can be decomposed, as in Eq. 3.6, into two
dimensionless parameters to decouple the two main effects of the cross-flow on the blade loading,
namely the primary effect of dynamic pressure and the secondary effect of the inflow pattern deflection.
In particular, sc, is decomposed into a normalised dynamic pressure ﬁdyn, and a second term sc,, i.e.,
the thrust per unit length normalised with the local kinematic velocity subtracted by the cross-flow
contribution. This second term is isolated to highlight the secondary effect of the cross-flow, decoupling
sc, from the dynamic pressure contribution.

— L p@r—sin(y)Ve)? dTry)/d(r/R)
Scp = PaynSc = 1 2 ' - 2 _p2
5P (QR) o (Qr—sin(Y)Ve) R

(3.6)

The ﬁdyn distributions at different u values are shown in Figure 3.18 with the same arrangement
adopted in Figure 3.16. The ﬁdyn maxima are located at = 270° for all the investigated u values.
In the leeward region, an area with ﬁdyn ~ 0 is observed, where even negative velocity values can be
reached due to regions of reverse flow. The distributions of s, on the propeller disk are shown instead
in Figure 3.19. At u = 0.08 and u = 0.17, greater sc, values can be appreciated in the upwind region
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Fig. 3.19 s¢, distribution (see Equation 3.6) at (a) u =0, (b) £ =0.08, (¢) u =0.17, (d) u = 0.24.

compared to the downwind region, reflecting the asymmetry between the two regions also observed
in Figure 3.16. This asymmetry is not present in the dynamic pressure plots, which is due to the
cross-flow secondary effect of the propeller’s wake and inflow pattern deflection. By its definition,
sc, can be associated with the local lift coefficient and solidity of the blade. When the blades pass
through the upwind region, they experience a reduced axial inflow and thus a higher angle of attack
that leads to higher blade loading. Unlike s¢,, s¢, shows high values near the blade root in the leeward
region. There, the blade twist is greater, and the relative velocity is lower as the cross-flow velocity is
increased, causing the angle of attack to increase significantly. This effect probably compensates for
the thrust reduction at greater r/R due to the lower relative velocity, partly explaining why, at high (,
the thrust does not follow a sinusoidal trend as expected, but remains rather constant in the leeward
region as u is increased.

3.2.4 Propeller’s support

The influence of the propeller’s support is first investigated in terms of thrust and torque coeflicients.
Subsequently, the influence on the velocity fields is assessed in the plane z = 0, previously examined
in Section 3.2.2 for the LES validation against PIV measurements. To this end, the LES simulations
including the support model (denominated LESg, in this section) at p = 0.17 are compared with those
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Fig. 3.20 (a) Thrust coeflicient Cr and (b) torque coeflicient Cgp, for the LESg,, case and for the LES,,,s,, case,
at u=0.17.

obtained from a simulation of the isolated propeller at the same value of u (denominated LES,,,s), in

this section).

The Cr and C¢ time histories are displayed over the last 4 propeller revolutions in Figure 3.20. The
two compared cases, LES;, and LES,,,s, are almost superimposed, indicating a marginal influence
of the support on the instantaneous loads. Slight deviations are observed near the local minima in
the thrust signal and around the peaks of the torque signal. Consequently, the time-averaged loads
are in close agreement, with maximum relative differences around 0.6% for C_T and 1.2% for C_Q No
significant effect of the support is therefore observed on the thrust and torque coefficients.

More pronounced differences emerge instead in the velocity fields. The time-averaged velocity
fields V, and Vy are shown in Figure 3.21. The V, profiles are taken at x/R = —0.5, 0.5, and 1.2
(Figure 3.21(a3)), while Vy is evaluated at y/R = —0.3, 0.35, and 1.0 (Figure 3.21(b3)), following
the same extraction coordinates used in Figures 3.12 and 3.13, respectively. In the upwind region
(x/R < 0), the flow fields are nearly identical between the LESg, and LES,,s, cases, as expected. This
is evidenced by the excellent agreement in both the V; profile at x/R = —0.5 and the Vy profiles at
negative x/R values. However, approaching x/R = 0, the support induces a marked decrease in V.,
visible in Figure 3.21(a;), where the cross-flow is almost zero. A similar, though less pronounced,
effect is present in Figure 3.21(a;), where the deceleration is due to the blockage induced by the
propeller’s wake, even in the LES,,s, case. In the downwind region (x/R > 0), significant differences
arise. The wake of the LES, case exhibits both reduced V, and increased Vy values, as illustrated
in Figures 3.21(a3) and 3.21(b3). This indicates a redistribution of momentum, diverting it from the
cross-flow direction towards the propeller’s rotational axis. Notably, at x/R = 0.5, V, exhibits a strong
deficit for y/R > 0, and a recirculation region, consistent with the experimental results of section 3.1.
Although the discrepancies diminish with downstream distance, differences persist up to x/R = 1.2,

particularly between y/R =0.5 and y/R = 1.2.

The support, therefore, affects the time-averaged velocity field, leading to a significant velocity
defect in the downwind region and diverting the wake momentum towards the propeller’s rotation axis.
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Fig. 3.21 Normalized time-averaged velocity (a) V_x/ QR, and (b) V_y/ QR, (colugn 1) for the LESs), case, and
(column 2) for tE LES, ;s case, at 4 = 0.17: Colourmaps and profiles of (a3) V, extracted at x/R = -0.5, 0.5,
1.2, and of (b3) V, extracted at y/R =-0.3, 0.35, 1.

Such an effect is due to the coupling between the vortex shedding generated by a finite cylinder and the
propeller’s induced wake, also featured by a periodic evolution of vortical structures. To gain more
insights into the periodic phenomena that occur in the downwind region, spectral and POD analyses
are performed on a sequence of 3600 instantaneous velocity fields, extracted with an azimuthal step of
1° over the last 10 propeller revolutions. The frequency content is first analysed via the Welch method
([131]), using Hamming windows with a length equal to one third of the total signal, a 75% overlap
between consecutive windows, and a spectral resolution of 7.5 Hz. The spectra are evaluated along a
line atx/R =1.5.

The spectral analysis is carried out on the three velocity components (V,,V,,V;) and the results
are respectively shown in Figures 3.22 and 3.23 for the LES,,,5, and LESg, cases. Each subplot
displays the energy density content of a different velocity component related to the y/R coordinate
along the extraction line (x/R = 1.5) and to the corresponding frequency (f), normalised with the
BPF. In the LES,,,5,, case (Figure 3.22(a-c)), a dominant tonal spectral peak is observed at f = 1 BPF
for all the velocity components, located around y/R = 1. The LESg,, case spectra (Figure 3.23(a—c)),
however, reveal a broadening of the energy density distribution towards lower frequencies. For
Vy and V,, significant spectral content appears between 0.1 and 0.35 BPF. For the V, component
(Figure 3.23(c)), the energy peak shifts to ~0.25 BPF, consistent with the vortex shedding frequency
from the cylindrical support, primarily oriented towards the z axis. By evaluating the Reynolds number
of the support as Res, = 2Rs,V/v = 7700, a Strouhal number Stg, = f5,2Rs,/Ve = 0.21 is obtained
([132]), approximately corresponding to a shedding frequency fs, of 0.25 BPF, as further proof of the

non-negligible contribution to the fluctuations field from the support wake.
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POD modes.

A POD analysis is conducted on the velocity fluctuations over the region 0.18 < x/R < 3.5 and
—-0.5 <y/R < 2.5, specifically tailored to highlight the impact of the support on the wake dynamics
in the downwind region. The relative energy content of each mode (o), extracted for both cases
LES, s, and LESg),, is displayed in Figure 3.24(a), and the relative cumulative energy content (X0 )
is displayed in Figure 3.24(b). For the LES,,s, case, the first two modes each carry about 30% of the
total kinetic energy. A sharp decay follows, with mode 3 only accounting for 3% of the total energy.
In contrast, the LESg, case (figure 3.24(b)) exhibits a more uniform energy distribution across the
first four modes, each contributing approximately 5-6% of the total energy, followed by a much less

significant drop in the modal energy from mode 5 onwards.

The spatial structures of the first four POD modes are visualised in Figures 3.25 and 3.26,
respectively showing the contours of the eigenfunctions ¢, ¢,, and ¢, for the LES,,,s, and LESg,
cases. For the LES,,,s, case, the first two modes (Figure 3.25(ay,by,c1,a2,b2,¢2)) exhibit an alternating
structure characteristic of the vortex shedding, with strong contributions in ¢,, hence aligned with
the propeller axis. Mode 3 (Figure 3.25(a3,bs,c3)) instead is dominated by the shear-layer dynamics,
with less energetic structures than the first two modes. Mode 4 (Figure 3.25(a4,bs,c4)) finally features
alternating structures similar to those observed for the two most energetic modes, but with considerably
reduced energy content. For the LESg), case, the first two spatial modes appear less coherent (Figure
3.26(a1,by,c1,a2,b2,c2)), being affected by the interaction between the tip vortex and the shedding of
the support. The alternate pattern of maximum and minimum energy is still visible across the three
spatial components, but the relative energy is lower compared to the LES,,,5, case. At the same time,
modes 3 and 4 (Figure 3.25(a3,bs,c3,a4,b4,c4)) show a significantly increased energy content, mostly for
y/R > 1.2 for the ¢, component (Figure 3.25(c3,c4)). The alternate pattern of maximum and minimum
¢, regions suggests the presence of vortex shedding with vortices that predominantly induce velocity
along the z axis, therefore associated with the shedding from the support. POD manages to separate
the contributions of the propeller’s wake and the support vortex shedding into different mode pairs.
However, by comparing the first two modes between Figure 3.25 and Figure 3.26, it is evident that,

in the presence of the support, the first two modes are affected along the three components. As a
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Fig. 3.25 Spatial structures (rows: (a) ¢, (b) ¢y, and (c) ¢,) of (columns 1-4) the first four POD modes, for the
LES,»sp case. All modes are normalised by their respective energy contribution.

consequence, it is not straightforward to isolate the effect of the support and depurate the flow field to

match the one obtained without the support, at least by implementing a linear approach such as POD.

3.2.5 Wake and vortices dynamics

An additional set of LES simulations was performed for the isolated propeller at 4 = 0, 0.04, 0.08,
0.17, 0.24, and 0.32. This allowed for a detailed investigation of the wake dynamics in the absence
of the propeller support, whose influence was previously shown to be non-negligible, particularly in
the downwind region. The focus of the analysis is placed on the evolution of the macro-scale vortical
structures as the cross-flow ratio u increases. These structures are primarily identified via Q-criterion
iso-surfaces, displayed in Figure 3.27. To enhance the visualisation of the large-scale vortices, the
Q-criterion fields are phase-averaged with the blades aligned along the cross-flow direction. The phase

alignment is also indicated by a propeller mask superimposed on each subfigure for reference.

In hovering conditions (¢ = 0; Figure 3.27(a;, a3)), two main structures are observed: the tip
vortices (TV) and the hub vortex (HV). TV are shed from the blade tips and evolve into a helical system
around the propeller rotation axis. In the absence of the cross-flow, the wake is advected exclusively by
the induced velocity field, leading to early interactions between adjacent TV filaments and subsequent
breakdown. This is particularly evident from the front view (Figure 3.27(a;)), where helical TV

structures dissipate within approximately one radius downstream of the propeller disk. HV forms near
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Fig. 3.26 Same caption as Figure 3.25, for the LESg,, case.

the blade roots with a vorticity primarily aligned with the propeller axis. It resides at the centroid of
the wake and is associated with the region of minimum axial-induced velocity. Unlike TV, HV is more
stable and persists over greater axial distances. Weak root vortices are generated from the blades’ roots
with the opposite orientation to TV. These weak structures almost immediately collapse on HV and
become indistinguishable when looking at the Q-criterion iso-surfaces. At u = 0.04 (Figure 3.27(by,
by)), the weak cross-flow begins to slightly deflect TV and HV in the x-direction, making the wake
lose its axisymmetric property. At u = 0.08 (Figure 3.27(cy, c3)), the wake is further deflected, and
two prominent counter-rotating structures appear. These are identified as the windward and leeward
branches of CVP and evolve primarily in the x-direction with a vorticity almost aligned with the same
axis. As anticipated, the CVP is formed with a mechanism similar to that of jets in cross-flow, as the
wake shear layer rolls up due to the pressure differential between the upwind and downwind wake
regions ([34]). The first appearance of CVP occurs at a value of u corresponding to the change in
slope observed in the performance coefficients Cr and C_Q (Figure 3.11). As pu i1s further increased,
the propeller wake is significantly deflected towards the cross-flow direction, featuring a decreased
axial induced velocity and an increased effective angle of attack, thereby enhancing the instantaneous
and time-averaged thrust and torque values. At u = 0.17 (Figure 3.27(d;, d,)), the wake topology
becomes less chaotic. The external flow supports the advection of TV, which now persists as coherent,
well-defined structures aligned along the x axis. CVP is more prominent and shows a reduced radial
extent due to the wake compression in the z direction. Both TV and HV are still identifiable as distinct

structures. At u = 0.24 (figure 3.27(e;, €;)), the increased wake deflection towards the cross-flow
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direction leads to a progressive coalescence of TV and HV into an indistinguishable and more chaotic
structure (TV+HV). Despite this, CVP remains strong and well-identifiable at both ¢ = 0.17 and
u =0.24. The windward portion of CVP (CVP,,,), generated by the more heavily loaded blades,
appears stronger and more coherent. Conversely, the leeward portion of CVP (CVP;,,) is weaker and, at
u=0.17, is nearly aligned with the x axis, indicating that the local axial induced velocity is insufficient
to sustain its advection along the propeller axis.

Tip vortices

The trajectories of the macro-scale vortical structures are now quantitatively examined. To this end, the
vorticity field is extracted in different planes to identify vortex cores as they evolve within the induced
wake. The evolution of TV is analysed at increasing values of u by assessing the phase-averaged
vorticity component @, in the longitudinal x-y plane located at z = 0, as shown in Figure 3.28. This
corresponds to the same measurement plane adopted in the validation of LES, as discussed in section
3.2.2. By considering the z component of vorticity (w;), the analysis isolates TV, whose vorticity is
predominantly oriented along z in the selected plane, while excluding the hub vortex and CVP, whose

vorticities are primarily oriented perpendicular to z.

For the hovering case (u = 0, Figure 3.28(a)), the wake appears almost axisymmetric. High-vorticity
structures that can be attributed to TV are visible only near the propeller disk; further downstream, the
vorticity rapidly diffuses into a broader radial region of diminished vorticity, particularly at increasing
y/R. Additionally, a weaker vorticity region is observed near the hub, corresponding to the root vortices.
These originate from the blade roots and rotate in the opposite direction to the corresponding TV shed
by the same blade. These vortices are only clearly visible near the propeller and coalesce with HV as
they are advected in the y axis direction. At u = 0.04 (Figure 3.28(b)), the onset of cross-flow induces
a slight deviation of the wake in the x axis direction, accompanied by a modest radial contraction. Both
root and tip vortices remain distinguishable, with the wake becoming increasingly confined as it evolves
downstream. Compared to the hovering condition, the radial spreading of vorticity is notably reduced
beyond y/R > 2. As u increases to 0.08 (Figure 3.28(c)), the wake curvature becomes evident, bending
toward the x axis. TV shed from the upwind blade (TV,,,) are initially advected toward the hub and
are identified until approximately half the blade radius downstream of the propeller’s disk. Similarly,
TV shed from the downwind blades around x/R =1 (TV,,) follow curved trajectories aligned with
the cross-flow. At = 0.17 (Figure 3.28(d)), the wake is rigidly advected toward the x direction. TV
display nearly linear trajectories and appear more coherent, particularly in the case of TV,,,, which
manifests as distinct, high-vorticity connected regions persisting further downstream than at lower u.
This stabilising effect can be attributed to the cross-flow influence, which enhances vortex coherence
through a roll-up mechanism similar to that observed in jets in cross-flow ([e.g. 34]). Although TV,
are likewise strengthened by the cross-flow, they remain less intense and less coherent than their
upwind counterparts. At higher cross-flow ratios, namely u = 0.24 (Figure 3.28(e)) and u = 0.32
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Fig. 3.27 Phase-averaged Q-criterion iso-surfaces (Q = 70000 s~2) of the propeller’s wake for (rows a-e) u = 0,
0.04, 0.08, 0.17, and 0.24; (column 1) top view: x—z plane, and (column 2) front view: x—y plane. Identified HV,
TV, and CVP are marked with colour-coded tags.
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Fig. 3.28 Colourmaps of the normalized phase-averaged w,/Q in the x-y plane at z = 0 for: (a) u =0, (b)
u=0.04, (c) u=0.08, (d) u=0.17, (e) u = 0.24, (f) u = 0.32.

(Figure 3.28(f)), the wake appears less organized. This is consistent with the chaotic wake topology
previously observed in the three-dimensional Q-criterion iso-surfaces at y = 0.24 (Figures 3.27(ey, €2)),
where TV and HV were shown to be no longer distinguishable. In the considered longitudinal plane,
this interaction manifests as increased complexity and a loss of coherence in the vorticity contours.
Individual vortex trajectories become difficult to discern from the vorticity maps alone, though they

appear to align predominantly with the x axis, particularly in the downwind region.

The identification of TV is performed using the I'; criterion, as outlined in Section 2.7.1, on the
phase-averaged velocity fields extracted in the z = 0 plane. A vortex is identified when the local
maximum of |I';| exceeds the threshold value of I';_;;, = 0.85 and the associated non-dimensional
circulation satisfies |I',|/QR? > 0.3. These thresholds are intrusively selected to isolate TV from other,
weaker substructures such as the root vortices. The calibration of these parameters is carried out in
hovering conditions and is extended to the remaining cases. In hovering conditions, the absence of
external cross-flow results in the presence of multiple vortical structures of varying size and circulation
strength, which remain close to the propeller due to the lack of significant downstream advection.
To properly isolate the most coherent and dynamically relevant vortices, it is necessary to employ a
relatively high threshold. A value too close to unity, however, may lead to the identification of too
few structures, thereby limiting the statistical robustness of the following analyses. To evaluate the
effect of the threshold, vortex identification was performed on the hovering case using three different
values: I, = 0.8, 0.85, and 0.9. The resulting identified vortex cores are displayed in the scatter
plots of Figure 3.29(a—c), colour-coded according to their non-dimensional circulation (T", / QR?). The
analysed flowfield results from combining all the phase-averaged fields together to highlight the vortices
while also showing their evolution in the wake. At I>_;;, = 0.8 (Figure 3.29(a)), multiple coherent

vortices are identified in the near wake, particularly along the shear layer generated from the blade
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Fig. 3.29 Scatter plots of the identified vortical structures for a flow field combining all the phase-averaged fields,
evaluated in hovering conditions (¢ = 0) for (a) I, = 0.8, (b) I3, =0.85 and (¢) I3, = 0.9.

tips. In addition, weaker root vortices are detected near the hub, extending approximately parallel
to the propeller’s rotation axis. However, several disorganized vortices also appear in the far wake
(v/R > 1), likely reflecting rotational structures arising from tip vortex breakdown and interaction with
the surrounding quiescent fluid. When the threshold is increased to I5_;;, = 0.85 (Figure 3.29(b)),
only the tip and root vortices are found. To further isolate the tip vortices, a supplementary filter based
on circulation magnitude is applied by imposing |T',,|/QR? > 0.03. In this fashion, only the tip vortices
remain visible in the analysed plane. At the highest tested threshold value, I, = 0.9 (Figure 3.29(c)),
very few vortices are identified, indicating that the threshold becomes overly restrictive and excludes

even the most energetic structures in the wake.

Based on this parametric assessment, a value of I,_;;,, = 0.85 was selected for all the analyses
presented in the article. This choice balances sensitivity and selectivity, effectively isolating dynamically
relevant vortices while suppressing noise and weak flow features. The same threshold is applied to cases
with u > 0, where the presence of cross-flow leads to increased spatial coherence in the vortex field
due to the enhanced advection. In all cases, the tip vortices are further discriminated from root vortices
using the circulation threshold: |T,|/QR? > 0.03. Nevertheless, care should be used when considering
the I criterion for vortex identification, given the shown strong dependency of its outcomes on the

threshold value. As such, a similar sensitivity analysis is to be encouraged.

The resulting mean trajectories of TV,,, and TV, are shown in Figure 3.30 as solid and dashed
lines, respectively. As previously anticipated, at low cross-flow ratios, the tip vortices dissipate rapidly
and are no longer identifiable beyond a radial distance of approximately one propeller radius. TV,
trajectories additionally exhibit a marked change in slope near the propeller disk, attributed to the
characteristic inboard advection observed under hovering or weak cross-flow conditions. Starting from
u=0.17, TV,, follow a more linear path, with no significant variation in the trajectory skew angle.

In contrast, TV, originate from the blade tip in the downwind region and exhibit a nearly linear
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Fig. 3.30 (—) TV,,, and (- -) TV, trajectories in the [x, y, z = 0] plane, at different u values.

trajectory even at very low u values. Notably, at u = 0.04, the vortices are only sporadically detected
beyond y/R > 0.25, suggesting a rapid loss of coherence or early breakdown.

Hub vortex and counter-rotating vortex pair

The characterisation of HV and CVP is performed by analysing the flow quantities extracted from
transversal y—z planes located at x/R =0, 1.2, 1.8, 2.4, and 3. Unlike TV, these structures are
characterised by a vorticity that becomes increasingly aligned with the x axis as the cross-flow ratio u
increases. Additionally, in the considered planes, HV and CVP trajectories can be identified with the
use of time-averaged fields. In contrast with TV, these vortical structures maintain a fixed position
within the propeller’s revolution. Therefore, time-averaging provides a wider set of snapshots compared
to phase-averaging, and the resultant statistics reveal well-defined structures that are easier to identify.
The time-averaged out-of-plane vorticity w, fields are hence shown in Figure 3.31. The most prominent
structure in these fields is the windward portion of CVP,,,,, identified as a strong region of positive
vorticity aligned with the out-of-plane x axis. It originates near z/R = +1 in the x/R = 0 plane,
coinciding with the tip of the blades passing through the windward region. Its counterpart, CVP;,,, is
generated near z/R = —1 and exhibits opposite vorticity, being aligned with the negative x axis. HV
also rotates accordingly to the negative x axis and is generated at z/R = 0 near the blade roots. Its
rotation sense depends on the direction of propeller rotation, which, being counter-clockwise, leads to
a negative axial vorticity. HV, CVP,,,,, and CVP,,, are advected downstream, approximately keeping
their position fixed along the z axis while progressively orienting along the x axis as u is increased.
At p =0.04 (Figures 3.31(a;j-as)), HV is mainly directed along the y axis and is clearly visible only
at x/R = 0. Weak velocity vectors rotational patterns appear in the x/R = 1.2 and x/R = 1.8 planes
(Figures 3.31(ay, a3)) at z/R =~ +0.9, marking the onset of CVP formation, although they remain below
the Q-criterion threshold used in Figure 3.27(by, by) and are not yet clearly identified. At u = 0.08
(Figures 3.31(b;—bs)), well-defined HV and CVP structures become visible and persist downstream to
at least x/R = 3. At this stage, CVP;,, exhibits higher absolute vorticity than HV and CVP,,,,, owing
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Fig. 3.32 (—e—) HV trajectories at different u values: (a) Top view: x-z plane, and (b) front view: x-y plane.

to its alignment with the x axis. At the same time, the other structures are still partially misaligned
and feature lower w; values. For u > 0.08, both HV and CVP,,,, progressively align with the x axis
and become stronger than CVP;,, in terms of core vorticity in all the considered transversal planes.
CVP,,, increasingly converges toward y/R ~ 0 and weakens at increasing . This trend is consistent
with the reduced thrust produced by the blade sections operating in the leeward region, which limits
the intensity of the corresponding CVP;,,,. The distribution of velocity vectors further highlights the
increasing asymmetry of the wake between the windward (z/R > 0) and leeward (z/R < 0) regions as
u is increased. This asymmetry reflects the differences in the local thrust, which, respectively, lead to

greater velocity values along the z axis in the windward region and lower values in the leeward region.

The centres of HV, CVP,,,,, and CVP;,, are identified within the transversal y-z planes extracted
atx/R=0,1.2, 1.8, 2.4, and 3 and displayed in Figure 3.31. In contrast to the analysis of TV, these
trajectories are reconstructed from only five discrete spatial locations along the x axis, corresponding to
the position of extracted planes. On the other hand, three-dimensional trajectories can be reconstructed
by evaluating the centres’ positions on the x,y, and z axes. The mean trajectory of HV is shown
from a top view in the x-z plane in Figure 3.32(a), and from a front view in the x-y plane in
Figure 3.33(b). At u =0.04, HV is only detected at the propeller hub, yielding a single vortex centre at
(x/R,y/R,z/R) = (0,0,0), hence not allowing the reconstruction of the full trajectory as in the other
cases. As u increases, the trajectory of HV progressively aligns with the x axis in the x-z projection
(Figure 3.32(a)). Even at u = 0.08, the maximum lateral deviation does not exceed z/R = 0.3 at
x/R = 3. For u > 0.24, HV is aligned with the x axis, exhibiting negligible displacements in the z axis
direction. From the front view in the x—y plane (Figure 3.33(b)), the trajectory of HV is observed to
orient progressively toward the x axis as u increases. This change in the wake deflection is particularly
notable between y = 0.08 and u = 0.17, during which the trajectory also becomes increasingly linear.
At 1 =0.08, HV exhibits a noticeable curvature toward the x-direction with increasing x/R, while for

p > 0.08, the trajectory stabilises and remains approximately linear over the observed domain.

A similar analysis is conducted for CVP, as shown in Figure 3.33. As observed for HV, at u = 0.04,
CVP is only detected at the blade tips, where they coincide with TV generated in the windward and
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Fig. 3.33 (—»—) CVP,,,, and (- -«- -) CVPy,, trajectories, at different u values: (a) Top view: x-z plane, and
(b) front view: x-y plane.

leeward regions. For higher cross-flow ratios, CVP cores are identified across the five transversal
planes. From the top view (Figure 3.33(a)), the CVP,,,, trajectory is not affected by the increasing
values of u. Small spanwise displacements in the z direction are exclusively observed between u = 0.04
and u = 0.08.

In contrast, CVP;,, shows a slight outward shift toward lower z/R values as u increases, asymp-
totically stabilising for u > 0.17. This behaviour suggests that the weaker CVP;,, is more strongly
influenced by inboard advection at low u, but converges toward a path symmetric to that of CVP,,,,
at larger values of u. Both CVP,,, and CVP;,, exhibit a progressive alignment with the x axis as
u increases, as shown from the front view (Figure 3.33(b)). CVP,, features a quasi-asymptotic
trajectory already by u = 0.17, becoming nearly parallel to the x axis. Conversely, CVP,,,, continues
to shift towards the x axis at higher u, without having reached a fully asymptotic trajectory within
the investigated u range. Similar to what is observed for HV, the curvature of CVP,,,, and CVP;,
trajectories diminishes with increasing u, and the paths become progressively more linear as they align

with the dominant direction of wake advection.

3.2.6 A simplified model of the wake deflection

The evaluation of the trajectories of the vortices through identification methods, such as the I3
criterion, presents several challenges. Accurate detections require multiple pre-processing iterations to
generate an ad-hoc mesh to capture the vortices’ evolution. This not only increases the simulations’
computational cost, due to the need for finer grids and additional data saving, but also introduces
practical issues associated with the storage of large amounts of flow-field data. Furthermore, the
post-processing itself is far from straightforward, as it requires a significant amount of input data to
achieve high accuracy and may necessitate the calibration of the identification method’s parameters, as
done in the present analysis. To overcome these limitations, the present study introduces a simplified

model based on momentum balance (MB). The proposed model consists of four steps, which are
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described in this section, and offers a straightforward way to predict the deflection of the main vortices’
trajectories starting from the disk loading distribution. In the next section, the obtained predictions
are then compared with those derived from vortex identification methods to assess the proposed MB

model.

The trajectories skew angle, estimated from the momentum balance (ya/p), is assumed to be only
a function of y and of the non-dimensional propeller’s axial induced velocity 4 = v'/QR times a
correction factor &, as in Eq. 3.7. While u is known a priori for each test case and is common to the
different vortical structures described in Figure 3.27 (TV,,,, TV4,, CVP,,,,, CVP;,, and HV), it is
hereby proposed to evaluate a different A for each vortex type (indicated with the subscript 7). Therefore,

the first step of the proposed approach is shown with the term at the right side of the arrow in Eq. 3.7.

u

model
1 = f(u, A, k) == f(u, i ky) (3.7)
X step I

Xump =tan”! (

Nevertheless, a few operations are needed to implement this new formulation of Eq. 3.7. First, to
compute the 4;, the actuator disk approximation is considered. In cross-flow conditions, this theory
provides an analytical expression for A as a function of the cross-flow ratio u and Cy ([121]), as shown
at the left side of the arrow in Eq. 3.8.

The second step of the proposed model involves evaluating A; for the different vortices. It consists
of substituting C7 with a filtered, time-averaged thrust coefficient which is specific to each vortex type
(C7 ), as shown on the right side of the arrow in Eq. 3.8.

— —

2 Aud+C 2 A\ Jut+CE

u M+ CT  model i H T,i
A=\\-—++—— —— =\\-—+— 3.8
2 2 step 11 2 2 ( )

The third step of the proposed model involves the procedure for evaluating C_*l., illustrated in Figure

3.34. First, the sc, distribution on the propeller disk, for a given y, is filtered by means of heuristic

*

Cr
for the different vortex types. These operations are summarized in Eq. 3.9, where the averaging over j

boolean filters (BF;). This leads to various s ; which are then integrated over the disk to retrieve C;l.

will be explained in the next paragraph.

- 1 Mi R 271'
C;”':M;/o/o Sty (r 0, AW ) dp dr

1 M; R 2r (39)
:M,Z‘/o /o scr(r ) -BE (¢, Ay ) dy dr

The BF; are specific for each vortex type and are deduced from the flow topology considering the
disk region pertaining to each vortex type (see Figure 3.27). They have variable azimuthal width (Ay ;)
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Fig. 3.34 Flowchart of the proposed model step III; from left to right: a sc,, map at a given y, the boolean filters
(BF; = 1 on the disk region coloured as the related vortex tag; the arrow-tipped dashed lines indicate the variable
AY ), s*CT ; and C7. ;. The subscript i indicates each vortex type.

and are centred on a different ¢; value depending on the considered vortical structure. Starting from
TV, its filter features true (1) values in a disk sector centred around the upwind position (y; = 0°), and
false (0) values outside of it. Nonetheless, several disk sectors are considered, progressively extending
along the azimuthal direction. The smallest considered sector features Ay ; = 10°, then progressively
expanded, with steps of 10°, to Ay; = 180°, while always keeping the sector centred around ¢; = 0°.
The progressive expansion of the frue disk sector leads to M; = 18 different estimates of C_;l for TV .
These are then averaged together to a single value, as shown in Eq. 3.9, to reduce the uncertainty on
the relevance of TV,,, on the mentioned disk sectors. Clearly, this operation maximises the weight,
over the average, of the ; = 0 region, which responds to the most expected heuristic allocation of this
vortex type. The same operation is then carried out for TV,,, CVP,,,, and CVP;,,. The respective
boolean filters are centred around ¢; = 180°,270°, and 90°, following the same considerations done for
TV, . Finally, HV being instead related to the whole disk, features a filter spanning the full propeller
revolution (Ay; = 360° and M; = 1). Therefore, for HV, C_;l coincides with Cr. The BF; are shown
in Figure 3.34, where, for each filter, the frue disk sector is coloured as the related vortex tag, the
remaining disk sector features a false value, and the arrow-tipped dashed lines qualitatively indicate the
variation of Ay ;.

Finally, a correction factor k, was introduced in Eq. 3.7 to account for the wake topology modelling.
The fourth and final step of the proposed model for the evaluation of yj/p involves the comparison of
the three following wake models from the literature with the related &k, values. The simplest model
assumes the hypothesis of rigid wake ([128]). The wake is modelled as a cylindrical structure with

a constant induced velocity along the wake’s evolution direction, leading to k, = 1. A more refined
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model adds the downstream wake development under the actuator disk assumption. In this case, the far
wake velocity reaches twice the induced velocity at the disk, leading to a correction factor of k, =2 to
account for this axial acceleration. A third model, introduced by [26], assumes a highly skewed flat
wake topology, such that the wake can be approximated as a planar sheet oriented at y close to 90°.
This model features k, = 0.5, and its validity has been empirically demonstrated in the same work
for u > 1.154/Cr. [32] later assessed its applicability to predict the CVP deflection in multi-propeller
wakes interactions, such as in multicopters in forward flight. For the yj,p estimates presented in the

next section, all these wake models were considered.

The vortex trajectories shown in the x—y planes of Figure 3.30, Figure 3.32(b), and Figure 3.33(b)
are now used to compute the mean skew angles yy,, of each macro-scale vortical structure with respect
to the propeller’s axis of rotation. These values serve as the reference values to be compared against

the predictions of the simplified model introduced in Section 3.2.6.

The comparison is initially carried out with y /g evaluated under the assumption of a rigid wake
topology (k, = 1). The results are shown in Figure 3.35 for u = 0.08, 0.17, 0.24, and 0.32. A dashed
black line representing the identity x5 = Xv,,, 18 also reported in each plot as a reference. Furthermore,
each data point includes rectangular error bars: the width represents the standard deviation of yy,,
associated with trajectory linearity, i.e., how far the fitting is from being linear, while the height
accounts for uncertainty in the y)sp calculation due to the azimuthal averaging of the thrust loading, as
shown in Eq. 3.9. Notably, the HV data in Figure 3.35(a) feature rectangular error bars collapsed to
horizontal bars, since the thrust is integrated across a single azimuthal sector of Ay = 360°, as discussed
in Section 3.2.6. However, HV shows relatively large errors in the yy,,, evaluation, particularly at
1 =0.08, where the standard deviation reaches approximately 10°. As u increases, the discrepancy
between yup and yv,,, decreases, with a prediction error of only 3.4° observed at u = 0.32. Focusing
on TV in Figure 3.35(b), TV, initially exhibits a large discrepancy of approximately 30° at u = 0.08,
along with a substantial standard deviation due to the significant curvature of the identified trajectory.
However, the results show a rapid convergence, with errors reduced to 2—-3° already at 4 = 0.17. In
contrast, TV, is initially well-aligned with the identity line but diverges from it at higher y, indicating
a systematic overprediction of the simplified model. The CVP angles, shown in Figure 3.35(c), display
an overall converging trend. Both CVP,,,, and CVP;,, asymptotically approach the yyp = xv,, line as
u increases, with both the prediction error and the associated standard deviations decreasing and nearly

becoming null at u = 0.32.

The accuracy of the rigid wake model can be further evaluated by computing the mean absolute
error (MAE) between the yv,,, and yap angles. Such errors are displayed in the first row of Table 3.2.
For all the considered structures, the MAE remains below 12°, with the largest error observed for
TV 4y, primarily due to the low prediction accuracy at u = 0.08. At this low cross-flow ratio, the wake
is still transitioning from a hovering-dominated topology to one shaped by cross-flow advection. As a
result, vortex trajectories exhibit a marked curvature, which introduces substantial uncertainty in the

evaluation of yy,, and leads to noticeable outliers in the yp predictions relative to higher-u trends.
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Table 3.2 also includes the MAE values obtained using two alternative low-order models: the actuator
disk hypothesis (k, = 2) and the flat wake hypothesis (k, = 0.5), shown respectively in the second and
third rows. The corresponding scatter plots of yp as a function of yy,,, are displayed in Figure 3.36
and Figure 3.37, using the same graphical layout adopted in Figure 3.35.

The actuator disk hypothesis significantly improves the prediction of HV and of both TV,,, and
TV, featuring k, = 2. By assuming a progressive flow acceleration downstream of the disk, this
model accounts for an increase in induced velocity up to twice that of what is predicted by the rigid
wake assumption. This correction yields a reduction in the MAE, with errors falling below 8°, as
shown in the second row of Table 3.2. In Figures 3.36(a,b), the HV and TV predictions closely follow
the ymB = xv,, identity line, with deviations below 7° for u > 0.08. At p = 0.08, however, a poor
agreement is still obtained. The actuator disk model performs worse for the CVP vortices, whose
predicted yp angles deviate substantially from the y 5 = yv,, line, yielding MAE up to 24°. This
discrepancy arises because the actuator disk theory does not account for the formation mechanisms or
topology of CVP.

A more suitable prediction for the CVP structures is provided by the flat wake model, which adopts
a correction factor of k, = 0.5. The corresponding scatter plots are shown in Figure 3.37. In this case,
the predicted yp angles are nearly superimposed on the yyp = xv,, identity line, resulting in the
lowest MAE among all tested models of approximately 2° for both the CVP,,,, and CVP;,,. The flat
wake model, however, is not adequate to accurately capture the skew angle of HV and TV structures.
The predictions for these vortices, particularly at low u, show significant deviations from the identity
line, indicating that the model underestimates the axial velocity required to maintain the observed

vortex alignment.

Overall, the proposed model, coupled to the best-performing wake model for the specific vortex
types, gives good indications of the wake topology. Moreover, the model is not specific to the
investigated propeller geometry, as only the thrust distribution and the cross-flow ratio are given as

input.
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HV  TV,, TVs4  CVP,, CVP,
ky=1 6° 10° 12° 9° 6°
ky =2 6° 8° 4° 24° 14°
k,=05 | 13 18° 18° 2° 2°

Table 3.2 Mean absolute error between yv,,, and yp for the different vortices and wake models; minimum
values for each vortex are highlighted in bold.

A simplified momentum-balance model is introduced to estimate the deflection of the main vortical
structures in the propeller wake. Traditional identification methods, such as those based on the I,
criterion, require refined meshes, extensive data storage, and non-trivial pre- and post-processing,
making them unsuitable for rapid analyses. The proposed model offers a lightweight alternative that
directly predicts the main vortical structures’ skew angles from the disk loading distribution. The

methodology relies on four steps:

1. The momentum-balance approach is applied to the cross-flow case to evaluate the non-dimensional

axial induced velocity A from the thrust distribution on the propeller disk.

2. The approach is specified to the i vortex by averaging the thrust over a certain portion of the disk,
based on where the i vortex is initially shed from the blades. A value of A; is obtained for each
vortex.

3. A correction factor k) is introduced to account for the wake topology modelling. The obtained
results suggest the use of k,, =2 (actuator disk wake model) for the tip vortices and hub vortex,

and k, = 0.5 (flat wake model) for the counter-rotating vortex pair.

4. The skew angle of the i vortex can be computed as yp; = tan™! (ﬁ) choosing the adequate

value of k), for each vortex.

Overall, the simplified framework provides satisfactory predictions, with mean absolute errors below
8°, and a clear reduction of the discrepancy as u increases. The method offers a general and geometry-
independent tool for estimating wake deflection using only the thrust distribution, the cross-flow ratio,
and a correction factor for the wake modelling, which depends only on the analysed vortex and not on
the propeller geometry. The primary benefit of this approach lies in the possibility of reducing the
computational cost and data-storage requirements of high-fidelity simulations: when using this model,
the mesh in the wake region does not need to be excessively refined to track the vortex trajectories, as
an accurate evaluation of the mean skew angle comes from the thrust distribution on the propeller disk
and is already ensured by the refinement near the blades. A further advantage concerns the potential
reverse use of the model to infer the disk loading from flow-field measurements. By computing the

vortex skew angles from PIV data in the wake, the model enables an estimation of the mean thrust in
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specific disk sectors and, in addition, an approximate evaluation of the total thrust through the analysis
of the hub vortex.

3.2.7 Conclusions

The simulations show satisfactory agreement with experiments in capturing the trends in time-averaged
loads and flow features, despite some discrepancies that may be attributed to inherent differences
associated with the flexibility of the blade and experimental limitations at low-force regimes. Moreover,
the non-trivial Reynolds number regime ought to be accounted for in the simulation of such a flow
field, which adds complexity to the investigation.

The analysis of the disk loading highlights how the cross-flow introduces pronounced azimuthal
asymmetries in the relative inflow experienced by the blades, resulting in asymmetric thrust distributions
and periodic, unsteady loading. At low cross-flow ratios, the flow exhibits asymmetric induction effects
on the propeller disk, with increased local angles of attack on the windward side and reduced ones on
the leeward side. These effects produce significant pitch and roll moments. The roll moment caused
by cross-flow is somewhat expected; however, to the author’s knowledge, there is no prior mention
in the literature of the generation of a pitching moment. The roll moment is found to overcome the
pitch moment as the cross-flow velocity increases, while the pitch moment becomes negligible. The
proposed decomposition of the thrust per unit length reveals the presence of a secondary effect linked
to the distortion of the local inflow pattern on the propeller’s disk, which is the main contribution to the
aforementioned pitching moment and adds to a primary kinematics effect linked to the variation in

dynamic pressure.

The investigation into the role of the propeller support reveals that the performance coefficients
are primarily unaffected by its presence. Conversely, the induced wake is substantially modified
near the propeller. Proper Orthogonal Decomposition (POD) and spectral analyses reveal that the
support introduces additional periodic disturbances, associated with the vortex shedding from the
support, altering the spatial distribution and the coherence of the propeller’s wake vortices in the
downwind region. The characterisation of the wake and vortex dynamics in the absence of the
propeller’s support reveals a progressive transformation of the vortical system as the cross-flow velocity
increases. The classical hovering vortex system, mainly composed of tip and hub vortices, transitions
into an asymmetric configuration marked by the formation of a counter-rotating vortex pair (CVP),
initially shed from the leeward and windward regions and predominantly oriented toward the cross-flow
direction. This vortex system behaves similarly to that observed for jets in cross-flow, featuring the same
pressure differential-driven formation mechanism. However, different from jets, the two branches of the
CVP feature different trajectories and intensities, due to the azimuthal dependency of the momentum
source, i.e., the blades’ thrust. The tracking of the vortex core paths using the I';-criterion displays the
appearance of a well-defined CVP where a change in trend is observed in the performance coefficients,

as evidenced both experimentally and numerically.
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The vortices’ trajectories’ deflection is additionally evaluated with the use of a simplified approach
based on momentum balance. The comparison with the trajectories’ deflection evaluated via vortex
identification highlights the potential of this simplified approach in capturing essential features of
wake deflection in cross-flow conditions. Despite the complex three-dimensional vortex system, the
proposed approach provided an accurate prediction of the hub vortex and tip vortices deflection using
an actuator disk modelling for the wake topology (k, = 2). The flat wake model (k, = 0.5), originally
derived in the context of helicopter aerodynamics, proved instead particularly effective in predicting the
CVP deflection, as the wake becomes quasi-planar especially at high advance ratios. These findings
demonstrate that, when carefully parametrised (e.g., via localised thrust estimation), simplified models
can offer reliable preliminary predictions of the wake behaviour with minimal computational cost. It

is indeed sufficient to dispose of the thrust distribution on the propeller’s disk to predict the vortices

mean trajectories in the induced wake.

The present work provides the rotorcraft community with new insight into the fluid-dynamic
mechanisms governing the interaction between propellers and cross-flows. Although the quantitative
results are specific to the geometry investigated, the physical interpretation of the mechanisms responsible
for the increase in thrust and torque with the cross-flow ratio, as well as the detailed description of the
induced-flow evolution, can be readily extended to other propeller or rotor configurations. In addition,
this study introduces a simplified approach for predicting the wake deflection based solely on the
thrust distribution over the propeller disk. Such a method is directly applicable to different propellers
and operating conditions. It may prove valuable in several contexts, ranging from propeller-propeller
interaction problems to agricultural spraying, where an accurate estimation of wake deflection is

essential for design and operational purposes.



Chapter 4

Dynamic operative conditions

4.1 Dynamic rotational speed variation

The scope of the present section is to illustrate, in a more general case, the main effect of dynamic
rotational speed variations. The considerations that follow are then supported by the results of section
4.1.2. In particular, the propeller is subject to an axial inflow of velocity V., accelerating from n = ng
to n =np = na +dn, as depicted in Figure 4.1.
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Fig. 4.1 Schematic representation of a propeller in axial inflow subject to a rpm variation.

Under these operative conditions, regardless of the value of V,, an acceleration primarily leads to
an increase in thrust and torque compared to a steady-state case at the same instantaneous rotational
speed. The opposite holds for a deceleration maneuver. From a fluid dynamics perspective, the onset
of the effects in the wake associated with the blade motion is characterized by a lag effect. A blade
that rotates at n = np, during the acceleration, interacts with the velocity field induced before by the
previously passing blade, when the propeller was rotating at a lower speed. Such lag affects the relative
velocity W seen by the blade, since both the tangential induced velocity (") and the axial induced
velocity (v*) are different compared to the steady-state values. W is particularly affected in terms of its

orientation rather than its magnitude. This change is subsequently reflected in the value of @ seen by
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the blade and therefore on the loads, such as the propeller’s thrust and torque. The magnitude of W
is also slightly modified, but this effect is of a lower order compared to that related to the @. If the
dynamic rpm variation occurs slowly enough, the lag effects of the induced flow field become almost

negligible, and the maneuver can be considered as quasi-steady.

To better illustrate the influence of an acceleration maneuver, it is useful to focus on a single blade
element, positioned at a distance r from the propeller hub. The effect of the maneuver is indeed
assumed to be primarily related to the plane containing the blade element, which is perpendicular to the
radial direction. Two steady-state cases at the same fixed V., value are illustrated for comparison: in the
steady-state case A, shown in Figure 4.2(a), the propeller rotates with n = n4. In steady-state condition
B, shown in Figure 4.2(b), the propeller rotates at a slightly greater speed n=ng, where ng = n4 + dn.
Under these conditions, the relative velocity Wp is greater than W, due to both the increase in the
tangential velocity component (nrzr/30 —u’) and to the increase in v'. @ remains almost unaffected
between the two conditions, while an increase in thrust and torque is observed, hence almost exclusively
due to the increase in W.

(a) (b)

Voo

(> l’,’)
Ve (<)

’
Uc

(= uy)

(c)

Fig. 4.2 Schematic representation of a blade element under different steady-state and dynamic conditions. (a)
Steady-state case with n = n4, (b) steady-state case with n = ng = n4 + dn, (c) dynamic case with n = np.

Focusing on a third dynamic case C, as shown in Figure 4.2(c), where the propeller is instantaneously
rotating at n = np, accelerating from a previous state where n was equal to n4. In Figure 4.2(c), it
can be first observed that the blade element shows a tangential velocity component which is almost
identical to the steady-state case B. This occurs because u’ is usually negligible compared to the
kinematic contribution nrz/30. On the contrary, v’ is of the same order of magnitude as V,, and usually

one order of magnitude greater than u’. Its variation consequently has a non-negligible effect on the
’

A
¢ 1s expected to be closer to v/, in rapid accelerations, and conversely closer to v/, in

vector composition of W. The axial induced velocity vi. will be between v/, and v/, with v/, <v/.

In particular, v
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quasi-steady or slow maneuvers. The vector composition of the axial and tangential velocities, in the
dynamic case, leads on one hand to a slight reduction in the relative velocity W¢, but on the other
hand to a more relevant increase in @. The increase in @ outweighs the decrease in relative velocity,
thereby leading to an overall increase in both thrust and torque. Similar considerations can be made for
a deceleration maneuver, where the angle of attack decreases compared to the equivalent steady-state
case, and consequently, both thrust and torque result in being lower.

The wake topology downstream of the propeller is also modified due to the acceleration maneuver.
The flow field tends to adapt to the instantaneous rotational speed of the propeller during the maneuver,
and consequently, as the rpm increase, the wake becomes narrower, with the main vortical structures
getting closer to the propeller axis. This is due to a dynamic shift from a high efficiency operative
condition to a lower efficiency one, as V, is kept fixed. For high rpm variation rates, this topological
modification of the wake occurs in a few propeller revolutions, and adjacent vortices can display very
different trajectories and strengths. At small inflow velocities, this can anticipate or delay the interaction
between vortices and consequently affect the transition to turbulence of the wake. Conversely, at high
inflow velocities, the vortices are more widely spaced in the axial direction, and their interaction is
rarely observable in the vicinity of the propeller, even at high rpm rates. However, the evolution of the
wake still shows a lag, which is particularly evident in the axial velocity component and affects the

propeller’s performance.

Thrust variation due to the lag effect The relation between the induced velocity lag in dynamic
rpm variation maneuvers and the variation of thrust is now explored in detail. As anticipated, the wake
lag effect mainly leads to a variation of the angle of attack « and relative velocity W seen by the blades’
elements, consequently affecting the propeller’s loads. The thrust is shown to be particularly influenced
by the variation of the angle of attack, which overcomes the contribution due to the variation of relative

velocity, and leads to an increase in thrust in acceleration and a decrease in deceleration.

In particular, let’s focus on the isolated blade element illustrated in Figure 4.3, positioned at a
distance r from the propeller’s hub. The effect of the dynamic maneuver is assumed to be primarily
related to the plane containing the blade elements, which is perpendicular to the radial direction. For an
isolated blade element, dT is obtained through Eq. 4.1. Since the airfoil is aerodynamically efficient,
the drag contribution can be neglected compared to the lift contribution in the first approximation. The
elementary thrust can hence be written as in Eq. 4.2.

dT = dLcos(B—a)—dDsin(8—a) 4.1)

dT ~ dLcos(B—a) = %pchWz(,B—a/) 4.2)
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Fig. 4.3 Schematic representation of a blade element at a distance r from the propeller’s hub.

cr can be approximated as a linear function of a for low angles of attack as ¢, ~ ¢} @, where
¢ is a positive constant parameter. This approximation is mostly suitable for higher Re. regimes,
particularly for larger propellers than the one treated in the present work. However, the purpose is to
obtain a general formulation, which establishes a qualitative trend of the thrust as a generic propeller is
accelerated or decelerated in axial inflow conditions. As represented in Figure 4.3, @ and W? can be
written as functions of the tangential and axial velocity components as in Eq. 4.3. The ratio between
the axial velocity component (Vo +v’) and the tangential component (Qr —u”) is denominated A,. The
elementary thrust can therefore be written in Eq. 4.4. The non-dimensional quantity A, includes the
two induced velocity components u” and v’, which are subject to a lag effect in a dynamic rpm variation
maneuver. Nevertheless, u’ is usually around one order of magnitude smaller than v’ and than Qr.
Therefore, in this context, 4, is assumed to only vary with v’. The remaining quantities are assumed to
be positive and constant and can therefore be gathered in a single quantity k., = % pccy (Qr — u’)?, as
written in Eq. 4.5.

dT = %pcc'L (,8 —atan (;/; t Z: )) ((VOo +')? + (Qr - u')z) cos (atan (S‘;j i:;)) (4.3)
dT = % pecy (B—atan(4,)) (A7 +1)(Qr —u')*cos(atan(2,)) 4.4)
dT = keost (B—atan (A,)) - (/l% +1)-cos(atan(A,)) (4.5)

The non-dimensional elementary thrust d7,, = dT [ k., is displayed as a function of A, in Figure
4.4 for different values of S. In particular, this latter parameter is varied between 0° and 60° to account
for a wide range of twist angles, considering both low- and high-pitch propellers. A, is instead varied
from O to 1, to cover an extensive range of possible operative conditions.

Regardless of the considered S angle, dT, results in being a monotonically decreasing function
of 4,, featuring an almost linear trend. As S is increased, the curves are translated towards greater
dT, values, without significant slope variations. Despite the thrust-increasing contribution of the term

(/l% +1) due to W?2, the two remaining terms related to @ dominate in the analysed range, leading to a
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Fig. 4.4 Non-dimensional elementary thrust d7,, as a function of A, for different values of 3.

monotonically decreasing trend. Small decreases of A, are representative of an acceleration maneuver,
as v/ appears lower than in the steady-state case. Regardless of the blade element considered and of its
associated B angle, an increased elementary thrust is observed compared to the steady-state condition,
leading to an overall increased integral thrust. The opposite behaviour is observed in deceleration,
where A, is instead increased, leading to a lower thrust value. A similar handling could be carried out
for the elementary torque, but it is avoided for the sake of conciseness. In addition, both elementary drag
and lift contributions should be taken into account, leading to the necessity of additional assumptions

on the free parameters.

4.1.1 Implementation of the maneuver in VPM and simulations matrix

The dynamic variation of rpm is performed by updating the value of n at each iteration, based on the
type and rapidity of the maneuver. In the present work, a simple ramp is considered, corresponding to
a linear function of n over time. Different ramps might be more representative of a real rpm variation
maneuver, but the scope of the present work is to highlight the differences compared to a steady-state
case. The rpm are thus updated at each time #; to n; as in Eq. 4.6. The subscript "Start" refers to
the start of the maneuver, and, for the current simulations matrix, ng;,+ was set to 3,000 rpm for the
acceleration and to 7,000 rpm for the deceleration. tg;,,, was chosen to perform around 80 revolutions,
reaching a converged steady-state before the start of the maneuver. The value of 7g;,,; Was consequently
chosen around 1.5 s for the acceleration and 1 s for the deceleration maneuvers. The rpm value reached
at the end of the maneuvers is indicated with ng,4, and it was set to 7,000 rpm for the acceleration and
to 3,000 rpm for the deceleration. Finally, ¢, refers to the time needed to perform the maneuvers. To
maintain a constant Ay equal to 5 degrees throughout the simulations, it is also necessary to update the
value of Ar at each iteration. Since it is calculated as Ar = Ay /(6n), it must be updated accordingly
with n. In this way, particles are homogeneously shed throughout the propeller’s revolution, even if the

propeller changes its rotational speed.
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NEnd — NStart (

P t; _tStart) (46)

n; = Nstarr +

Multiple simulations were performed with a fixed value of V, = 3 m/s. Three values of 7, are taken
into account for the acceleration and deceleration maneuvers, leading to a comparison among three
different ramp rates m,, a quantity that hereby represents the intensity of a linear ramp and is defined
as m, = "”‘d;—r”"’“”. The ramp rates considered in the present work are: 4,000 rpm/s, 40,000 rpm/s, and
80,000 rpm/s. The results are then compared with steady-state cases, simulated between 3,000 and
7,000 rpm with increments of 500 rpm, in terms of the aerodynamic performance and instantaneous
velocity and vorticity fields. The vorticity field is furthermore used in conjunction with the Q-criterion

[102] field to investigate the wake topology, particularly characterizing the evolution of the tip vortices.

The acceleration maneuver with m, = 80,000 rpm/s is furthermore repeated 100 times to obtain
the averaged velocity field at mid-maneuver, i.e., at 5,000 rpm. The simulations are carried out
considering a random initial azimuthal angle ¢, to avoid phase-locking. The averaged velocity field
is then compared with the time-averaged velocity fields evaluated in steady-state conditions at 3,000
and 5,000 rpm. To assess the convergence of the mean flow field in the dynamic case, the relative L?
norm is evaluated. The norm is calculated every 10 repetitions as in equation 4.7, where Vzi is the

mean velocity field evaluated after i repetitions and V

2100 18 the mean velocity field evaluated after 100

repetitions.

L2 — ||VZ[ - V2100||2 (4'7)

S Vel
The effect of the axial inflow on the flow field stemming from the dynamic maneuver is finally

investigated, keeping a constant value of m, = 80,000 rpm/s and varying the inflow velocity to V, =
1.5 m/s and V, = 4.5 m/s.

4.1.2 Results

In this section, the results obtained from the VPM simulations are shown. The primary goal is to
analyse the effect of a linear rpm ramp over time at a fixed axial inflow velocity of Vo, =3 m/s. To
this end, a specific focus is paid to the integral quantities such as the thrust Cr and the torque Cg

coeflicients, investigating the causes behind the differences between dynamic and steady-state cases.

Aerodynamic performance

The effect of the dynamic variation of rpm is primarily noticeable on the integral thrust and torque. The

non-dimensional coefficients C7 and Cp are shown as a function of n in Figure 4.5. The acceleration
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and deceleration maneuvers are represented with solid and dashed lines, while a different colour is
used to highlight each case’s ramp rate m,. The integral values obtained in steady-state conditions are
superimposed on the dynamic cases for a quantitative comparison. Both acceleration and deceleration
maneuvers are performed by starting from a converged steady-state operative condition; therefore, they
show initial thrust and torque values that are equivalent to the values obtained in the static cases. As
the ramp rate is increased, Cr and Cy start to deviate from the steady-state values. In particular, during
acceleration, both thrust and torque increase with the ramp rate, while in deceleration, they decrease
with the m,. The maneuver featured by m, = 4,000 rpm/s is almost superimposed on the steady-state
cases, with relative differences of 6C7 and 6Cyp below 1%. The intermediate ramp with m, = 40,000
rpm/s already shows marked relative deviations, with a maximum of around 4% deviation at 4,000 rpm
in acceleration and 5% at 3,000 rpm in deceleration compared to the steady-state cases. Ultimately, the
most intense ramp with m, = 80,000 rpm/s displays deviations around 10% in both acceleration and

deceleration.

The acceleration and deceleration maneuvers are similar in terms of relative deviations compared to
the steady-state cases. However, there is a remarkable difference at the end of the maneuver between the
two. Since the ramp rate is constant throughout the entire maneuver to ensure a linear variation of rpm
over time, the dynamic effect on the propeller’s performance will be greater when the ratio between m,
and the instantaneous rpm is also greater. This entails that the effect of both maneuvers will be greater
at 3,000 rpm. On one hand, the acceleration maneuvers are constrained to start at 3,000 rpm with Cr
and C¢ values which equal the steady-state values, but then suddenly show a significant increase at the
start of the maneuver, with maximum differences located around n = 4,000 rpm. Subsequently, towards
the end of the maneuver at ng,4 = 7,000 rpm, the differences with the steady-state values decrease, and
the dynamic curves appear almost superimposed on the steady-state values. On the contrary, during the
deceleration, the differences with the steady-state cases are smaller at the beginning of the maneuver
(nstare = 7,000 rpm) and increase as n decreases throughout the maneuver, reaching the greatest relative
deviations at the end of the maneuver (ng,; = 3,000 rpm). This significantly affects the propeller’s
stability, which undergoes an rpm variation maneuver. Considering a constant ramp rate over time, the
acceleration ensures a final condition that is more similar to a steady-state case, while in deceleration,
the effect of the maneuver is amplified as the ending rpm decreases, leading to C7 and C¢ values that
are far from the steady-state case values. This suggests the inefficiency of a constant m, ramp, most

likely not optimal to perform rpm variation maneuvers.

To investigate in detail the reasons behind the observed trends in the integral quantities, the focus
is now shifted to the distribution of thrust per unit length along the blade span. Such quantity is
only analysed at mid-maneuver, i.e., at n = 5,000 rpm, for both the acceleration and the deceleration,
since qualitatively similar conclusions can be drawn at different n values. In a first instance, the
non-dimensional thrust per unit length (sc,) along the blade span is displayed in Figure 4.6. The sc,
distribution shows the same trend observed for the integral thrust, deviating from the values of the
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Fig. 4.5 Comparison of Cr and Cg as a function of n between dynamic maneuvers and steady-state conditions.
Solid lines correspond to the acceleration maneuver, while dashed lines indicate the deceleration maneuver.

steady-state case as the ramp rate is increased at almost all radial coordinates. The most significant

differences for both acceleration and deceleration are observable between /R = 0.5 and /R = 0.9.

The thrust generated by each element of the lifting line can be approximated as the lift of that
element, depending in turn on parameters such as the magnitude of the relative velocity squared W?
and the angle of attack a. The variation in thrust and torque compared to the steady-state case is
hence mostly attributable to the variation of these two quantities. The radial distributions of relative
differences of W? and @ compared to the steady-state case, also extracted at 5,000 rpm, are displayed in

Figure 4.6.

The relative differences observed for W2 result in being small, even considering the fastest maneuver,
being below 1% for r/R > 0.4, where the blade shows the greatest contribution to the overall thrust. The
greatest SW? are obtained for r /R < 0.4, reaching a maximum of around 2.8% at r/R = 0.2. However,
in such a region, the blades almost negligibly contribute to the overall thrust. Although the relative
velocity decreases in acceleration and increases in deceleration, its deviation from the steady-state case
does not represent the main contribution to the variation in the integral thrust and torque values. In
particular, the variation of « plays a leading role, showing more significant deviations along the blade

span.

Although the highest 6« values are located close to the hub, significant relative deviations are
registered even in the most load-bearing portion of the blade (/R > 0.6). Such quantity furthermore
appears to increase as the ramp rate is increased in acceleration and to decrease in deceleration, leading
to the variations of integral thrust and torque observed in Figure 4.5. The two quantities, W2 and «,
therefore contribute in opposition to the performance trends, with the variation of the former being

negligible or at least overcome by the latter.
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It should also be noted that, although the quantities are extracted at the same rpm at mid-maneuver
for both acceleration and deceleration, the ¢ values are not symmetrical for the two maneuvers. In
the acceleration, the maximum deviation from the steady-state case has indeed just been reached at
lower rpm, around n = 4,000 rpm. For this reason, slightly greater deviations are observed at high r/R
in both @ and W? (although not visible at this scale). On the contrary, in deceleration, the maximum
deviation from the steady-state case has yet to occur, and the ¢ values are smaller. These considerations

highlight the presence of a hysteresis effect between acceleration and deceleration maneuvers.
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Fig. 4.6 Thrust per unit-length sc, as a function of /R at mid-maneuver (n = 5,000 rpm). Solid lines correspond
to the acceleration maneuver, while dashed lines indicate the deceleration maneuver.

As anticipated, the differences between steady-state and dynamic cases can be essentially attributed
to the lag effect in the induced velocity in the wake. The velocity can be decomposed into a tangential
(u") and an axial (v') component. The variation of #” and v’ is thus responsible for the variation of «
and W2, consequently affecting the overall performance of the propeller. Again, at mid-maneuver (1 =
5,000 rpm), the distributions of |u’| and |v’| along the blade span are extracted and displayed in Figure
4.7, comparing the dynamic cases in acceleration and deceleration with the steady-state case. The two

nmw

quantities are normalized with respect to QR, where €2 is calculated as Q = 55, considering n = 5,000

rpm.

The two induced velocities show a significant relative difference compared to their steady-state
values. In particular, |u’| increases during acceleration and decreases during deceleration, while |v’|
follows the opposite trend. u’ is usually slightly underestimated in VPM models that feature a lifting
line approach, as the vorticity shed by the boundary layer is not modelled. Since the particles are shed
from the blades’ trailing edges in the tangential direction, they cannot induce a velocity on the same
axis, and, as a consequence, the contribution to the value of u” of the earlier age particles is reduced
due to their relative position in the computational domain. Notwithstanding that, u” results in being
almost one order of magnitude smaller than |v’| and results in being up to two orders of magnitude
smaller than Qr, which is why it is often neglected in preliminary or approximate calculations [27].
As a consequence, even if the relative variation of the induced velocities is similar, the influence

of v/ prevails, while the effect of ' can be neglected. The decrease of v’ in absolute value during
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acceleration and increase during deceleration, respectively, lead to an increase and a decrease in «.
On the other hand, W? follows the opposite trend, decreasing as v/ decreases and increasing as v’
increases. In this context, the relative velocity W is composed of a significant, but almost invariant,
tangential component (Qr —u”) and an axial component (V,, +v’) that, despite being smaller, implies
non-negligible variations in dynamic conditions. The effect of the variation of @ with v’ overcomes the
effect of the variation of W2, leading to increasing loads in the acceleration and decreasing loads in the
deceleration.
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Fig. 4.7 Induced velocities |u’| and |v’| distributions as a function of r/R at mid-maneuver (n = 5,000 rpm).
Solid lines correspond to the acceleration maneuver, while dashed lines indicate the deceleration maneuver.

This conclusion can be generalized to other different propellers in axial inflow, even at different
rpm, as the tangential velocity component is often much larger than the axial one, especially in the

outboard and more load-bearing portion of the blades.

Induced wake instantaneous flow features

In the present section, the main features of the flow field induced in the wake by the different maneuvers
are investigated and compared to the steady-state cases. The flow field is extracted on a x — z plane,
where, at the shown flow field plane, x corresponds to the axis oriented toward the propeller’s radial
direction, and z is the axis oriented toward the propeller’s rotation axis.

The flow fields are initially displayed in terms of instantaneous axial velocity along the z axis (V,),
again extracting the velocity fields at mid-maneuver with n = 5,000 rpm. The dynamic maneuvers are
performed to be phase-locked at n = 5,000 rpm, so the extracted flow fields display the propeller with
its blades oriented towards the x axis at the same azimuthal angle . The steady-state flow fields at n =
5,000 rpm are reported for the sake of comparison, namely, steady-state;;4 cases. The steady-state flow

fields at n = 3,000 rpm in acceleration and n = 7,000 rpm in deceleration are additionally displayed,
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namely steady-states;,,; cases. In this fashion, it is possible to compare the flow features of the dynamic
cases with the flow features before the start of the maneuvers. The instantaneous axial velocity fields
are displayed in Figure 4.8 in non-dimensional form. For the sake of consistency, the quantity QR,

used for the normalization, is calculated by taking n = 5,000 rpm even for the steady-stateg;,,, cases.
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Fig. 4.8 Colourmaps of the normalized instantaneous axial velocity V,/QR for the dynamic and steady-state
cases. The propeller-shaped mask is added to improve the clarity.

The induced flow field resembles the steady-state case carried out at 5,000 rpm in terms of axial
velocity values and radial extension of the wake as m, is lower. The dynamic case featured by m,
= 4,000 rpm/s indeed displays V, values which are very close to the steady-states;; case, both in
acceleration, where there is a slight underestimation, and in deceleration, where the opposite occurs.
At higher ramp rates, a radical change in the wake structure is observed. In particular, a decrease in V,
is noticeable in acceleration while there is an increase in deceleration, approaching the values of the
steady-states;,,, case, especially at high z/R values. Focusing on the acceleration maneuver, the wake
widens in the radial direction as m, is increased. At 3,000 rpm, which represents the starting point for
the maneuver, the propeller operates in conditions of high efficiency, displaying a radially wider and
therefore more cylindrical-shaped flow tube. Throughout the acceleration, the wake at high z/R shows
similar features to those that can be observed also at the beginning of the maneuver at 3,000 rpm, both
in terms of V, values and radial extension. The wake velocity varies significantly in the z direction,

leading to a significant axial velocity gradient which also increases as m, is increased.

Similar considerations can be made for the deceleration maneuver, where the wake corresponding
to the steady-stateg;,,; case instead displays higher axial velocities and a decreased radial extent. The
propeller here operates at lower efficiency, being characterized by n = 7,000 rpm at the same inflow
speed. In the deceleration maneuver at m, = 80,000 rpm/s, the propeller takes about 2.5 revolutions to
slow down from ng;4,; = 7,000 rpm to 5,000 rpm. As the propeller is two-bladed, 5 pairs of symmetric
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tip vortices are generated in this period in the investigated plane, identifiable by pseudo-circular zones
of high axial velocity in the wake adjacent to zones of negative velocity immediately outside the wake.
After the fifth pair of tip vortices, located around z/R = 1.6, the structure of the flow field is quite
similar to that before the start of the maneuver. Despite this portion of the wake being induced under
steady-state conditions, it is still affected by the deceleration maneuver, and, locally, the wake velocity
is slightly lower at the same z/R compared to the steady-state case.

The different dynamic cases are now compared in terms of the instantaneous vorticity component
along the y axis (wy). The relative colourmaps are displayed in Figure 4.9 with a similar arrangement
to that of Figure 4.8, to compare the dynamic cases with the steady-state cases at the start of the
maneuver (steady-states;,,,) and at mid-maneuver (steady-state ;). The vorticity w, is normalized
with Q, again evaluated at n = 5,000 rpm. Figure 4.9 displays the colourmap of the y axis aligned
vorticity component, indicating in red (blue) w, > 0 (wy < 0). A blanking is applied to the colourmap

for values of w, near zero.
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Fig. 4.9 Colourmaps of the normalized out-of-plane vorticity w, /Q for the dynamic and steady-state cases. The
propeller-shaped mask is added to improve the clarity.

In each of the displayed cases, two main pairs of vortical structures evolve in the axial direction and
are symmetric with respect to the z axis. The first and strongest pair of structures is composed of the
tip vortices, with positive vorticity at x > 0 and negative at x < 0, according to the propeller’s rotation
direction. The root vortices, on the other hand, are characterized by lower w, than the tip vortices shed
from the same blades and also an opposite rotation direction. At a ramp rate of m, = 4,000 rpm/s, the
vortex structures are similar in terms of vorticity values and position to the steady-state,s;4 cases in both
acceleration and deceleration. By increasing the ramp rate, the structures located at high z/R values
show a lower w, value, and the wake structure instead resembles more the steady-state case at the

beginning of the maneuver, corresponding to 3,000 rpm in acceleration and 7,000 rpm in deceleration.
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The w, fields can be used along with the Q-criterion fields to quantitatively characterize the
evolution of the tip vortices. The Q-criterion fields in the plane x — z, not shown for the sake of
conciseness, indeed allow to identify the regions of the flow field where the rotation prevails over the
shear (0>0) [103].

The trajectory of the tip vortices can be investigated by applying a vortex identification approach,
such as the Q-criterion. In this case, a value of O>0 and equal to 20% of the maximum value recorded
in the steady-state case at 5,000 rpm is selected for the identification of the tip vortices. The location of
the maximum value of Q is associated with the vortex center. The vorticity wy is then integrated over

the vortex area according to the Stokes theorem to evaluate its circulation.

The choice of a different threshold to identify the tip vortex is arbitrary and might affect the
evaluated vortex circulation. However, in the light of a comparative assessment between the investigated

cases, we deem it sufficient to select the same threshold for all cases.

The comparison between the dynamic and steady-state cases in acceleration and deceleration is
shown in Figure 4.10 in terms of the vortices’ trajectory and circulation I',. The analysis of these
structures is also useful to understand how the wake evolves in terms of axial and radial stretching.
Due to the symmetry property of the wake, the vortices generated by the blade positioned at x/R > 0

are exclusively shown.

Trajectory Circulation

; < | |/ =

1.0 T/ (¥ \ 1 =
[
&

1.5

Acceleration
2/R

—8— Steady-stategiare
/ —¥— Steady-statensia
/ —&— m, = 4,000 rpm/s
v —&— m, = 40,000 rpm/s
—4— m, = 80,000 rpm/s

T

2.0

2.5

3.0
-0.5

- | e

s A A

Deceleration
z/R

2.0 = A /

2.5 &) ﬁ / / /

30 0.7 0.8 0.9 0.00 0.01 0.02 0.03
2/R r,/QR?

Fig. 4.10 Tip vortex trajectory and circulation for the steady-state and dynamic cases.
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Opposite trends can be immediately detected during the acceleration and deceleration maneuvers,
both in terms of trajectory and vortex circulation. The tip vortices of the steady-state,s;; case are
initially identified at x/R = 0.98 and then advected inboard, stabilizing around x/R = 0.85 for z/R >
0.7. In all the analysed cases, the first vortex shows a significantly higher I';, value than the vortices at
greater axial distances. From the second vortex on, the circulation decreases almost linearly as z/R
increases, reaching almost zero for the last identified vortex, located at z/R = 2.55. For higher z/R, the
Q value is not high enough to overcome the chosen threshold, as the vortices in this region become too
weak and eventually break down due to the lower convective velocity of the wake and the shear forces

caused by the entrainment of the external flow.

Focusing now on the dynamic acceleration maneuvers, fewer vortices are identified in the wake
region than in the steady-state,s;4 case. Moreover, the vortices are arranged at higher radial coordinates
as m, increases, suggesting that the wake is wider than in the steady-state case. At the same time, the
circulation is lower and tends to zero for lower axial coordinates z/R. The inboard shift of the vortices’

evolution with increasing values of m, suggests that the wake is shrunk in the axial direction.

Focusing instead on the deceleration maneuver, an opposite trend is observed. As m, increases, the
tip vortices appear displaced at lower radial coordinates, indicating that the wake is shrunk in the radial
direction. At the same time, the circulation increases as the ramp rate increases, and it is particularly
interesting to observe that, at m, = 80,000 rpm/s, the circulation results in being very similar to the
steady-state case at the beginning of the maneuver for z/R > 2. At such large m, values, 2.5 revolutions
are needed to decelerate from 7,000 rpm to 5,000 rpm; therefore, 5 tip vortices are shed in the analysed
plane. The sixth identified vortex located at z/R = 2 was shed when the propeller was still rotating
at 3,000 rpm before starting the maneuver, showing indeed a circulation which resembles the value

obtained for the same vortex in the steady-stateg;,,; case.

In conclusion, a further consideration must be added for the highest m, value in deceleration. An
isolated vortex located at z/R = 1.95 undergoes a sudden displacement towards lower x/R, deviating
from the trajectory followed by the other vortex. This deviation is most likely due to the transition from
the steady-state operative condition to the start of the dynamic maneuver. The start of the maneuver
generates an instantaneous change in the flow pattern that almost suddenly modifies the radial and
axial structure of the wake. Therefore, in the deceleration, the first vortex shed at the beginning of the
maneuver is advected more outboard than the one generated before, and their mutual interaction will
cause this localized phenomenon. This can favour vortex interactions, leading to the breakdown and an
anticipated transition to a wake turbulent state. This phenomenon can be particularly relevant at large

rpm values, where the vortex structures are more intense and closer to each other.
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Time-Averaged flow topology

In the present section, the main differences in the averaged velocity fields between the steady-state
cases and the dynamic acceleration case with m, = 80,000 rpm/s are explored in detail. To assess the
convergence of the averaged dynamic velocity field at mid-maneuver, the relative L norm is calculated
according to equation 4.7. Such quantity is displayed as a function of the simulation repetitions used

for the averaging of the velocity field in Figure 4.11.
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Fig. 4.11 Relative L? norm as a function of the repetitions used for the velocity field averaging in dynamic
conditions.

The relative L? norm trend suggests that the velocity field reaches an almost converged state after
having averaged over at least 50 repetitions, where the relative L norm reaches a value of 0.02%. Thus,
by increasing the number of repetitions, the averaged flow field does not appear to be significantly
affected.

The averaged velocity field obtained after averaging over 100 simulation repetitions is compared
with the time-averaged steady-state velocity fields at 3,000 rpm (steady-states;,,;) and at 5,000 rpm
(steady-stateys;q), obtained by averaging over the last 10 revolutions. The colourmaps of the axial
velocity fields are displayed in Figure 4.12, along with the axial velocity profiles extracted at z/R =
-0.25, 1, and 2. The quantity QR, used for the normalization, is calculated again by taking n = 5,000

rpm as a reference for all the flow fields.

The averaged velocity field evaluated in dynamic conditions shows peculiar features already
observed in the instantaneous flow features. In particular, a strong velocity gradient is observed in the z
direction due to the dynamic evolution of the wake in time. The velocity field close to the propeller
appears close to the steady-stateyy;4, as noticeable from the velocity profiles. At z/R = -0.25, the
dynamic velocity values approximately overlap with the steady-state,s;4 case, while the steady-stategs; s
case shows significantly lower axial velocity. Moving towards greater z/R coordinates, the axial
velocity in the dynamic case appears smaller than in the steady-state;;4 case, approaching the values
obtained at the start of the maneuver. Already at z/R = 1, the dynamic case’s wake appears wider in
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Fig. 4.12 Colourmaps of the normalized averaged axial velocity V. /QR of dynamic and steady-state cases, along
with velocity profiles extracted at z/R = -0.25, 1, and 2 (indicated with the black dashed lines in the colourmaps).
The propeller-shaped mask is added to improve the clarity.

the radial direction than in the two steady-state cases. At z/R = 2, the axial velocity profiles of the
dynamic case and the steady-states;,,; are instead almost completely superimposed.

Influence of the axial inflow on the propeller performance

In this section, the influence of the axial inflow velocity V., value on the acceleration maneuver is
investigated. Specifically, the steady-state cases and the acceleration maneuver with the highest ramp
rate (m, = 80,000 rpm/s) were repeated at two additional values of V, = 1.5 m/s and 4.5 m/s. The
observed differences between steady-state and dynamic cases are very similar to those described in
previous sections for V, = 3 m/s. In particular, an increase in thrust and torque compared to the
steady-state cases is observed, with the difference between the two operating conditions being greater
at low rpm.

However, it is interesting to focus on the comparison in terms of absolute differences between
the dynamic and steady-state integral loads as V. is varied. The non-dimensional thrust and torque
absolute differences between the dynamic and steady-state cases ACy and ACp are shown in Figure
4.13. These absolute differences are evaluated exclusively at the points where steady-state cases are
computed, i.e., between 3,000 and 7,000 rpm with increments of 500 rpm.

Both ACr and ACy increase at almost every considered n value as V. is augmented. Such a trend
is mostly accounted for by the low Re. range where the propeller is operating in the present work.
In particular, c; — @ curves show a nearly-quadratic shape even at low angles of attack, where, for
higher Re., the two quantities are instead usually linearly related [133]. The increase of V., makes
the blades operate at an overall reduced @, where the same difference in angle of attack between
steady-state and dynamic conditions A« leads to a greater Acy. In Figure 4.14, the distribution of
a extracted at mid-maneuver (n = 5,000 rpm) is displayed as a function of /R for different V,,

values. Both steady-state and dynamic curves are significantly shifted downwards, as V, is increased.
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Fig. 4.13 Absolute Cr and C¢ differences between steady-state and dynamic cases with m, = 80,000 rpm/s for
different V., values.

Notwithstanding that, the Aa between the steady-state and dynamic cases remains almost unchanged
in the most load-bearing portion of the blades for /R > 0.6, as shown in Figure 4.14. Being the A«
almost fixed among the different V., values, a greater Acy is obtained at increasing V., consequently
leading to the increase in ACr and ACg observed in Figure 4.13.
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Fig. 4.14 Angle of attack « distribution as a function of r/R in dynamic and steady-state cases at mid-maneuver
(n = 5,000 rpm) for different V., values.

As anticipated, the pseudo-quadratic shape of the c; — a curves is peculiar to most conventional
airfoils at low Reynolds numbers [133] and, therefore, the results obtained in the present case are not
easily generalizable to larger propellers. Already at Re. = 50,000, for instance, a more canonical linear
cr —a trend is observed, followed by a bell-shaped behaviour near stall. Under such conditions, the

trends observed in this work may no longer be valid.
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What instead appears evident and independent of the Reynolds number is the increase in thrust
and torque during acceleration and the opposite behaviour during deceleration. This effect appears
significant across different values of axial inflow velocity and therefore both near and far from peak

efficiency conditions.

4.1.3 Conclusions

The numerical campaign focused on acceleration and deceleration maneuvers performed at different

ramp rates, linearly increasing or decreasing the rpm over time.

Key findings revealed that higher ramp rates cause the integral thrust and torque to significantly
deviate from the corresponding steady-state values. At a fixed ramp rate, this effect is more significant
at lower rpm. The observed increase in thrust and torque during acceleration and decrease during
deceleration is mostly attributed to a lag in the induced flow field. The axial induced velocity component
is particularly affected in dynamic conditions, affecting the blades’ relative velocity mostly in terms of
direction, rather than magnitude, and consequently leading to a variation of the aerodynamic loads.
This lag effect is visible in both instantaneous and averaged flow fields. The wake adapts its topological
structure to the rpm variation, leading to significant axial velocity gradients in the most rapid maneuvers.
The far wake retains features that resemble the steady-state case features before the start of the maneuver,

as dynamic rpm changes occur over just a few revolutions.

The effect of axial inflow velocity was also investigated. The quickest maneuver in acceleration was
repeated for different axial inflow speeds. The results showed that the deviations from steady-state cases
increase with the increase in the inflow velocity. This result is supposed to stem from low Reynolds
number effects on the aerodynamic polars. At low Reynolds numbers, the ¢ (@) curves indeed exhibit
a pseudo-quadratic shape, leading to larger slopes at lower a ranges. Greater axial inflow velocities
lead to lower blades’ angle of attack, enhancing the load differences between steady-state and dynamic

cases.

While the simple linear ramp considered in the present investigation might not be optimal in terms
of propeller performance, it serves as a representative case for the investigation of rpm variation effects.
More realistic maneuvers often follow more exponential-like ramps, featured by sharp initial changes
followed by a slower stabilization. The main effects observed in this work, such as the induced velocity
lag effect being proportional to the maneuver intensity, are likely extensible to even more complex

scenarios and different inflow conditions.

When the propeller operates in axial inflow, it is found that the wake evolves with organized flow
structures towards the axial direction, and so the instantaneous flow fields are generally sufficient for
a preliminary analysis of the main trends. On the other hand, more complex maneuvers or different
inflow conditions may require averaged fields for an accurate phenomenology assessment. However,

the averaging operation is computationally expensive, as in maneuvers, unlike steady-state cases, it
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is required to perform the full simulation and not just a few revolutions. Mid-fidelity methods, such
as vortex particle methods, thus prove to be optimal tools, not requiring excessive computational
resources. Moreover, the maneuvers’ ease of implementation also enables the simulation of more

complex maneuvers beyond simple ramps, enhancing applicability to more realistic scenarios.

4.2 Tilting maneuver

4.2.1 Implementation of the maneuver in VPM and simulations matrix

In the present study, the tilting maneuvers are performed through a rototranslation of the propeller along
a circular trajectory with radius L = 2R on the x — z plane, and the centre positioned in the origin of
the reference system (x,y,z) = (0,0,0), as represented in Figure 4.15. The propeller is tilted between
6 = 0° and 6 = 30°, with a tilting angular velocity 6. In the adopted reference system, at 6 = 0° the
propeller is displaced by a distance L on the x axis, while its rotation axis is aligned with the z axis.
All the maneuvers are hence performed around the y axis, with the tilting angular velocity 6, therefore
aligned with this latter. The maneuvers are performed at a fixed Q, with n = 5000 rpm.
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Fig. 4.15 Schematic illustration of the tilting maneuvers with reference system and relevant quantities.

In the VPM code, the tilting maneuvers are performed by updating the position of the propeller’s
rotation centre and the orientation of its rotation axis at each iteration. To simulate the effect of the
propeller’s motion along the tilting trajectory, the relative kinematic contribution Vi r is added to the
lifting lines in the propeller’s axial direction. Vir is locally evaluated according to the instantaneous
tilting angular velocity § and to the distance from the tilting centre. For a given 6, the dynamic effects
are therefore more pronounced as the blades are positioned farther from the tilting centre. In Figure
4.15, the blade positioned at ¢ = 0° is therefore less affected by the dynamic tilting effects than the
blade positioned at ¥y = 180°. Throughout their revolution, the blades undergo intermediate conditions
between these two extremes, which are hence representative of the least and most affected azimuthal
positions.
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Three different maneuvers are taken into account. Initially, the transition from hovering to forward
flight is simulated, tilting the propeller from 6g;,,; = 0° to 6,4 = 30°. The same maneuver is then
carried out with the presence of a background flow directed towards the z axis, with a velocity magnitude
of Vo = 3 m/s, to simulate the tilting from a vertical climbing phase to forward flight. In conclusion,
the tilting from a forward flight to hovering is finally simulated by tilting the propeller from Og;,,; =
30° to Ogng = 0° and adding a transversal cross-flow towards the x axis. This choice is made under the

assumption that the tilting maneuver occurs more rapidly than the forward flight deceleration.

For each of the three maneuvers, whose details are summarized in table 4.1, three different ramp
rates m, = OL values are considered, for a total of nine cases. Since L is kept fixed, m, depends only
on the tilting angular velocity 6, which is set to § = 30°/s, 300°/s and 600°/s to investigate the dynamic
effects at different ramp rates. The value of 6 is kept fixed throughout the tilting, consequently leading
to a linear variation of # over time. The simulations are initialized as steady-state cases carried out
at 05,4, for a time of 1 s, approximately performing 83 revolutions to reach a converged state before

starting the tilting maneuver.

Table 4.1 Overview of the considered dynamic tilting maneuvers.

Maneuver Ostart [°]  OEna [°] 6 [°/s] L  Background flow (V.,/QR)
Hovering to forward flight 0 30 30, 300, 600 2R -
Vertical climb to forward flight 0 30 30, 300, 600 2R 0.076 (z axis)
Forward flight to hovering 30 0 30, 300, 600 2R 0.076 (x axis)

The maneuver from hovering to forward flight is then analysed considering the case with 6 = 600°/s
as a reference. The reference dynamic simulation is repeated 100 times to obtain the averaged velocity
field at mid-tilting ramp, i.e., at @ = 67,4 = 15°. The tests are carried out considering a random initial
azimuthal angle i, to avoid phase-locking. The resulting averaged velocity field is thus compared with
the time-averaged velocity fields evaluated in steady-state conditions at the start and mid-tilting ramp in
terms of mean flow features, among which are the axial velocity profiles. A further simulation is then
carried out by adding the Vjr evaluated in the reference dynamic case to a steady-state hovering case.
In this fashion, the relevance of the wake dynamics in rapid tilting maneuvers is highlighted, showing
the need to perform a complete tilting maneuver to evaluate the loads and the flow field accurately.

4.2.2 Results

This section discusses the integral loads and instantaneous flow fields stemming from the steady-state
and dynamic cases. In the first sub-section, the maneuver from hovering to forward flight is considered.
In addition, a comparison between steady-state and dynamic cases is carried out. In the second
sub-section, the focus is shifted to the transition from vertical climbing to forward flight. Unlike the

first analysed maneuver, the propeller is subject to a background flow V,, directed along the z axis, to
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simulate the vertical climb before the start of the maneuver. In the final sub-section, the tilting from
forward flight to hovering is considered. The propeller is tilted from 6s;,,; = 30° to 6g,q = 0° under

cross-flow conditions. The background flow is therefore oriented along the x axis.

Tilting from hovering to forward flight

The dynamic effect of the transition from hovering to forward flight is first analysed in terms of the
non-dimensional thrust Cr and torque Cp coeflicients, as reported in Figure 4.16. In particular, a

comparison between steady-state and dynamic cases is carried out.
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Fig. 4.16 Comparison of C7 and Cg as a function of 6 between dynamic maneuvers and steady-state conditions.

Since the hovering condition is invariant to 6, being in absence of external flow, both the steady-state
Cr and Cp values remain approximately constant between 6 = 0° and 6 = 30°. The small observed
differences between the averaged steady-state cases at different 6 values are mainly due to the nature
of the hovering conditions, characterized by loads’ oscillations due to the wake unsteadiness, and the
complexities in accurately simulating such conditions through numerical simulations. Such oscillations
are quantified with the standard deviation of the loads and are represented as error bars superimposed

on the mean values of C7 and Cyp in Figure 4.16.

The dynamic simulations start from 6g;,,; = 0° and end at 6g,4 = 30°. It can be first observed that
Cr and Cg decrease compared to the steady-state values, as  is increased. At § = 30°/s, both Cr and
Co show approximately the same values obtained in the steady-state cases throughout the tilting. This
suggests that at low values of §, the maneuver can be considered as quasi-steady. As 6 increases, Cr
and Cyp show a first pronounced reduction at the start of the tilting. Both quantities eventually approach
an asymptotic value for 8 > 10°, which is still a function of the maneuver’s rate. Although the dynamic
simulations start from an initial converged hovering condition, the sudden start of the maneuver causes

a transitional state with a drop in the values of thrust and torque. This behaviour can likely be restrained
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by performing a smoother start, avoiding carrying out a transition with a constant ramp rate throughout
the whole maneuver. However, since @ is constant, an asymptotic trend at lower but almost constant Cr
and Cg values is observed. In the fastest tilting at 6 = 600°/s, the deviation from the steady-state case is

significant, being around -10% for Cr and -3% for Cp around 64 = 15°.

In addition to this, as € increases, the thrust and torque coefficients exhibit significant oscillations
around the asymptotic value. The contributions to Cr by each blade are shown in Figure 4.17. The
data are normalized with the averaged Cr value of each case evaluated between 6 = 10° and 6 = 20°

(C_T(g wia))» t0 compare the oscillations” amplitude as a function of 6.
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Fig. 4.17 Single blades contributions to Cr for the dynamic cases. Continuous (dashed) lines refer to the blade 1
(blade 2).

The two blades exhibit small and irregular Cr oscillations in the case with 8 = 30°/s, mainly due to
the chaotic behaviour of the flow in hovering conditions. On the other hand, at greater 9 values, the two
blades show periodic oscillations with a rather regular phase lag and a frequency equal to the propeller’s
rotational frequency. Moreover, the amplitude increases with 6, even though it is always below 2.5% of
C_T(QMI. .- These oscillations are due to the dynamic tilting effects, which are more pronounced when
the blades are farther from the tilting centre. Conversely, when the blades are closer to the tilting centre,
the dynamic influence is reduced. In addition, the irregular high-frequency oscillations observed at 6
= 30°/s are less visible at higher 6 values. Since the propeller is moved away from its wake in this
maneuver, this might be related to the increased spacing between the vortical structures in the wake
flow for the larger 6.

The induced flow field is indeed also significantly affected by the propeller’s tilting. To illustrate
such an effect, the instantaneous flow field in the steady-state case at 87,4 = 15° is compared with the
instantaneous flow fields at the different analysed 6 values, also extracted at 6,47 = 15°. The flow fields
are represented in the x — z plane in Figure 4.18 in terms of velocity directed along the propeller’s
rotation axis (V4,) and vorticity along the y axis (wy). In particular, at mid-maneuver, the propeller’s
rotation axis is oriented at 15° counterclockwise with respect to the z axis. The two quantities are
normalized using the propeller radius R and the rotational speed €. The simulations are performed to
be phase-locked at 6,;;4, so the extracted flow fields show the propeller at the same azimuthal angle ¢,

as shown in Figure 4.18.
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Fig. 4.18 Colourmaps of the normalized instantaneous axial velocity V4, /QR for the steady-state and dynamic
cases. The propeller-shaped mask is added to improve the clarity.

Near the propeller, the axial velocity decreases as 6 increases, with the steady-state case showing
greater velocity values than the dynamic cases. The dynamic maneuver performed at @ = 30°/s displays
flow field features that are rather similar to the steady-state case. The velocity distribution in the wake,
however, is not axisymmetric anymore, with lower axial velocity values. At greater § values, the wake
becomes more asymmetric and a significant decrease in the axial velocity can be observed in the wake
region. The wake indeed is deflected towards the z axis. This is particularly clear beyond z/R ~1. This
occurs because the wake does not instantly adapt to the propeller rotation axis orientation during the
tilting. This effect hence becomes more pronounced during more rapid maneuvers.

The colourmaps of the out-of-plane vorticity reported in Figure 4.18 particularly highlight the
evolution of the vortices shed from the blades’ tips. It can be seen how, moving away from the
propeller, the tip vortices start to mutually interact, eventually merging into more chaotic structures.
Determining clear trends of vortex interactions within the wake against 6 is challenging. A single
test per maneuver is insufficient for accurate statistical evaluation; however, some features can still
be observed from the instantaneous flow fields. Specifically, at § = 600°/s, the tip vortices appear
more axially spaced compared to the previous cases. The wake appears more stretched along the
propeller’s axial direction, increasing the distance between adjacent vortices. The spacing between
adjacent vortices is furthermore more pronounced in the outer wake portion for larger x/R coordinates.
This might delay the tip vortices’ interactions compared with steady-state hovering. As anticipated,
this might also explain the more regular oscillations observed in Figure 4.17.

To highlight the importance of the wake dynamics in the tilting maneuvers, an additional steady-state

case is simulated. The V7 distribution evaluated in the dynamic case with 6 = 600°/s is now added to
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a steady-state hovering case, performed at 87,4 = 15°. Such a steady-state approximation, referenced
as "steady-states;s + Vi7" case, aims to isolate the effects of Vi from the wake dynamics effects due
to the propeller’s rototranslation motion. The results are first compared in terms of C7 and Cyp with the

steady-state,;4 case and the dynamic case with 6 = 600°/s, as reported in Figure 4.19.
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Fig. 4.19 Comparison of C7 and Cg as a function of 6.

The steady-statey;q + Vir case respectively underestimates Cr and Cg by 8.5% and 3.8%, respec-
tively, compared to the reference dynamic case. These differences are significant, being almost of the
same order as the differences between the steady-state,s;s and the reference dynamic case. The addition
of Vi therefore leads to a decrease of both thrust and torque, which, however, in the reference dynamic
case, is balanced by the maneuver’s effects on the wake dynamics due to the rototranslation. As
observed in Figure 4.18, the wake is stretched along the propeller’s axial direction for the dynamic cases;
thus, the distance between the blades and the generated vortical structures increases for faster maneuvers.
This mainly leads to a decrease in the axially induced velocity on the blades, increasing the thrust and
torque. This topology modification of the wake cannot be retrieved in the steady-states;q + Vir case,
resulting in significant overestimation of the load reduction yielded by the maneuver.

This can be addressed in detail, focusing on the distribution in span of the blade quantities, extracted
for the two blades at mid-ramp. The non-dimensional blade span thrust (sc,), the angle of attack
(@), and the non-dimensional axial velocity on the blade elements (v;,, /QR = (Vir +V')/QR) are
displayed as a function of r /R for each blade in Figure 4.20. The continuous (dashed) lines indicate the
blade 1 (blade 2), positioned at ¥ = 0° (y = 180°), i.e., the closest (farthest) to the centre of rotation
at mid-ramp. The steady-states;4 case is the only featuring sc,, @ and V4, /QR distributions almost
overlapping between the two blades. The steady-state,s;q + Vir case shows the greatest differences
compared to the steady-state,s;s case and between the distributions of the two blades. In particular,
the blade 2 is subject to greater local Vi values compared to the blade 1, being farther from the

tilting centre, consequently leading to greater v;, values along the blade span. This results in lower «
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and, consequently, in lower sc,. The dynamic case shows instead intermediate distributions between
the steady-stateys;s and the steady-stateys;q + Vir cases for r/R < 0.85. In this blades’ portion, v,
is significantly lower than in the steady-statey;;s + Vi1 case, leading to angles of attack closer to the
steady-stateys;s case and consequently to greater thrust values. Since the V7 distribution is the same
between the steady-stateys;s + Vir and the dynamic case, the differences in v, are associated to the
different axial induced velocity v” value, which represents the induced velocity from the shed structures
in the wake. In the dynamic cases, due to the wake stretching, the vortices induce a lower axial velocity
and consequently lead to a greater thrust. For /R > 0.85, the blade span quantities distributions of the
dynamic case appear almost superimposed to the steady-state ;s + Vir results. Near the blades’ tips,
both for blade 1 and 2, the effect of the Vi1 appears to prevail over the effects due to the modified wake
topology observed in the dynamic case. Nevertheless, this match is relegated to a small blade portion,
while for /R < 0.85, the blade span quantities are significantly different, leading to a substantial

mismatch in the integral loads.
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Fig. 4.20 sc,, @ and V4, /QR extracted at mid-tilting ramp (67,4 = 15°) as functions of r/R. Continuous
(dashed) lines refer to the blade 1 (blade 2) located at the azimuthal position ¢ = 0° (y = 180°).

The main differences in the wake dynamics can be inferred from the instantaneous V, fields in
the x — z plane at 6,;;4 = 15°, shown in Figure 4.21. The steady-stateys;q + Vir case shows similar
features to the steady-state;4 case, rather than to the dynamic case. The addition of Vi leads to a
slight asymmetry in the wake region to the propeller’s rotation axis, but the V4, does not significantly
decrease as noticeable in the dynamic case. Moreover, the wake does not display a curved trajectory
along the z axis as previously observed for the dynamic case. Therefore, the addition of V7 mostly

leads to a significant variation in the blades’ loads, but slightly influences the wake dynamics.

This steady-state approximation is hence not suitable for the prediction of both the propeller’s loads
and the flow field, highlighting the importance of carrying out complete tilting maneuvers to account

for the dynamic effect in the wake region and consequently obtaining accurate results.



130 Dynamic operative conditions

Steady-state ;g 6 = 600 ° /s Steady-statensiq + Vir

0.23
0.20
0.17
0.14
0.11
0.09
0.06
0.03
-0.00
-0.03

Vi /QR

k 1 2 3 1 2 3
z/R z/R z/R

Fig. 4.21 Colourmaps of the normalized instantaneous axial velocity Va,/QR. The propeller-shaped mask is
added to improve the clarity.

Time-Averaged flow topology

In this section, the differences in the time-averaged flow fields between dynamic and steady-state
cases are explored. To this purpose, the dynamic case with § = 600°/s in the tilting maneuver from
hovering to forward flight is repeated several times, starting with different initial azimuthal angles
Y. An extensive dataset of 2D fields is hence obtained at mid-tilting ramp, featuring a different ¢
value for each test to avoid biases from correlated data in the averaging procedure. The convergence of
the averaged flow field is ensured by repeating the simulation 100 times, observing that the averaged

velocity field changes by less than 2% for sampling ensembles made of at least 80 repetitions.

The averaged velocity field is compared with the time-averaged fields obtained in steady-state
conditions at 6 = 0° (steady-states;,,;) and at 6 = 15° (steady-stateys;4). The comparison is carried out
both in terms of the averaged velocity along the z axis (V) in the x — z plane, and with the velocity

profiles extracted at two axial locations, namely z/R = 0.25 and 1.5, as shown in Figure 4.22.
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Fig. 4.22 Colourmaps of the normalized averaged velocity along the z axis V,/QR of dynamic and steady-state
cases. The colourmaps are reported along with velocity profiles extracted at z/R = 0.25 and 1.5 (and shown with
the black dashed lines in the colourmaps). The propeller-shaped mask is added to improve the clarity.
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The wake region appears axisymmetric for both the steady-stateg;,,» and the steady-state,s;s cases
at small distances from the propeller. Beyond z/R > 1.5, a less organized wake is observed, as also
previously observed for instantaneous fields in Figure 4.18. In the dynamic case, the wake appears
instead deflected towards the z axis direction, and V, additionally results significantly lower than both

steady-state cases.

At both z/R = 0.25 and 1.5, the velocity profiles in the dynamic case result closer to the steady-
states;q,¢ case. This is particularly clear at z/R = 1.5, where the velocity profiles are almost overlapping,
while the steady-state,s;s case profile appears significantly different. The wake beyond z/R > 1.5 is not
yet significantly affected by the dynamic effects of the tilting, and the resulting flow field shows features
that are similar to the steady-states;,,; case. The similarities are primarily identified in the core of the
wake, while more significant deviations are instead observable in the outer wake portion. At greater

x/R values, the dynamic effects are stronger, and the wake topology is consequently more affected.

Tilting from vertical climbing to forward flight

The tilting from vertical climbing to forward flight differs from the previous maneuver due to the
presence of a mean flow directed along the z axis. This background flow serves the purpose of
simulating the vertical climbing phase for a propeller undergoing the transition. As a consequence, the
steady-state cases are no longer invariant with respect to 6, transitioning from an axial flow condition
at Os;4-+ = 0° to a non-axial flow condition for 6 > 0°. More specifically, both Cr and Cyp increase
as a function of 6 under steady-state conditions, as shown in Figure 4.23. The standard deviation
increases along with the mean value, as indicated by the error bars. While at 65;,,, = 0° and in axial
flow conditions, the loads generated by the blades are independent of the azimuthal angle, the coupling

with the non-axial flow generates oscillating loads throughout the propeller’s revolution.
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Fig. 4.23 Comparison of C7 and Cg as a function of 8 between dynamic maneuvers and steady-state conditions.
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As observed in the previous section, Cr and C¢ for the dynamic cases decrease as 0 increases. Even
in the slowest case with 6 = 30°/s, both C and Co result in being smaller than the mean steady-state
values at the same 6. Despite that, the observed differences are rather small (about 0.4%). At 6 =
600°/s, the greatest differences with the reference steady case can be observed. In particular, at 8,4 =
15°, the dynamic maneuver leads to a value of Cr and Cg by 17% and 12% respectively smaller than
the steady-state case.

The loads’ oscillations due to the interaction with a non-axial flow are also observed in the dynamic
cases. Cr and Cyp in the dynamic cases exhibit increasing oscillations as 6 increases. The flow-induced
oscillations add to the tilting-induced oscillations previously observed in the sub-section 4.2.2. The
contributions of each blade to Cr are shown in Figure 4.24 for a range of 8 between 8° and 22°. The
data is normalized with the mean value obtained at 67,4 = 15°. The contributions to Cr by each blade,
normalized with C_T(g wia)» are shown in Figure 4.24.
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Fig. 4.24 Single blades contributions to Cr for the dynamic cases. Continuous (dashed) lines refer to the blade 1
(blade 2).

In Figure 4.17, the loads’ oscillations were almost exclusively due to the dynamic tilting effects, and
increasing amplitudes were observed as 6 increased. In the present maneuver, the non-axial flow effect
dominates in the two slower dynamic cases with § = 30°/s and 300°/s, leading to almost equivalent
oscillation amplitudes. On the other hand, in the case with 6§ = 600°/s, the effect of the dynamic tilting
is still significant, leading to more pronounced Cr oscillations compared to the slower cases. It is also
worth mentioning that the amplitude of the oscillations is greater for the considered maneuver than for
the hovering to forward flight one.

The V4, and w, fields extracted at mid-maneuver are shown in the colourmaps in Figure 4.25.
The vortex structures, initially advected along the propeller’s rotation axis direction, interact with
the background flow (directed along z). Owing to such interaction, both the axial velocity and,
consequently, the out-of-plane vorticity fields appear to be non-axisymmetric. In the dynamic cases,
tilting contributes to enhancing the flow field asymmetry, as shown in Figure 4.25. Indeed, the velocity
in the wake is, on average, lower as 6 increases. In the cases with § = 300°/s and 6 = 600°/s, the wake
appears significantly deflected towards the z axis. As already discussed in section 4.2.2, the wake has

its own non-negligible inertia, and, if the maneuver is sufficiently rapid, the wake does not manage
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Fig. 4.25 Colourmaps of the normalized instantaneous axial velocity V4, /€2R and out-of-plane vorticity w, /€2
of dynamic and steady-state cases. The propeller-shaped mask is added to improve the clarity.

to instantly align with the propeller as it tilts throughout the maneuver. Furthermore, in the present

maneuver, the tip vortices appear more spaced in the axial direction, being advected by the background
flow along the z axis.

At 6 = 600°/s, the propeller takes 2 revolutions to tilt from 6g4,; = 0° to 8,74 = 15°, shedding
4 pairs of tip vortices in the x — z plane. The fifth pair of vortices is therefore the last generated in
steady-state conditions before the start of the maneuver. It is hence possible to retrieve a location
along the z axis that approximately separates the wake region shed before and after the start of the
tilting. The wake region located at z/R > 1.2 was approximately shed before the start of the ramp,
showing significantly greater velocity values and a more symmetric vortex pattern with respect to the z
axis. Additionally, the tip vortices appear closer to each other in the axial direction, indicating that the
wake is more compressed. For z < 1.2, the vortical structures instead appear more spaced in the axial

direction, and the differences in terms of velocity and vorticity values are more pronounced.

Tilting from forward flight to hovering

The last analysed maneuver aims to simulate the transition from forward flight to hovering. In the
initial cruise phase in forward flight, the propeller axis is aligned to g4, = 30°, while being subject to
a background flow oriented towards the x axis. The dynamic transition to the hovering condition is
simulated by tilting the propeller to 6g,; = 0°, while keeping fixed the flow conditions. This choice
is made under the assumption that the tilting maneuver occurs more rapidly than the forward flight
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deceleration. At 6,4, the propeller is hence under cross-flow conditions, with the background flow
perpendicular to the propeller’s rotation axis.

The non-dimensional thrust and torque coefficients are shown as a function of 6 for the steady-
state and dynamic cases in Figure 4.26. Focusing on the steady-state mean values, Cr increases
monotonically as 6 approaches zero, while Cyp remains almost constant. This is due to the reorientation
of the propeller’s rotation axis with respect to the background flow throughout the maneuver. As
6 decreases, the axial component of the background flow (V..sin(6)) velocity also decreases. As
Veosin(6) component decreases, the thrust and torque increase. The thrust is more responsive to such a
condition, while the torque appears less affected. Such behaviour was already observed in cross-flow
in sections 3.1 and 3.2, where Cr showed a steeper increase than Cyp at increasing cross-flow velocities,
mostly at low advance ratios. Small cross-flow velocities mainly affect the lift (and consequently the
thrust) rather than the drag, due to the steeper slope of the ¢; —a curve compared to the ¢p —a curve
at small angles of attack.
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Fig. 4.26 Comparison of C7 and Cg as a function of 6 between dynamic maneuvers and steady-state conditions.

Focusing instead on the dynamic cases, both the thrust and torque coefficients increase as 6 increases;
however, being characterized by large oscillations, it is not straightforward to establish a clear trend
as done in the previous cases. Even in the steady-state results, it is shown that the flow-induced load
oscillations play a significant role. Such oscillations increase towards 6, (i.e. when 6 approaches
0). The blades indeed undergo highly variable flow conditions throughout a single revolution, with a
maximum loading obtained as a blade advances towards the background flow and a minimum loading
as it retreats from the background flow. The dynamic cases are also subject to these flow-induced

oscillations. The contributions to C7 by each blade, normalized with C_T(gMi ,)» are shown in Figure
4.27.

The Cr oscillations’ amplitude appears almost equal among the various dynamic cases, regardless

of the ramp rate, indicating that the flow-induced oscillations play a dominant role compared to those
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Fig. 4.27 Single blades contributions to Cr for the dynamic cases. Continuous (dashed) lines refer to the blade 1
(blade 2).

induced by the dynamic tilting. Furthermore, at mid-tilting ramp, the Cr oscillations reach values as
large as 40% of the local mean value, which is significantly greater than in the previously analysed
maneuvers (about 2.5% and 15% for the described maneuvers in section 4.2.2 and 4.2.2, respectively).

Similarly to the previous cases, a comparison of the spatial organization of the axial velocity and
of the out-of-plane vorticity is carried out between the dynamic and steady-state cases (see Figure
4.28). Already in the steady-state cases, the wake displays an asymmetric topology with respect to
the propeller’s rotation axis, both in terms of axial velocity and out-of-plane vorticity. However, the
vortical structures are advected downstream according to a more organized pattern compared to the
hovering condition due to the presence of the background flow. This primarily leads to a less chaotic far
wake. In the vorticity fields, the regions of maximum and minimum vorticity corresponding to the tip
vortices appear indeed as distinct and organized structures. Unlike the previously analysed maneuvers,
now the propeller is tilted in the opposite direction, towards its shed wake. The wake indeed appears
compressed in the axial direction, featuring tip vortices that are mutually closer as 6 is increased.
Interestingly, increasing 6 leads to the coalescence of vortices as shown at (x,z)/R = (3.8,0) for the
6 = 600°/s case. This strong vortex induces a high value of axial velocity, effectively reducing the angle
of attack and degrading the propeller’s performance, following a similar mechanism as the vortex ring
state of helicopter rotors during descent [134]. In conclusion, as observed for the previous maneuvers,
the wake appears deflected towards the x axis as 6 is increased.

4.2.3 Conclusions

This study analysed the influence of different dynamic tilting maneuvers on the aerodynamics of the
reference propeller. In particular, three different tilting maneuvers were performed: The first maneuver
aimed to replicate the tilting from hovering to forward flight, carried out in the absence of an external
flow. The second maneuver was realized to simulate the tilting from vertical climbing to forward flight.
The propeller was tilted in the same direction as in the first maneuver, but additionally including a

vertical background flow to simulate the initial climbing condition. The last simulated maneuver was
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Fig. 4.28 Colourmaps of the normalized instantaneous axial velocity V4, /€2R and out-of-plane vorticity w, /€2
of dynamic and steady-state cases. The propeller-shaped mask is added to improve the clarity.

the tilting from forward flight to hovering. The propeller was tilted in the opposite direction compared
to the previous cases, with the presence of a background cross-flow to simulate the initial forward flight
conditions.

Key findings reveal that higher ramp rates lead to greater deviations from the steady-state cases. In
particular, in the first two maneuvers, a significant decrease in thrust and torque is observed. In the last
maneuver, a slight increase in both loads is instead observed, due to the opposite tilting direction. The
dynamic tilting is additionally found to induce significant loads’ oscillations on the propeller’s blades.
Such oscillations add to the background flow-induced oscillations. Depending on the ramp rate and the
orientation and magnitude of the flow, one of the two contributions appears to dominate compared to
the other.

The dynamic effects were also evaluated on the instantaneous induced velocity and vorticity fields.
Especially in rapid maneuvers, a pronounced asymmetry with respect to the propeller’s rotation
axis is observed in the wake region. The wake’s inertia indeed prevents an instantaneous alignment
with the rotation axis, showing a significantly deviated structure compared to the steady-state cases.
Furthermore, as the propeller is tilted towards or away from its shed wake, depending on the specific
maneuver, the mutual distance between adjacent vortices is also affected. This might lead to more
frequent vortex interaction phenomena. Furthermore, local clustering of vortices might contribute to

the degradation of the propeller performance, similarly to the vortex ring state mechanism.

The tilting maneuvers considered in this study are computationally expensive to simulate using
conventional high-fidelity approaches such as LES or URANS. For instance, simulating the slowest
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tilting ramp at 5000 rpm involves approximately 83 propeller revolutions, corresponding to a physical
time of 1 second, a scenario that typically entails a significant computational burden for high-fidelity
methods. Even in the case of the fastest maneuver, which requires only 4 revolutions, characterizing
the averaged flow field features necessitated 100 simulation repetitions, amounting to a total of 400
revolutions for a single case. Furthermore, the study demonstrates that adopting a low-cost, steady-state
approximation, which neglects the effects of the rototranslational dynamics, results in substantial
inaccuracies in both load predictions and flow field characterization. This highlights the greater
suitability of the mid-fidelity VPM approach compared to the higher-fidelity URANS simulations. In
conclusion, the maneuvers’ ease of implementation in the code also enables the simulation of more
complex maneuvers beyond simple ramps, enhancing the applicability of this approach to more realistic
scenarios.



Chapter 5

Conclusions

5.1 Summary

This thesis presented a comprehensive investigation into the aerodynamic behaviour of small-scale
propellers used in Small Unmanned Aerial Vehicles (SUAVs), addressing the complex flow phenomena
that arise in both steady-state and dynamic operative conditions. The research employed a multi-fidelity
approach, combining experimental measurements, high-fidelity simulations (Large Eddy Simulations
(LES) and Unsteady Reynolds-Averaged Navier-Stokes (URANS)), and mid-fidelity computations
(Vortex Particle Method (VPM)) to provide a thorough understanding of the aerodynamic mechanisms
governing propeller performance at low Reynolds numbers.

Validation of the VPM code VULCAINS in hovering and axial inflow

The validation of ONERA’s VPM code VULCAINS against URANS simulations and experimental
measurements established its capability as an efficient tool for preliminary design and analysis of
small-scale propellers. The code features a lifting line approach to simulate the lifting surfaces,
requiring an aerodynamic polars dataset to compute the blades’ loads. The baseline simulation featured
XFoil-generated aerodynamic polars with N.,;; = 5 and provided thrust and torque predictions within
5% of experimental values in both hovering and axial inflow conditions. The parametric sensitivity
analysis revealed that the number of vorticity sources (Ny) is the most influential parameter, with
variations from 20 to 60 particles resulting in thrust changes up to 3.4% and wake axial velocity
variations exceeding 20% in hovering conditions. In axial inflow, Ng instead appears to negligibly
influence the VPM solution. Other parameters, including the azimuthal discretization (Ay), time
integration order, and diffusion scheme, showed minimal impact on integral quantities but significantly
affected convergence behaviour and computational efficiency. The investigation of airfoil polar influence

demonstrated that XFoil-based polars provided superior agreement with URANS predictions compared
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to SSTLM-derived alternatives, successfully capturing the complex flow physics on the blades’ suction
side peculiar to low Reynolds number flows. Nevertheless, they remain dependent on the chosen N,
value, which significantly affects the aerodynamic coefficient at these low Reynolds numbers and must

be calibrated accordingly with the results on the full propeller.

Cross-flow conditions

The experimental investigation conducted in the "Ferrari" wind tunnel at Politecnico di Torino initially
provided fundamental insights into the propeller’s behaviour in hovering and axial inflow. In the
same facility, a detailed focus is made on the cross-flow condition, representative of forward flight,
propeller-propeller interactions, and gust encounters. The measurements revealed that both thrust and
torque coeflicients exhibit a monotonic increase with the cross-flow ratio u, with an initial plateau
observed for u < 0.08 followed by a steep rise at greater values. The semi-empirical models derived
from helicopter theory were successfully adapted to predict the power consumption of small-scale
propellers, with fitting coefficients showing close agreement with literature values. The Planar Particle
Image Velocimetry (PIV) measurements unveiled the complex wake topology evolution, demonstrating
significant deflection of the velocity vectors toward the cross-flow direction and the formation of
recirculation regions in the downwind area. The vortical structures analysis using the I'>-criterion
revealed that the tip vortices generated in the upwind region maintain stronger circulation and more
defined trajectories compared to their downwind counterparts, which become increasingly disrupted by
the cross-flow interaction. This behaviour was already observed in jets in cross-flow for the vortical

structures generated upwind and downwind of the jet nozzle [34].

The LES campaign extended the experimental findings by providing detailed three-dimensional
flow field information not accessible through planar PIV measurements. The numerical simulations
successfully captured the experimental trends in the thrust and torque evolution, despite slight
overestimations attributed to geometric uncertainties and measurement limitations at small loading
values. The disk loading analysis revealed pronounced azimuthal asymmetries in thrust distribution. A
novel finding was the generation of significant pitching moments at low cross-flow ratios, comparable
in magnitude to roll moments, which, to the author’s knowledge, had not been previously reported in
the literature. The decomposition of thrust per unit length into dynamic pressure and filtered thrust
contributions successfully decoupled the primary kinematic effects from secondary inflow pattern
distortions, providing new insights into the physical mechanisms driving performance variations. This
decomposition highlights the need for a complex three-dimensional modelling to accurately capture the
driving aerodynamic mechanisms in cross-flow conditions. Low-order theories, such as Blade Element
Theories (BET), indeed adequately capture the primary kinematic effects, but are not able to account

for the secondary effects due to the wake deflection and distortion.

The investigation of the experimental support’s influence demonstrated that, while integral

loads remained largely unaffected (variations below 1.2%), the induced wake underwent substantial
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modifications mostly in the downwind region. Spectral analysis revealed the introduction of low-
frequency disturbances at approximately 0.25 BPF, corresponding to the vortex shedding from the
cylindrical support. The Proper Orthogonal Decomposition (POD) analysis showed that the support
redistributes the turbulent kinetic energy across different modes, with the first two modes carrying
approximately 30% each in the absence of the support, compared to a more uniform distribution of
5-6% across the first four modes when the support was present.

The characterization of wake dynamics in the absence of support revealed a progressive modification
of the vortical system with increasing cross-flow velocity. The classical hovering configuration,
dominated by helical tip vortices and a central hub vortex, transitions into an asymmetric structure
characterized by the formation of a counter-rotating vortex pair at u ~ 0.08, similar to that of jets in
cross-flow and featuring the same pressure differential-driven formation mechanism. This critical
transition coincides with the observed change in slope of the thrust and torque curves, suggesting a
fundamental shift in the propeller’s aerodynamic behaviour from rotor-like to wing-like configuration.
The vortex tracking showed that the vortices’ trajectories progressively tend to be linear as the cross-flow
ratio is increased. A simplified approach based on the momentum theory for the wake deflection
prediction showed remarkable accuracy, with mean absolute errors below 12° for most structures. The
actuator disk model (k, = 2) provided optimal predictions for hub and tip vortices with errors below
6°, while the flat wake model (k, = 0.5) accurately captured counter-rotating vortex pair deflection,

achieving mean absolute errors as low as 2°.

Performance in dynamic operative conditions

The analysis of maneuvers such as rpm variations or tilting revealed a significant impact on the
propeller’s performance at high ramp rates. This investigation suggests the need for accounting for such
maneuvers already in the design process, as they might also affect the emitted noise, structural integrity,
and efficiency of the SUAV. The analysis of dynamic rotational speed variations revealed fundamental
deviations from the steady-state performance in both acceleration and deceleration maneuvers, with

thrust and torque differences reaching deviations up to 10% at the highest considered ramp rate.

Focusing on the rpm variation maneuver, the observed performance variations were primarily
attributed to lag effects in the induced velocity field, with the axial component playing the dominant
role in modifying the blades’ angle of attack distributions. Such a lag effect leads to an increase
in thrust and torque in acceleration and a decrease in deceleration. At a given fixed ramp rate, the
effect is more pronounced as the instantaneous rpm are lower. The instantaneous flow field analysis
showed that the wake requires multiple propeller revolutions to adapt to new operative conditions,
creating significant axial velocity gradients that persist throughout rapid maneuvers. The influence of
axial inflow velocity on dynamic response is finally evaluated, demonstrating that the deviations from

steady-state conditions increase with inflow velocity. This is attributed to the pseudo-quadratic shape
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of lift coefficient-angle of attack curves at low Reynolds numbers, which amplifies the sensitivity to
angle of attack variations in lower angle of attack ranges, corresponding to stronger axial inflows.

The investigation of tilting maneuvers revealed complex interactions between kinematic effects
and wake dynamics that cannot be easily captured through steady-state approximations. The transition
from hovering to forward flight at the highest tilting rate resulted in significant thrust and smaller
torque reductions compared to steady-state values. The analysis demonstrated that the simple addition
of kinematic velocity contributions to steady-state simulations significantly underestimates the loads,
highlighting the critical importance of accounting for wake stretching and vortex redistribution for the
correct simulation of such maneuvers. The transition from vertical climb to forward flight showed
even more pronounced effects on the loads, while the reverse maneuver from forward flight to hovering
exhibited high load oscillations due to the combined effects of tilting-induced and flow-induced
variations. The wake topology during tilting maneuvers exhibited pronounced asymmetries and
deflections that persisted well beyond the immediate propeller vicinity. The instantaneous vorticity
fields revealed that tip vortices maintain trajectories influenced by their initial conditions for several
propeller radii downstream, with the wake showing distinct regions corresponding to pre-maneuver
and post-maneuver shedding conditions. The averaged flow field analysis, obtained through ensemble
averaging of 100 simulation repetitions, confirmed that wake characteristics at distances beyond 1.5
propeller radii remain closer to initial steady-state conditions than to the instantaneous operating
point, demonstrating the significant temporal lag in wake evolution during rapid maneuvers. Although
the exact load variations are not easily generalizable to other geometries or operative conditions,
the qualitative observations made in the different tilting maneuvers are easily extendable to similar
frameworks.

5.2 Research contributions

This thesis has made several significant contributions to the understanding of small-scale propeller
aerodynamics, advancing both fundamental knowledge and practical methodologies for SUAV design

and analysis.

Experimental and numerical characterization in cross-flow: The comprehensive experimental
campaign provided a detailed dataset for small-scale propellers operating in cross-flow conditions,
including force measurements and planar PIV fields for a simple open-geometry propeller. The
subsequent numerical validation showed the capability of LES to capture complex fluid dynamics
phenomena occurring in cross-flow conditions for a low-Reynolds-number propeller. The detailed
analysis additionally revealed previously unreported phenomena, particularly the generation of sig-
nificant pitching moments at low cross-flow ratios. The decomposition methodology developed
to separate dynamic pressure effects from inflow pattern distortions provides a new framework for

understanding the physical mechanisms driving performance variations in non-axial flow conditions.
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The detailed analysis of experimental support influence using spectral and POD techniques demon-
strated that while integral loads remain relatively unaffected, local flow structures undergo significant
modifications. The identification of support-induced vortex shedding frequencies and their interaction
with propeller-generated structures provides important guidelines for experimental setup design and

numerical validation strategies.

The systematic characterization of the vortical-structure evolution from hovering to high cross-flow
conditions revealed clear relationships between wake-topology transitions and performance variations.
At low cross-flow ratios, the periodic effect of the blade-cross-flow interaction dominates the unsteady
aerodynamics, yet the time-averaged thrust and torque remain essentially unchanged. As the cross-flow
ratio increases, a critical value is reached at u = 0.08, where a strong counter-rotating vortex pair
emerges and begins to dominate the induced flow field. This threshold corresponds closely to the

classical helicopter-theory criterion u = 1.15+/Cr, which separates the low-speed and high-speed
forward-flight regimes. Beyond this value, the wake undergoes a marked deflection toward the
cross-flow direction, leading to a reduction of the axial induced velocity and a consequent increase in
blade angle of attack, thrust, and torque. Consistently, both the Cr — i and C_Q— ( curves exhibit an
initial plateau for u < 0.08, followed by a monotonic increase once the critical threshold is exceeded.
Although the specific load values depend on the geometry investigated, the identification of a critical
u value separating two distinct aerodynamic regimes aligns with findings from the literature and is
therefore expected to be generalizable to other configurations, as well as the overall topology of the
flow field and the load trends.

Low-order modelling framework: The development and validation of a simplified model for wake
deflection prediction demonstrated that simple momentum-based approaches can provide accurate
estimates of vortex trajectories when properly parametrized. The identification of optimal correction
factors for different vortical structures (k, = 2 for hub and tip vortices, k, = 0.5 for the counter-rotating
vortex pair) enables a rapid assessment of the wake behaviour by only knowing the thrust distribution on
the disk at a given cross-flow ratio. The localized thrust estimation methodology for individual vortex

structures represents a novel approach to linking disk loading distributions to wake characteristics.

VPM validation and best practices: The comprehensive validation of the VULCAINS VPM code
against multiple fidelity levels established clear guidelines for simulation parameters and modelling
choices. The identification of Ng = 50 particles per timestep as optimal for wake field accuracy,
combined with XFoil polars at N.,;; = 5, provides a validated baseline configuration for future studies.
The systematic sensitivity analysis quantified the relative importance of various numerical parameters,
assessing the robustness of the methodology and enabling users to make informed trade-offs between

accuracy and computational cost.

VULCAINS proved to be a promising tool for future SUAV applications due to its extremely low
computational cost and ease of use. VULCAINS can be pivotal in preliminary design phases and

features a large room for improvement, with the possibility of including higher fidelity solutions close
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to the walls with the hybrid method or simulating also non-lifting surfaces. Higher-fidelity simulations
and experiments remain the state-of-the-art for detailed aerodynamic characterizations, but can benefit
from mid-fidelity tools such as VPM for an optimized setup and initial guesses, saving time and

resources.

Dynamic rotational-speed variation characterization: The analysis of dynamic rotational-speed
variations demonstrated that the transient response of a small-scale propeller is strongly governed
by a lag in the induced axial velocity that can become significant at high ramp rates. Although the
exact load variations depend on the geometry and operative conditions, the mechanism driving them
is general: as the commanded rotational speed variation becomes more aggressive, the induced field
increasingly lags in adapting to the new condition and the blade incidence deviates from its steady-state
value, leading to significant variations in thrust and torque. The present work quantifies this effect for
the analysed geometry in specific conditions, showing significant effects for realistic maneuvers with
the considered setup. This finding, however, provides a practical guideline that can be extended to
general SUAV control and modelling: aggressive rpm commands may temporarily overestimate the
available thrust, and controllers relying on quasi-steady aerodynamic models should account for this
lag. More broadly, the framework developed for linking induced-velocity dynamics to transient load
variations offers a basis for future generalization across different propeller geometries, serving as a

reference for both experimental validation and numerical modelling.

Tilting dynamics analysis: The study of tilting maneuvers revealed that the wake dynamics plays
a role comparable in magnitude to the direct kinematic effects associated with the tilting motion.
While the specific thrust and torque variations are geometry- and operative conditions-dependent, the
underlying behaviour is general: as the propeller is tilted, the wake lags in instantaneously adapting and
produces transient asymmetries in loads and flow field that cannot be reproduced through steady-state
superposition techniques. This work provides quantitative evidence of these effects for realistic ramp
rates and establishes that neglecting wake dynamics may lead to meaningful under- or over-prediction of
loads during attitude transitions. These insights are relevant for SUAV design and control, indicating that
structural sizing, fatigue assessment, and maneuver planning should consider not only the instantaneous

kinematics but also the wake’s finite adaptation time.

5.3 Future outlooks

The present work has demonstrated that even simple transient maneuvers might introduce significant
modifications to both the aerodynamic performance and wake development of small-scale propellers.
These test cases were deliberately selected to provide fundamental insights into the physical mechanisms
that govern the propeller’s aerodynamics at low Reynolds numbers. However, the available dataset
remains too limited to generalize the observed trends across different propeller geometries and operative

conditions. A key challenge that remains open is the identification of suitable non-dimensional
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parameters capable of characterizing and scaling maneuver-induced aerodynamic effects, enabling a
more general description of propeller response under dynamic operating conditions.

Additionally, the maneuvering conditions investigated here represent only a subset of those
encountered in real mission profiles. Small drones routinely perform more complex transitions,
including combined rotational and translational motions, aggressive control inputs, and rapid changes
in attitude. Larger rotors may additionally exploit collective and cyclic pitch schedules to regulate
aerodynamic loading during maneuvering flight. The extension of the present methodology to
include these complex scenarios is expected to provide a more comprehensive representation of SUAV
operational envelopes. The VPM framework already adopted in this thesis is particularly well-suited

for these studies, given its flexibility and computational efficiency.

With respect to the mid-fidelity VPM tool itself, future developments are planned to enhance
its predictive capabilities. The coupling of the VPM with aeroelastic and aeroacoustic solvers will
enable the assessment of structural deformation effects and noise generation, both of which are
crucial for performance and certification in emerging applications such as urban air mobility. The
ongoing implementation of a panel method for non-lifting surfaces will further improve the flow
modelling accuracy around components such as hubs, fairings, and supports. Moreover, the hybrid
Eulerian-Lagrangian approach, already implemented and tested [55], offers a promising pathway
toward maintaining high near-wall fidelity while preserving the low computational cost associated with
particle-based far field simulation.

Beyond maneuvering flight, the interaction of drones’ propellers with atmospheric disturbances
remains a critical topic for future investigation. Gust encounters and turbulent inflows strongly affect
vehicle controllability and flight safety, particularly in constrained or urban environments. These
scenarios can be addressed numerically within the current VPM framework, but also reproduced

experimentally, thanks to the WindShaper facility [135] available at Politecnico di Torino.
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