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The rapidly growing field of electric vertical takeoff and landing aircraft, air
taxis, and urban air mobility vehicles promises transformative solutions to alleviate
urban congestion, accelerate deliveries, and revolutionize transportation systems.
Central to the successful integration of these futuristic modes of transportation is
a comprehensive understanding of their aerodynamics, particularly in the context
of unsteady airflow encountered in urban environments. This work explores the
foundational aspects essential for achieving efficient and safe urban air mobility op-
eration. The focus lies on the integration of rotary and translatory wings in gusty
and unsteady flow environments since — unlike conventional fixed-wing aircraft —
many urban air vehicles utilize rotor systems for both vertical takeoff and forward
flight. The research framework is structured around three interconnected pillars: ad-
vancing rotary wings, fixed-wing-gust encounters, and the synthesis of rotary wings
in gusty conditions. The combined results from these three pillars are fundamental

in reaching the future goal of efficient and safe urban air mobility.



The first pillar investigates the aerodynamic characteristics of advancing rotary
wings, particularly concerning flow structures, blade loading, and the influence of
the trailing edge geometry using experimental, numerical, and modeling techniques.
A comparison between a standard NACAO0012 airfoil profile and an elliptical profile
is conducted at advance ratios ranging from 0.00 to 1.00 at pitch angles from 7
deg to 25 deg. Four main vortex structures were detected in reverse flow. At the
aerodynamic leading edge, a strong interference of the tip vortex with the reverse
flow dynamic stall vortex was identified when blade flapping was restricted. Dynamic
stall vortices advect closer to the blade surface for the blunt elliptical airfoil, thus
reducing the wake area in reverse flow. Overall, the vortex structures that form on
the ellipse are more coherent than those on the NACA0012. A 29% pitching moment
increase was measured in the reverse flow region with sharp trailing-edged blades
compared to blunt blades. The blunt trailing-edged blade delayed flow separation
and thus prevented the formation of a reverse flow dynamic stall vortex, reducing
the pitching moment. Using an elliptical airfoil at inboard stations of a rotor blade
reduces detrimental pitching moments, but imposes a drag penalty that increases if
the rotor is operated away from the optimum.

The second pillar delves into the three-dimensional dynamics of fixed-wing-
gust encounters, aiming to understand the formation of leading-edge vortices and
their impact on lift generation. Emphasis is placed on exploring idealized strong
transverse gust encounters and the effects of sideslip angle on leading edge vortex
formation, with the objective of devising predictive models for lift generation under

varied gust scenarios. Experimental investigations in a towing tank and the em-



ployment of a strip theory Kiissner model show a peak lift coefficient decrease with
decreasing gust ratios and increasing sideslip angles. The model accurately predicts
the experimental results at gust entry as well as within the gust. Flow reattachment
is delayed due to the formation of a leading-edge vortex inducing reverse flow on
the wing suction side, resulting in a non-zero wing forcing at gust exit.

The third pillar examines the effects of gusts on both hovering and advancing
rotors. It synthesizes the findings from the previous two pillars, mirroring real-world
conditions occurring on urban air mobility vehicles. Gusts cause an increase in blade
flapping and lagging moments, and a nose-down pitching moment in both hovering
and advancing rotors. In forward flight, the moment response mirrors a wing-gust
encounter. A lower advance ratio broadens the moment peaks. Reverse flow shows
a smaller moment response but a wider azimuth angle impact. Increased gust and
advance ratios amplify moment disturbances, with gust encounters on the retreating
blade more sensitive to gust ratio changes.

By integrating insights from rotary wings and gust encounters, this research
provides a comprehensive understanding of aerodynamic phenomena crucial for the
development of efficient and safe urban flight. Idealizations are made to focus on
unsteady aerodynamic effects without taking into account any structural analyses
or dynamics of the systems. Through this multidisciplinary approach, this thesis
contributes to advancing the fundamental understanding of aerodynamic challenges
in urban air mobility, paving the way for the development of innovative solutions to

propel the future of urban air mobility.
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Chapter 1: Introduction

1.1 Motivation

The advent of urban air mobility (UAM) vehicles represents a signi cant leap
in the evolution of urban transportation, aiming to alleviate ground tra ¢ congestion
and reduce travel times in densely populated cities. These vehicles, characterized
by their integration of rotors and wings, operate in highly unsteady aerodynamic
environments. Such environments are typi ed by strong gusts and wakes forming
downstream of urban infrastructure like skyscrapers and bridges.

Traditionally, the study of aerodynamics was con ned to steady-state condi-
tions with well-de ned in ow conditions. However, UAM vehicles, by the nature
of their intended urban applications, must perform safely, reliably, and e ciently
under highly variable and large aerodynamic loads. This necessitates a profound un-
derstanding of unsteady aerodynamic phenomena and their implications for vehicle
stability, control, and e ciency.

The core of this thesis is the investigation of unsteady aerodynamic e ects on
UAM vehicles within urban landscapes. It aims to explore how the wakes and gusts
generated by buildings and other urban structures in uence the performance and
safety of these vehicles. By leveraging advanced computational models and experi-
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mental data, this research seeks to contribute to the fundamental understanding of
UAM vehicle aerodynamics, ensuring their safe integration into urban airspace. To
do so, ow separation occurring on hovering and advancing rotors, wing-gust en-
counters, and rotor-gust encounters needs to be understood. In addition, the vortex
structures which form due to ow separation and directly a ect the wing and blade

loading need to be studied.

1.2 Problem Statement

The present PhD work is based on three pillars as shown in gure 1.1. The
combined results from these three pillars are fundamental in reaching the future
goal of e cient and safe UAM. Urban air mobility vehicles are oftentimes equipped
with rotors and wings and operate in gusty and unsteady ow environments. With
the presented three-pillar approach, these three aspects of rotors, wings, and gusts
can be isolated and two of them combined individually in a lab environment to
understand the physics of the simpli ed problems. Pillar one combines rotary and
translatory wings in quiescent air conditions, pillar two combines translatory wings
with gusty air conditions, and pillar three combines rotary wings with gusty ow
environments and nally takes into account simultaneously rotating and translating

wings encountering a gust.



Figure 1.1: Three pillars decomposing the main aerodynamic challenges of UAM
accounting for rotary wings, xed wings, and unsteady, gusty conditions. Picture
on the left from [Pritchard, 2024].

1.2.1 Advancing Rotary Wings

The focus of the rst pillar is on the reverse ow region of an advancing rotor.

The goal is to tackle the following two challenges to achieve e cient and safe UAM:

1. The rst goal is to track and quantify the di erences in the ow elds between

sharp and blunt trailing-edged blades to understand how the performance of
a helicopter main rotor can be enhanced at high advance ratios with the use
of novel airfoil designs. In reverse ow, the geometric trailing edge acts as the
aerodynamic leading edge and vice versa, causing negative blade drag (thrust)
and lift (downforce) with respect to the airfoil, a nose-up pitching moment
due to the relocation of the center of pressure, and various unsteady aero-
dynamic e ects [Leishman, 2006a]. These unsteady ow features, including
a time-varying tangential velocity component and separation e ects, ham-
per predictions of unsteady loads acting on high advance ratio rotors [Smith

et al., 2018]. In addition, commonly used sharp trailing-edged airfoils like the



NACAO0012 feature a sharp aerodynamic leading edge in reverse ow enhanc-
ing the unsteady airloads due to ow separation at the sharp aerodynamic

leading edge.

. The second goal is to perform a comprehensive study comparing the perfor-
mance of low-order models and CFD to experimental results. Load data using
the three aforementioned methods is compared at advance ratios ranging from
0.00 to 1.00. The focus lies on the high advance ratio cases where the reverse
ow region covers a substantial part of the retreating rotor disk side. Vortex
structures in the reverse ow region are analyzed to assess their impact on the
blade forcing. The aerodynamic loads acting on a conventional sharp trailing-
edged blade are quanti ed and di erences compared to a blunt trailing-edged
airfoil are discussed. The aims are to understand how the performance of a
helicopter main rotor can be enhanced at high advance ratios with the use of

novel airfoil designs and how to prevent fatal pitch link failures.

1.2.2 Sideslip Wing-Gust Encounters

The present sideslip wing-gust encounter study aims to address the gaps in

three-dimensionality introduced above by investigating transverse gusts encountered

at a sideslip angle as sketched in gure 2.7. As an initial exploration into under-

standing the e ects of three-dimensionality and the potential alterations in vortex

formation, shed wake dynamics, and ow recovery, the study focuses on the impact

of sideslip. Similar to a transverse gust, the wing is towed through the gust, but at



a non-zero sideslip angle. The sketch on the right in gure 2.7 shows the problem
from a top view where a wing encounters a transverse gust at a non-zero sideslip
angle. On the left side of the gure a sideview of a wing pro le is shown. Objectives

of this research are to answer the following unanswered research questions:

1. What is the role of three-dimensionality and spanwise ow in ow separa-
tion, vortex formation and development, wake evolution, and the emergence

of transient airloads during encounters with large disturbances?

2. Can sideslip gust encounters be simpli ed into a discretized two-dimensional
model, or does the three-dimensional nature of the physics necessitate more
complex modeling to account for vorticity transport and transient rolling mo-

ments?

This research serves as the basis to inform highly three-dimensional xed and
rotary wing-gust encounters for applications in UAM. Such small air vehicles are
likely to encounter very strong and complex gusts composed of many di erent ow

structures.

1.2.3 Rotary Wing-Gust Encounters

The present rotor-gust encounter study aims to address the lack in knowledge
of how rotors react to a strong transverse gust. This is crucial for the success-
ful, e cient, and safe implementation of UAM. The sketch introduced in gure 2.8
shows the investigated setup of the rotor-gust encounter problem for hovering and
advancing rotors translating to the right into the gust similar to a purely translating
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wing-gust encounter. The sketch in gure 2.8 shows the problem from a top view.
The main goals of this work are to answer the following unanswered research ques-
tions based on and building on the advancing rotor and sideslip wing-gust encounter

work:

1. How is the rotor blade loading a ected by a strong gust encounter?

2. How does a hovering rotor-gust encounter compare to an advancing rotor
encountering a gust? How does the blade-gust entry azimuth angle a ect the
forcing? What are the di erences between advancing blade- and retreating

blade-gust encounters?

These research questions strongly enhance the knowledge from the advancing
rotor and the sideslip wing-gust encounter work. A fundamental understanding of
rotor-gust encounters is crucial to inform the aerodynamic design of urban air vehi-
cles operating in highly unsteady and gusty environments. Such small air vehicles
are likely to encounter very strong and complex gusts composed of many di erent
ow structures. The combination of the three pillars culminating in the advanc-
ing rotor-gust encounter work gives fundamental insight into unsteady aerodynamic
e ects occurring on UAM vehicles. This is crucial to ensure e cient and safe air

transportation in cities in the future.

1.3 Dissertation Outline

The present thesis is subdivided into nine chapters. After the current intro-
duction in Chapter 1, Chapter 2 gives an overview over the current state of the art
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and previous research. Chapter 3 outlines the experimental methods used in the
study, including the water tank facility, the variety of models, experimental tech-
niques, analysis approaches, and the experimental campaigns. Chapter 4 presents
the numerical methods, including the computational uid dynamics (CFD) solver
and the low-order models developed in this thesis. Chapters 5 to 8 present the re-
sults and discussion of the present work. Starting with the advancing rotor research
(pillar one), Chapter 5 includes the vortex structure identi cation and quanti ca-
tion work of simultaneously rotating and translating wing. Chapter 6 deals with
the unsteady aerodynamic e ects a ecting the blade loading on advancing rotors,
concluding pillar one. A gust is introduced in Chapters 7 and 8, where Chapter
7 discusses the three-dimensional e ects on a sideslip wing gust encounter with a
purely translating wing, addressing research pillar two. Finally, the rotary and si-
multaneously translatory wings encountering a transverse gust are then combined
with the gust encounter work in Chapter 8 as the culmination of this thesis to under-
stand how rotors are a ected by gusty environments occurring in urban areas and
tackling pillar three. Chapter 9 provides a summary of the combined work in this
thesis, including the highlights and key contributions. Also, suggestions for future

work are presented and discussed.



Chapter 2: Literature Review

Urban air mobility (UAM) vehicles are emerging as a transformative mode
of transportation, introduced to reshape urban landscapes and transportation net-
works. Central to their operation are the complex aerodynamic interactions between
the vehicle's components{such as rotors and wings{and the environmental factors
they encounter{like gusts. Understanding these interactions is crucial for improving
the safety, e ciency, and performance of UAM vehicles. This chapter provides a
comprehensive review of the existing literature on helicopter rotors and gust encoun-
ters, with a focus on the unique aerodynamic challenges posed by these elements. By
exploring the current state of the art in these areas, this review lays the groundwork

for further studies into unsteady aerodynamic e ects on UAM vehicles.

2.1 Advancing Rotary Wings

High-speed, high advance ratio rotorcraft enable the execution of various civil-
ian and military missions where time is of the essence. One example is the applica-
tion of helicopters in emergency medical service operations, where they are crucial
not only for primary scene retrievals, but also for secondary inter-facility transports

[Taylor et al., 2010]. In the future, multirotors could be used to transition terrestrial



services to the air, like re ghting, surveillance, agriculture, taxi services or package
delivery [Alkouz et al., 2021, Chmaj and Selvaraj, 2015]. Cruising at high speeds
puts forth many unresolved challenges [Leishman, 2007]. The growing reverse ow
region is an intrinsic aerodynamic limitation to edgewise rotors that might cause
detrimental pitch link loads, leading to fatal crashes. E ective techniques to mit-
igate these adverse e ects are still lacking, limiting the ight speed of rotorcraft
[Datta et al., 2013, Ewans and Krauss, 1973].

A blade on a hovering rotor experiences a tangential in ow component that
increases linearly with the radial distance from the rotor hub. This tangential in ow
component at a speci ¢ blade section is a function of its radial statiog, only, as
shown in equation 2.1. However, for a helicopter in forward ight, the rotational
velocity of a blade elementUrr is superposed with the translational freestream
velocity Ugg resulting from the forward ight motion as shown by the in-plane
velocity pro le (blue arrows) in gure 2.1. The right semi-circular disk area (light
green) is called the advancing side, whereas the left side (light red) is the retreating
one. The position of a blade is de ned by its azimuth angle which is zero for
a blade pointing downstream and 180 deg for an upstream pointing blade; blades
at azimuth angles between 0 deg and 180 deg are advancing whereas blades in the
region from 180 deg to 360 deg are retreating [Johnson, 2013, Leishman, 2006a]. As
a result of the ow asymmetry, the oncoming freestream component might exceed
the rotational velocity component on the retreating side where the blade moves with

the freestream. This occurs when the tangential velocity component



Figure 2.1: Top view of a main rotor where a circular reverse ow region (dark red)
forms on the retreating disk side (light red). Schematic streamlines are shown on the
top left for forward ow in comparison to reverse ow on the bottom left (adapted
with permission from Lind et al. [2018] and Wild and Jones [2022]).

Ur = Urr + Ure sin( )= Yo+ Ure sin( ) (2.1)

becomes negative, wherbry is the rotational velocity, U= the forward ight ve-
locity, the blade angular velocity, y, the blade element radial distance from the
rotor hub, and the blade azimuth angle. In this case, the local ow reverses and
travels from the geometric trailing edge of the blade toward its leading edge [Lind
et al., 2018]. This scenario occurs in the circular reverse ow region highlighted in
dark red (see gure 2.1). A mathematical representation of the advance ratio is

given by

_ Ure cos(tpp) _ Urr coS( 1pp) | TPp =0 _ Urr (2.2)
! = .

Urr (Yo = R) R

Note that the advance ratio is equal to the ratio of the forward ight speed and the
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rotor tip speed for the current study since the tip-path plane angle rpp is set to
zero as a result of a zero shaft angles and apping being prohibited.

The diameter of the reverse ow region is equal to times the rotor radiusR,
and thus linearly dependent on . For an advance ratio of 1.00, the entire retreating
blade resides in the reverse ow region at = 270 deg, whereas for a hovering heli-
copter no reverse ow region occurs at all. On the advancing side of the rotor disk,
the velocity increase due to the superposition of the rotational and translational ve-
locity components might lead to compressibility e ects arising at the rotor blade tip
close to =90 deg (dark green area in gure 2.1). A rotor RPM reduction (slowed
rotor concept) is the simplest way to alleviate or even eradicate these compressibility
e ects at the advancing blade tips. However, an RPM reduction always leads to an
increase of and thus a growth in the reverse ow region area [Leishman, 2006a].
This constitutes a major challenge, especially for high-speed forward ight at high
advance ratios.

Forward ow occurs everywhere on the rotor disk except for the reverse ow
region, and is usually investigated in many aerodynamic problems. The freestream
comes in from the left, ows over the geometric leading edge of the airfoil, and
travels towards the geometric trailing edge on the right as shown in gure 2.1 in
the sketch on the top left. In the case of reverse ow, this is exactly opposite
(see bottom left sketch in gure 2.1). The geometric trailing edge now acts as the
aerodynamic leading edge and vice versa. In reverse ow, sharp geometric trailing
edges are prone to ow separation and vortex formation, leading to higher drag
forces and vibrations. As a result of the center of pressure being shifted from the
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geometric quarter-chord to the geometric three-quarter-chord (aerodynamic quarter-
chord) high pitching moments arise that can be detrimental to the pitch links.
In addition, the lift force reverses direction in the reverse ow region, pointing
downwards for a positive pitch angle as shown in gure 2.1.

The UH-60A slowed rotor wind tunnel test by Bowen-Davies and Yeo [2017]
provides a valuable database for validating rotorcraft analysis tools like RCAS at
high advance ratios. RCAS's analysis options, such as dynamic in ow and yawed
ow corrections, are assessed, showing improved thrust and drag predictions and
highlighting the importance of yawed ow corrections for accurate airloads and
structural load predictions. Floros and Johnson [2009] demonstrated that a slowed-
rotor compound aircraft minimizes rotor drag and highlights pro le drag as the
primary power source, with lift transitioning to the wing at higher altitudes to reduce
power needs. Since pro le drag is the primary source of power, prole geometry

alterations are very e ective and cost-e cient to achieve drag reduction.

2.1.1 Trailing Edge Geometry

The trailing edge geometry of a rotor blade is very important for its perfor-
mance in reverse ow. Jacobellis et al. [2020] used computational uid dynamics
simulations and wind tunnel tests to analyze the NACA 63-218 airfoil in reverse
ow, demonstrating that re ex camber can signi cantly reduce reverse ow drag.
By altering the airfoil's camber line near the trailing edge, re ex camber decreases

ram pressure drag on the upper surface and modi es suction on the lower surface,
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leading to maximum drag reductions of up to 60% in simulations and 50% in ex-
periments. Re ex camber shows promise for reducing reverse ow drag on edgewise
rotors, particularly in high advance ratio scenarios. Ko et al. [2021] demonstrated
that passively morphing the camber near the trailing edge of a rotor blade in reverse
ow signi cantly reduces ow separation and drag, mitigates pitching moments, and
decreases unsteady loading, as shown through experiments with a NACA 63-218
blade under various pitch conditions.

Novel rotor blade designs use blunt trailing-edged (double-ended) airfoils in-
board of approximately 35% of the blade radius (where reverse ow dynamic pres-
sure is largest), to alleviate the unsteady e ects arising in the reverse ow region by
reducing areas of separated ow [Bagai, 2008]. Using such a novel blade concept,
a signi cant reduction in prole drag can be achieved in the reverse ow region,
yet this is accompanied by large pitching moments on the retreating blade as well
as a drag increase on the advancing blade as shown by Bagai [2008]. An improved
blade design for the reverse ow region becomes crucial, especially for higher ad-
vance ratios where the reverse ow area grows. Han et al. [2019] developed a hybrid
inverse/optimization method that is able to combine inverse design with direct op-
timization in order to improve the aerodynamic shape of blunt airfoils for coaxial
rotors. Their optimal aerofoil resulted in a larger glide ratio (lift to drag ratio) and
improved stall characteristics by achieving a stronger suction peak with a favorable

pressure gradient.
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2.1.2 Reverse Flow Vortex ldenti cation and Quanti cation

Even though the detrimental e ects of reverse ow on vibrations and rotor
performance are widely known, limited experimental research on the characteriza-
tion of the highly complex three-dimensional ow eld structures in the reverse ow
region has been performed [Datta et al., 2013]. Raghav et al. [2014] investigated the
reverse ow phenomenon in helicopter blades under high advance ratio conditions,
hypothesizing similarities to leading-edge vortex (LEV) formation on delta wings.
Wind tunnel experiments on a scaled rotor blade revealed deviations from yawed-
wing expectations at high yaw angles and identify an attached span-wise vortex via
surface ow visualization.

A lack of knowledge in how to e ectively mitigate these adverse reverse ow
aerodynamics e ects, negatively a ecting the rotor performance, is one key point
limiting the maximum forward ight speed of modern-day rotorcraft [Datta et al.,
2013]. Previous work has focused on conventional sharp trailing-edged as well as
elliptical blunt-edged airfoils in a two-dimensional wing environment for static angles
of attack in the range of 0 deg to 360 deg, serving as a fundamental model of reverse
ow dynamic stall [Lind and Jones, 2015, 2016b, Lind et al.,, 2013, 2014, 2015,
2016]. Lind and Jones [2016a] performed a dynamic stall analysis using a sinusoidally
pitching NACA0012 airfoil, whereas Smith et al. [2016] carried out these experiments
with linear pitching. For sinusoidal pitching, the ow was found to separate at low
angles of attack in the reverse ow case when a sharp trailing-edged NACA0012

airfoil was present [Lind and Jones, 2016a]. These results were supported by Hodara
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et al. [2016] in numerical simulations. Overall, an earlier and more predictable
separation was detected in the case of sharp trailing-edged airfoils in reverse ow,
resulting in deep dynamic stall. On the other hand, a lower predictability of light
or deep dynamic stall was found for airfoils with blunt trailing edges. In both cases,
the number of shed vortices was driven by the pitching kinematics [Lind and Jones,
2016a, Smith and Jones, 2019].

In the three-dimensional rotor environment Lind et al. [2018] identi ed four
main ow features in the reverse ow region as shown in the vorticity elds depicted
in gure 2.2: The reverse ow entrance vortex (RFEV), the blunt trailing edge
wake sheet (BTEWS), the reverse ow dynamic stall vortex (RFDSV), and the tip
vortex (TV). These four ow structures also appear in the particle image velocimetry
(PIV) data of Smith et al. [2018]. The rst vortex structure, the RFEV, shown at
the top of gure 2.2(a) forms at the blunt aerodynamic trailing edge when the blade
enters the reverse ow region. Even though the blade pitch angle is negative in the
reverse ow region, Lind et al. [2018] suggest that the induced in ow at the reverse
ow region boundary a ects the angle of attack so that it becomes positive due
to the superposition of the spatially variable in ow, blade apping, and pitching.
Therefore, when entering reverse ow similar ow structures as in the case of an
airfoil at a positive angle of attack accelerated from rest are expected. With this
reasoning, the RFEV is hypothesized to be a starting vortex that sheds with the
freestream. Smith et al. [2018] argue that this vortex structure develops due to
the high harmonic apping present at the entrance of the reverse ow region. Yet,

the impact of the RFEV on unsteady airloads is believed to be negligible as it
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forms when the dynamic pressure on the blade is very low and the vortex quickly
diverges from the blade [Lind et al., 2018]. The RFEV is followed by the BTEWS,
the second vortex structure at the center of gure 2.2(a), which is a wake sheet
composed of two oppositely rotating layers of vorticity, similar to the slender body
vortex shedding characterized by Lind and Jones [2015]. Lind et al. [2018] introduce
the BTEWS in their overview of ow structures, but they do not further analyze
the BTEWS. The BTEWS is not characterized by Smith et al. [2018] at all. The
RFDSV, the third ow structure visible in both sub gures of gure 2.2, develops

at the sharp aerodynamic leading edge and is fed by the separation shear layer
at azimuth angles in the region of 270 deg where the in-plane velocity component
dominates. The local ow is hypothesized to be almost horizontal in this region
since the reverse ow velocity magnitude is largest. The RFDSV is assessed to be
the most important ow structure in the reverse ow region [Hiremath et al., 2016].
The nal vortex structure visible in gure 2.2(b) is the TV which is formed at an
earlier instance in time when the blade tip trajectory intersects the PIV laser sheet.
As the blade azimuth angle rises, the TV approaches the blade since it convects
with the freestream. Note that the freestream velocity is higher than the rotational
velocity of the blade element in the reverse ow region [Lind et al., 2018, Smith et al.,
2018]. For higher advance ratios, the relative TV advection velocity is so large that
it catches up to the blade leading to interaction e ects with inboard sections of the
same blade the TV was generated from. In addition to the RFDSV, Smith et al.
[2018] allocated a signi cant in uence of the TV on unsteady aerodynamic loading.

The TV was detected to be a primary source of radial ow, inducing a root-to-tip
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(&) NACA0012: =0.6, ¢ =10deg, =260 deg,s=1.63.

(b) NACAO012: =0.6, o=10deg, =280deg,s=3.09.

Figure 2.2: Phase-averaged out-of-plane vorticity elds with vector elds displaying
the local velocity in the blade frame of reference by Lind et al. [2018] where the
main four ow structures appearing in the reverse ow region of a NACA0012 blade
are apparent. Figure (a) shows the reverse ow entrance vortex (RFEV) and the
blunt trailing edge wake sheet (BTEWS) forming at the blunt aerodynamic trailing
edge. The reverse ow dynamic stall vortex (RFDSV) is visible in both gures (a)
and (b) where the vortex growth over the azimuth stands out. Figure (b) shows the
tip vortex (TV) upstream of the sharp aerodynamic leading edge.

radial ow through its core as illustrated in gure 2.3. In addition, the TV might
interact with the RFDSV.

Many studies evaluated the RFDSV to be the most signi cant ow structure
in the reverse ow region as it in uences the unsteady loading on the rotorblade the
most [Hiremath et al., 2016]. This is mainly due to its proximity to the blade surface
[Smith et al., 2018]. Since the RFDSV centroid is located near the aerodynamic

guarter-chord (geometric three-quarter-chord) it is likely that the RFDSV induces

17



a substantial pitching moment resulting in detrimental pitch-link loads. The main

conclusions by Lind et al. [2018] and Smith et al. [2018] concerning the RFDSV are:

1. The RFDSV on a blade increases in size towards the rotor hub as sketched
in gure 2.3, meaning that more vorticity is created at inboard sections for a

given azimuth angle .

2. For a xed reduced times (i.e. the number of semi-chords traveled in the
reverse ow region), more circulation is generated at outboard radial stations

with respect to blade elements further inboard.

3. A tip-to-root radial ow develops in the RFDSV core (i.e. in the opposite
direction to the radial ow created by the TV), increasing in magnitude for

blade sections closer to the hub at a given (see gure 2.3).

4. For a xed radial blade station, the RFDSV circulation grows linearly with
reduced times. This trend is still valid when di erent advance ratios are

compared.

5. The shatft tilt angle a ects the blade section local angle of attack as well
as the in ow distribution. A shatft tilt angle reduction (forward tilt of hub
plane) increases the local absolute angle of attack in reverse ow resulting in

a stronger RFDSV.

Overall, the vortex strength and size both grow with increasing blade azimuth an-

gles. During this process, the vortex centroid moves slightly towards the blunt
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Figure 2.3: Schematic by Smith et al. [2018] illustrating the RFDSV growth in radial
direction at progressively inboard blade sections. In addition, the spanwise tip-to-
root ow in the RFDSV core is indicated by the violet arrows. The schematic shows
an instantaneous, three-dimensional snapshot of a sharp aerodynamic leading-edged
NACAO0012 at a 270 deg azimuth angle.

aerodynamic trailing edge, mainly due to vortex growth and convection [Lind et al.,
2018].

The RFDSV resembles a LEV in terms of its formation process and evolution
[Hiremath et al., 2016, Manar et al., 2016, Mancini et al., 2015, Stevens et al., 2017].
A LEV forms at the leading edge of a surging and pitching wing at high angles of
attack [Granlund et al., 2016, Kirk and Jones, 2018] or on a wing entering a strong
gust [Biler et al., 2019a, 2021a, Jones et al., 2022]. Kirk and Jones [2018] conclude
that a blade at a high incidence angle entering reverse ow might be the source of the
LEV which was previously described as the RFDSV. However, in their study with a
wing undergoing pure surge, the LEV shed from the wing surface and convected into
the wake unlike in the case of the rotor RFDSV which stays attached and does not
shed within an integral part of the reverse ow region. Thus, Kirk and Jones [2018]
hypothesize a stabilizing e ect on the RFDSV appearing due to the rotary motion

of a rotor blade, similar to e ects encountered hitherto in micro air vehicles and
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apping wings of natural iers. Smith and Jones [2020] extended the previous work
by superposing a pitching motion to the wing surge to analyze the RFEV. In this
study they found that at the blunt aerodynamic trailing edge the LEV growth was
cut o when freestream reversal occurred, leading to the shedding of a RFEV. In
conclusion, the RFDSV forms at the sharp geometric trailing edge of a NACA0012
airfoil, acting as the aerodynamic leading edge in the reverse ow region, which is
subjected to an unsteady local freestream at a high angle of attack, resulting in ow
separation [Lind et al., 2018]. This is very similar to at plate stall where the sharp
leading edge de nes a separation point that remains almost perfectly pinned to the
leading edge position [Eldredge and Jones, 2019].

Earlier experimental work using a slowed rotor model in a wind tunnel pro-
vided evidence of the RFDSV convecting along the blade chord [Berry and Chopra,
2014]; this was also identi ed on a full-scale UH-60A rotor by Datta et al. [2013].
The RFDSV was also detected in CFD simulations by Potsdam et al. [2016], despite
an underprediction of the low pressure wave in these simulations in comparison to
the full-scale experiments. This highlights the importance of experimental studies
guantifying vortex strengths and vortex trajectories. In addition to the experimental
studies by Lind et al. [2018] and Smith et al. [2018], Hiremath et al. [2016] inves-
tigated a sub-scale rotor with sharp trailing-edged rotor blades using phase-locked
stereoscopic PIV, at a limited range of azimuth angles. Hiremath et al. [2016] con-
clude that a rotor blade in the reverse ow region at an azimuth angle below 270
deg is comparable to a delta wing con guration with forward swept wings where a

vortex forms along the sharp aerodynamic leading edge and grows in strength at

20



sections further inboard. This vortex strength increase occurs due to yaw e ects and
the linear increase of the reverse ow velocity magnitude moving inboard. Azimuth
angles beyond 270 deg correspond to an aft swept delta wing. Due to centrifugal
and vortex history e ects, the RFDSV bursts and di uses into the freestream at
some azimuth angle exceeding 270 deg. Unlike Lind et al. [2018] and Smith et al.
[2018], Hiremath et al. [2016] did not nd any evidence of vortex shedding in the
reverse ow region at the blunt aerodynamic trailing edge of the slightly thicker

NACAQ0013 used in their work.

2.1.3 Unsteady Aerodynamic Blade Loading

In spite of some e orts put into detecting and analyzing the ow structures
appearing in the reverse ow region of sharp geometric trailing-edged blades, knowl-
edge about experimental time-resolved blade forces and how the loading is a ected
by these ow structures is lacking. Harris [2008] used analytical tools to assess rotor
performance at high advance ratios and found that while recent theories, such as
CAMRAD I, o er improved predictions over older models, they are still inadequate
for predictions at advance ratios above 0.62; hence, more comprehensive testing at
higher advance ratios is needed. The UMARC analysis by Bowen-Davies and Chopra
[2015], modi ed to include a dynamic stall model for reverse ow, shows improved
prediction of dynamic stall and airloads at lower advance ratios, but at = 1.0, it
predicts vortex shedding with poor phase agreement compared to test data.

Other studies focused on low-order models to predict the rotor forces and
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moments in hover and forward ight. Many of these unsteady models use two-
dimensional subsonic indicial response functions like Theodorsen's [Theodorsen,
1949], Sears' [von Karman and Sears, 1938], Isaacs' [Isaacs, 1945, 1946], Green-
berg's [Greenberg, 1947], Kottapalli's [Kottapalli, 1977, 1985, Kottapalli and Pierce,
1979], or the arbitrary motion theory [Jose et al., 2006, Leishman, 1990, van der
Wall and Leishman, 1994]. Theodorsen developed the unsteady aerodynamic solu-
tion for a harmonically oscillating thin airfoil in the frequency domain [Theodorsen,
1949]. Also in the frequency domain, but for a thin airfoil subjected to sinusoidal
transverse gusts, Sears formulated the unsteady aerodynamic solution for sinusoidal
transverse gusts encounters [Sears, 1941a]. Unlike Sears, Greenberg o ered the un-
steady aerodynamic solution for a thin airfoil in an oscillating freestream instead of
an oscillating gust in the frequency domain [Greenberg, 1947]. The main di erence
between Sears and Greenberg is that Greenberg's freestream velocity itself varies
sinusoidally, which means the entire ow eld is subject to oscillations. Kassner
provided the unsteady aerodynamic solution for a thin airfoil encountering a sharp-
edged transverse gust with in nite gust width in the time domain [Kussner, 1935].
These indicial functions can be superposed to obtain the instantaneous unsteady
lift, drag, and pitching moment of a sinusoidally surging and pitching airfoil in a
constant freestream velocity. However, most of these models are not well suited
for high advance ratios due to a small freestream amplitude assumption, unable to
model the highly unsteady reverse ow region [Favier et al., 1979, Ma et al., 2021,
Strangfeld et al., 2014, 2015, 2016, van der Wall and Leishman, 1994]. Another
approach is the three-dimensional combined blade element and momentum theory,
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also known as blade element momentum theory (BEM), which is widely used for
rotor hover performance calculations [Johnson, 2013]. It can be adapted for the
use in general forward ight conditions and is called local or hybrid BEM [Azuma
and Kawachi, 1979, Davoudi and Duraisamy, 2019, Shastry et al., 2018, Wild et al.,
2023c]. Again, most of these approaches are only applicable to low advance ratios

and time-averaged loads [Gill and D'Andrea, 2017, Khan and Nahon, 2015].

2.2 Gust Encounters

In 1903, the Wright yer marked the dawn of human ight. The initial test day
consisted of four ights; however, a sudden gust of wind abruptly ended the testing
by ipping the aircraft, signi cantly damaging its structure [Jones et al., 2022]. To
this day, maintaining stable ight is still challenging in unsteady ow conditions
[Moulin and Karpel, 2007, Pines and Bohorquez, 2006, Watkins et al., 2006, Zarovy
et al., 2010], and the rejection of gusts continues to be a signi cant concern for ight
control [McLean, 1978, Uchida et al., 2019, Wu et al., 2019]. Putting aside severe
weather and storms, wind gusts and atmospheric turbulence are now regarded as
minor disruptions for most larger aircraft. In the 1990s, micro air vehicle (MAV)
research on small-scale vehicles operating at lower speeds and with payloads grew.
The history of micro air vehicles began with model airplanes in the 19th century,
evolving through advances in propulsion and miniature radio technology, ultimately
enabling the creation of micro-air-vehicles under 100 grams by the 1990s [Mueller,

2009, Viswanath and Tafti, 2010]. Recent times have seen increased interest in
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larger unmanned aerial vehicles (UAVs) for surveillance, intelligence, reconnaissance,
logistics, delivery, and air taxi services in urban environments [Johnson et al., 2018,
Silva et al., 2018]. For such small vehicles that need to hover, approach, and land,
an atmospheric gust can reach a magnitude comparable to the vehicle's ight speed,
leading to ow separation and signi cant uctuations in the wing or blade loading
[Gehlert and Babinsky, 2021, Mohamed et al., 2014, Watkins et al., 2019]. A gust
refers to a ow disturbance that induces an unsteady air ow around a lifting surface,
leading to highly unsteady aerodynamic loads [Jones et al., 2022]. The gust ratio is

de ned as the maximum gust velocityVy relative to the freestream velocityU;

GR= 9. (2.3)

2.2.1 Dynamic Stall

A signi cant nding of previous wing-gust encounter studies is the crucial role
of the leading-edge vortex (LEV) in lift enhancement due to the vortex being a local
pressure minimum [Grubb et al., 2020]. The LEV is a dynamic stall vortex (DSV)
forming during deep dynamic stall. Deep dynamic stall can be divided into ve
distinct stages as laid out in gure 2.4. For a sinusoidally pitching airfoil, the angle

of attack can be described by

t . t
— = o+ 2 — 2.4
T o+ asin 2 - (2.4)

where is the angle of attack,t the time, T the cycle time, and , the mean pitch
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Figure 2.4: Flow morphology and unsteady airloads occurring during the ve stages
of dynamic stall on an oscillating airfoil. Obtained from Leishman [2006a] and
adapted from Carr et al. [1977], McCroskey et al. [1982].
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angle about which the airfoil pitches with an amplitude of ;. The ow morphology
demonstrates signi cant hysteresis e ects since the path for an increasing angle of
attack with _> 0 di ers from from the path for a decreasing angle of attack with
_< 0 Leishman [2006a].

The following bullet points brie y summarize the ve stages of the dynamic

stall process sketched in gure 2.4:

" Stage 1: The onset of ow separation is delayed due to reduced adverse
pressure gradients from pitch rate kinematics, the shed wake in uence, and
the unsteady boundary layer response. This helps maintain smooth air ow
over the airfoil surface for longer compared to an airfoil at a static angle of
attack. The dynamic stall angle of attack can exceed the static stall angle by

up to 100%.

Stage 2: Flow separation occurs, leading to the formation and shedding of a
vortex disturbance from the leading edge. This vortex temporarily increases
the airfoil's lift and pitching moment while moving downstream at a fraction

of the free-stream velocity.

Stage 3: As the vortex leaves the trailing edge, it enters the turbulent wake,
causing full ow separation on the upper surface. This stage is marked by a
sharp loss of lift, increased pressure drag, and a peak in the nose-down pitching

moment.

Stage 4: After the vortex has passed, the ow remains in a fully separated
state, with the airloads resembling those under steady conditions. Secondary
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vortices may form during this separated ow state. A delay in ow reattach-

ment may occur as the angle of attack decreases.

Stage 5: Flow reattachment happens when the angle of attack drops signi -
cantly below the static stall angle. This stage involves substantial hysteresis
e ects in the airloads, contributing to reduced aerodynamic damping and po-

tential aeroelastic issues.

Since the LEV forming on a wing entering a gust at high gust ratios is a
dynamic stall vortex, LEVs postpone stall at high angles of attack, allowing for
higher instantaneous lift coe cients than what would be achievable under steady
conditions [McCroskey, 1982]. The detachment of the LEV signi es the end of lift
enhancement and the onset of stall. A strong LEV coinciding with the lift peak
followed by a lift de cit due to LEV shedding was also encountered by Perrotta and
Jones [2017] and Biler et al. [2021b] with a sine-squared transverse gust as well as by
Corkery et al. [2018a] among others [Andreu Angulo and Babinsky, 2021, Gehlert
et al., 2021, Sedky et al., 2022] with a trapezoidal (also called top-hat) transverse

gust at various angles of attack and gust ratiosGR.

2.2.2 Gust Type Categorization

Atmospheric gusts observed during real ight conditions are made up of many
di erent ow structures. In a laboratory setting, decomposing these complex ow
structures is advantageous as it enhances problem manageability and provides a

better comprehension of the e ects caused by each individual phenomenon [Jones
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et al., 2022]. Three distinct types of two-dimensional discrete gusts in terms of their
directionality have been identi ed in the literature: longitudinal, transverse, and
vortex gusts. Longitudinal gusts as shown in gure 2.5(a) induce uctuations in the
streamwise direction and have been extensively studied due to their ease of creation
in experimental setups through oscillations of the freestream or the aerodynamic
model [Chowdhury et al., 2020, Granlund et al., 2014]. Vortex gusts as depicted in
gure 2.5(b) involve uctuations in both the streamwise and stream-normal direc-
tions and can be experimentally generated by pitching or heaving a plate or using a
blu body upstream of the test object [Barnes et al., 2016, Biler et al., 2021b, Engin
et al., 2018, Hufstedler and McKeon, 2019, Medina et al., 2019, Peng and Gregory,
2015]. Transverse gusts as presented in gure 2.5(c), causing only stream-normal
uctuations, can be generated by an open jet setup [Biler et al., 2021b, Corkery
et al., 2018a, Gementzopoulos et al., 2023]. The study of large-amplitude, trans-
verse or vertical gust encounters has been a signi cant focus in research since the
1930s, but early work was limited to potential ow modeling due to the limited
availability of computational and experimental tools [Kussner, 1935, Wagner, 1924].
Kussner [1935] emphasized the importance of transverse gusts, as they generate the

highest wing stresses compared to other gust types of similar strength.

2.2.3 Kussner's Sharp-Edged Gust Model

The challenge of determining the transient lift response on a thin airfoil en-

tering a semi-in nite sharp-edged vertical gust was initially addressed by Kussner
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(a) Longitudinal gust. (b) Vortex gust. (c) Transverse gust. (d) Sideslip gust.

Figure 2.5: Gust encounter schematics: in longitudinal or streamwise gust encoun-
ters (a), the freestream velocityU; is a function of the timet. In the vortex gust
(b), a vortex is advected by the freestream velocityJ; and encounters the wing.
In the transverse gust (c), the wing is towed at a constant velocity; through a
gust with velocity V4(x). In the sideslip gust (d), the wing is towed through the
transverse gust, similar to (c), but with an added sideslip angle. Figures (a) - (c)
obtained from Jones and Cetiner [2021] with permission.

[1935] and accurately solved by von Karman and Sears [1938]. In this scenario, the

vertical upwash velocity,V, is de ned relative to an axis at the leading edge as

\%

8

E 0 outside of the gust{ < 0)
= (2.5)

3

- Vg inside of the gust ¢ > 0)

Unlike in the case of an instantaneous angle of attack change across the entire
wing chord at one given time instant, in Kussner's problem, the quasi-steady angle
of attack changes gradually as the airfoil penetrates the gust front. von Karman and
Sears [1938] describe the velocity distribution along the airfoil's chord caused by the
gust as equivalent to a virtual camber. The leading edge enters the gusttat= 0,
the entire airfoil is immersed in the gust att = 1, wheret is the convective time,
representing the numbers of chords traveled from the airfoil's leading edge entering
the gust [Leishman, 2006a]. The corresponding variation in the lift coe cient can

be expressed by
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Figure 2.6: Kussner's function for the penetration of an in nitely long sharp-edged
vertical gust using equation 2.7.

Ct)=2 S () (2.6)

1

whereV is the transverse velocity at the airfoil's leading edgé); is the freestream

velocity, and is the Kuassner function. The Kussner function can be approximated

by

(t)=1 O05e %2 (O5e 2 (2.7)

as plotted in gure 2.6 [Bisplingho et al., 2013]. (t ) starts at zero and asymptot-
ically approaches a value of one as the reduced time goes to in nity. The Kussner
function can be applied with the Duhamel superposition integral to determine the
lift response to an arbitrary transverse gust [Leishman, 2006a]. Instead of using
equation 2.6 which is valid for a semi-in nite sharp-edged gust, the lift coe cient

can be computed using
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ZtdV()
o dt

Cit) = j— V() (t)+ ¢ ) (2.8)

by Sears [1941b] for an arbitrary gust where(t ) is de ned by equation 2.7 and

is a dummy variable.

2.2.4 Sideslip Wing-Gust Encounters

Transverse gusts, causing only stream-normal uctuations, can be generated
by an open jet setup [Biler et al., 2021b, Corkery et al., 2018a, Gementzopoulos
et al., 2023]. Since the discovery of Kussner [1935] emphasizing the importance of
transverse gusts generating the highest wing stresses compared to other gust types
of similar strength, extensive research has predominantly focused on transverse gust
encounters. However the main focus has been on fundamental, two-dimensional
transverse gust scenarios with limited exploration of the underlying physics involved
in non-uniform encounters with transverse gusts even though situations where a gust
is unlikely to impact the entire wingspan simultaneously are numerous as sketched
in gure 2.7. Previous research on three-dimensionality has primarily focused on
tip vortex interactions [Barnes et al., 2016, Garmann and Visbal, 2017] or harmonic
gusts with a spanwise-varying gust amplitude two orders of magnitude smaller than
the freestream velocity [Lone and Dussart, 2019].

Barnes et al. [2016] examined the three-dimensional ow structure of a streamwise-
oriented vortex interacting with a nite aspect-ratio wing. They found that the ver-

tical position of the vortex relative to the wing plays a crucial role in determining
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Figure 2.7: In the sideslip gust encounter the wing is towed at a constant velocity
U; and a sideslip angle through a transverse gust of a velocity(x). The sketch
on the right shows the problem from a top view, the zoomed in sketch on the left
shows it from a side view at the gray dashed pro le line. The sketch is to scale
except for the spanwise gust dimension, which extends much further than the wing
span (see arrows).

the unsteady ow structure, where a direct impingement or negative vertical o set
induces helical instability due to adverse pressure gradients. Conversely, a positive
vertical o set aligns the vortex with a favorable pressure gradient, enhancing stabil-
ity by inhibiting the growth of unstable modes. The in uence of the wing is more
pronounced for larger vortices, with stability outcomes depending on the vortex's
properties and interaction with the wing's pressure eld. In their numerical study,
Garmann and Visbal [2017] investigated the unsteady evolution of the tip vortex on
a rounded-tip NACAO0012 wing with an aspect ratio of 2, operating at a Reynolds
number of 20 1C° and an incidence angle of 8 deg. Both stationary and plung-
ing wing con gurations are explored, simulating conditions like aircraft wandering
or wing vibration that signi cantly a ect the tip vortex, with implications for for-
mation ight. Garmann and Visbal [2017] found that the wing's high-frequency,

low-amplitude heaving motion introduces considerable three-dimensionality in the
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ow, leading to variations in the tip vortex structure, including alternating wakelike
and jetlike behavior, and a growing vertical displacement that results in a self-
induced orbital motion. This dynamic vortex state, which persists into the wake,
could negatively impact downstream aerodynamic surfaces or complicate vortex
tracking in practical applications. Lone and Dussart [2019] point out that the push
for increased ight e ciency is leading to aircraft designs with higher aspect ratios,
lighter weights, and larger wingspans, necessitating greater focus on aeroelastic-
ity and load considerations. They challenge the traditional assumption of uniform
spanwise gust pro les by investigating spanwise-varying 1-cos gust models using a
non-linear aeroelastic model of a large transport aircraft. The study compares con-
ventional one-dimensional gust models with multidimensional ones, revealing that
incorporating spanwise variation can lower envelope loads when considering tradi-
tional gust gradients, but can result in higher envelope loads when maximum load
factors are matched. The authors also develop a methodology for processing and

analyzing the loads data arising from these multidimensional gust encounters.

2.2.5 Rotary Wing-Gust Encounters

Previous rotor research focused on rotor, cabin, or helicopter system response
to atmospheric turbulence in hover and forward ight [Dang et al., 1997, Elliott and
Chopra, 1990, Fuh et al., 1983, Gaonkar, 1977, George et al., 1992, Riaz, 1992, Riaz

et al., 1992]. However, not many studies focus on the aerodynamics of large-scale

Vg
Vtip;hover

gust structures at high gust ratios GR =

), but rather structural dynamics
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and vibrations generated by gusts as Cernicchiaro et al. [2003].

Bir and Chopra [1986] investigated the gust response of a coupled hingeless
rotor-fuselage system in both hover and forward ight. Each rotor blade experiences
apwise bending, edgewise bending, and torsional de ections, modeled using beam
elements. The research incorporates a three-dimensional gust eld with arbitrary
spatial and temporal variations in gust velocity components. Aerodynamic loads are
determined using quasisteady strip theory, while wake-induced e ects are accounted
for through dynamic in ow modeling. Dynamic stall and reverse ow e ects are
also considered. The equations for the rotor-fuselage gust response are linearized
around the vehicle's propulsive trim state and the steady-state de ected positions
of the blades, then solved by time integration. The study examines the in uence of
parameters such as dynamic in ow, lag sti ness, forward speed, gust pro le, gust
penetration rate, and gust velocity direction on the helicopter's gust response. How-
ever, the work by Bir and Chopra [1986] focuses on analytical structural dynamics
and does not incorporate experimental unsteady aerodynamics aspects. They found
that the blades quickly absorb the initial impact of a gust, with minimal load trans-
mitted to the hub, though under certain conditions, the peak hub load may exceed
peak thrust. The fuselage, due to its large inertia, initially does not contribute to
the response but in uences it after a few cycles. Dynamic in ow modeling is cru-
cial for accurately predicting gust loads, as steady in ow assumptions can lead to
over- or underestimations. The study also highlights the importance of elastic blade
modeling, noting that the coupling of ap, lag, and pitch motions is particularly

strong in sti -inplane rotors. Additionally, factors such as mean blade loading, gust
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Figure 2.8: Rotor-gust encounter of a hovering or advancing rotor.

pro le, penetration rate, and rotor sti ness signi cantly a ect the magnitude and
timing of the response, with sharper gusts and higher penetration speeds leading to
earlier and larger peak responses.

Figure 2.8 shows a rotor-gust encounter where the rotor could either be hov-
ering or advancing to the right into the transverse gust. The unsteady aerodynamic
e ects of translating wing-gust encounters are very complex, superposing a rotary
motion to simulate an advancing rotor further enhances the complexity of the prob-
lem. Since the fundamental understanding of rotor-gust encounters at high gust
ratios is lacking, this gap needs to be addressed to achieve safe and e cient urban

air mobility.
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2.3 Summary

The rapid development of urban air mobility (UAM) vehicles presents unique
opportunities and challenges in the eld of aerodynamics. This review examines the
literature on the critical aspects of UAM vehicles, with a particular focus on the
interactions between xed wings, rotary wings and gust encounters. These key areas
pose signi cant challenges that must be addressed to ensure the safe and e cient
operation of UAM systems in urban environments.

The review of rotary wing aerodynamics highlights the inherent limitations
of high-speed rotorcraft, particularly the issues associated with the reverse ow
region. The growing reverse ow area at high advance ratios introduces complex
unsteady aerodynamic e ects, including signi cant pitch link loads that can lead
to operational failures. Blunt trailing-edged airfoils may o er some mitigation by
reducing separated ow in the reverse ow region.

Gust encounters, another critical concern for UAM vehicles, have been a long-
standing issue in aviation, as evidenced by the earliest ights of the Wright brothers.
The literature shows that smaller vehicles are highly susceptible to gusts. These
gusts can induce ow separation and cause rapid uctuations in aerodynamic load-
ing, making it challenging to maintain stable ight. In particular, transverse gusts
have been found to generate the most severe aerodynamic loads on wings, while the
interaction of gusts with rotary wings introduces additional complexity, particularly
at high gust ratios.

In summary, the literature review underscores the importance of understanding
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rotary wing aerodynamics in high-speed ight and the challenges posed by gust
encounters on wings and rotors in UAM vehicles. Chapters 3 and 4 introduce the

experimental and numerical methods used in the present work.
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Chapter 3: Experimental Methods

3.1 Overview

The present work encompasses both an experimental and a numerical com-
ponent, aimed at investigating unsteady aerodynamic e ects on wings and rotor
blades. This division allows for a comprehensive exploration of the research ques-
tions, combining real-world observations with numerical simulations for a robust
understanding of the underlying phenomena. The present chapter focuses on the

experimental methods. The numerical methods are introduced in Chapter 4.

3.2 Water Towing Tank Facility

Small-scale low Reynolds numbeiRe) experiments were performed in the free
surface water towing tank sketched in gure 3.1 on the right with the dimensions
of 7 min length, 1.5 m in width, and 1 m in depth. All tank boundaries consist of
glass, allowing optical access for particle image velocimetry (PIV) measurements.
The freestream velocity is set by a translatory motion of the tow carriage where
the model is mounted on. The two rods submerged in the water are attached to a

rotary motor on the tow carriage to generate the rotation of rotor blades or adapt
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