
Propulsive Enhancement and Dynamic Stall
Mitigation in Flapping Airfoils

Emanuel António Rodrigues Camacho

Tese para obtenção do Grau de Doutor em
Engenharia Aeronáutica

(3º ciclo de estudos)

Orientador: Prof. Doutor André Resende Rodrigues da Silva
Coorientador: Prof. Doutor Flávio Donizetti Marques

novembro de 2024



ii



Propulsive Enhancement and Dynamic Stall
Mitigation in Flapping Airfoils

Emanuel António Rodrigues Camacho

Tese para obtenção do Grau de Doutor em
Engenharia Aeronáutica

(3º ciclo de estudos)

Orientador: Prof. Doutor André Resende Rodrigues da Silva
Coorientador: Prof. Doutor Flávio Donizetti Marques

Júri:
Prof. Doutor Joaquim Mateus Paulo Serra

Prof. Doutor Joaquim Rafael Rost Ávila Martins
Prof. Doutor William Roberto Wolf

Prof. Doutor Leandro Barbosa Magalhães
Prof. Doutor Jorge Manuel Martins Barata
Prof. Doutor João Manuel Melo de Sousa

Prof. Doutora Maíra Martins da Silva
Prof. Doutor André Resende Rodrigues da Silva

8 de novembro de 2024



ii



Declaração de Integridade

Eu, Emanuel António Rodrigues Camacho, que abaixo assino, estudante com o número de
inscrição D2719 de Engenharia Aeronáutica da Faculdade de Engenharia, declaro ter desen-
volvido o presente trabalho e elaborado o presente texto em total consonância com oCódigo
de Integridades da Universidade da Beira Interior.

Mais concretamente afirmonão ter incorrido emqualquer das variedades deFraudeAcadémica,
e que aqui declaro conhecer, que em particular atendi à exigida referenciação de frases, ex-
tratos, imagens e outras formas de trabalho intelectual, e assumindo assim na íntegra as
responsabilidades da autoria.

Universidade da Beira Interior, Covilhã, 19 de novembro de 2024

Emanuel António Rodrigues Camacho

iii



Acknowledgments

“Appreciation is a wonderful thing: It makes what is excellent in others belong
to us as well.”

Voltaire

I see life as a mix of events governed by one or more differential equations that are, at least
for now, unknown to Mankind. The beauty of these equations is that they have an infinite
number of solutions and to find your solution, meaning to understand how our life evolves
over space and time, weneed to setwhat are knownas initial or boundary conditions. Someof
the starting conditions can be very harsh leading to very difficult life experiences while some
are easier, but at the end of the day, we are all just integrating our differential equation with
some step size to discover what the next day will bring. The step size is another interesting
parameter that can be discussed philosophically in the context of our lives, but let us not enter
such a black hole. One can look at these boundary conditions as being the environment and
people that surround us. They do not govern us per se but have a great influence on our life
path and help us achieve great things. So it is now time to properly mention the boundary
conditions that made this path such an enjoyable and rich journey. Here are the credits if
this thesis was a film:

Professor André Resende Rodrigues Silva

Professor Flávio Donizetti Marques

Professor Jorge Manuel Martins Barata

Mechanical Engineering Department of EESC-USP

LABDIN (EESC-USP) Research Group

AEROG (LAETA) Research Group

Rui Paulo

Fernando Neves

Leandro Carlos Pedrassolli

Jair Diego Antonietti

Sérgio Donizeti Ferreira

iv



José Francisco de Moraes

Professor Leopoldo P. R. de Oliveira

Professor Maíra Martins da Silva

César Santos

Diana Rodrigues

Rúben Meireles

David Izquierdo

Friends

Family

People who taught me what to not do or be in life

Emanuel Camacho

v



Funding

The present work was performed under the scope of the Aeronautics and Astronautics Re-
search Center (AEROG) of the Laboratório Associado emEnergia, Transportes e Aeronáutica
(LAETA) activities, supported by the Fundação para a Ciência e Tecnologia (FCT) through
the grant 2020.04648.BD and projects UID / EMS / 50022 / 2019, UIDB / 50022 / 2020,
UIDP / 50022 / 2020 and LA / P / 0079 / 2020. The work was also supported by the grant
co-sponsored by Santander-UBI BID / FE / 2019.

vi



Resumo

O estudo de perfis alares oscilantes é a peça central para a biomimetização do voo, explorar
novos sistemas de extração energética e para melhorar o projeto de pás de rotores. Tipica-
mente, estes sistemas são caracterizados por efeitos aerodinâmicos altamente não lineares,
que na maioria dos casos, ainda necessita de uma profunda investigação no que diz respeito
à aerodinâmica e aos parâmetros que governam estes sistemas.

Esta investigação debruça-se em alguns destes temas, escrutinando-os em duas frentes: a
melhoria propulsiva e a mitigação da perda dinâmica de perfis alares oscilantes. Após uma
longa revisão de estudos anteriores, o presente projeto propõe umnovo perfil alar, designado
por NACA0012-IK30, que introduz o conceito de curvatura dinâmica. Este conceito bioin-
spirado é aplicado ao conhecido perfil NACA0012, produzindo uma geometria inovadora
que divide o referido perfil em duas partes, onde existe a possibilidade de defletir o bordo
de ataque de forma independente do resto do perfil alar. Este novo sistema passou por um
conjunto de análises paramétricas e ótimas através de várias metodologias experimentais e
numéricas, que se dividem em duas partes: estudos num número de Reynolds mais baixo,
onde as capacidades propulsivas são estudadas, e num número de Reynolds mais elevado,
onde a mitigação da perda dinâmica é explorada.

Na parte inferior do espectro do número de Reynolds, os resultados demonstram que a ati-
vação do bordo de ataque oferecida pelo mecanismo IK30, demonstrou a habilidade de au-
mentar consideravelmente a potência propulsiva e eficiência. Ao comparar a geometria pro-
posta com o movimento de oscilação tradicionalmente estudado na literatura, tornou-se ób-
vio que o mecanismo proposto pode oferecer tração máxima com uma eficiência propulsiva
quase ótima, algo que é totalmente inconcebível em movimentos oscilantes tradicionais. Os
resultados obtidos na gama superior do número de Reynolds, onde o sistema proposto foi
utilizado como recurso de mitigação da perda dinâmica, mostram a eficácia do mecanismo
quando sujeito a diferentes movimentos de translação e rotação. Ao usar corretamente o
sistema IK30, a perda dinâmica experienciada em condições permanentes e transientes con-
seguiu ser mitigada ou até mesmo erradicada, o que proporcionou reduções consideráveis
na resistência aerodinâmica e aumentos notáveis na sustentação produzida.

Embora o presente estudo tenha mostrado resultados interessantes, o sistema proposto, em
conjunto com o conceito amplo de curvatura dinâmica, deverá ser estudado profundamente.
Ao juntar novas tecnologias, comopor exemplo, a deformação contínuada curvatura acoplada
a novas cinemáticas, poderemos explorar novos caminhos que estenderão o nosso conheci-
mento e aproveitamento da aerodinâmica de perfis alares oscilantes.
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Resumo Alargado

Os perfis oscilantes estão presentes em vários tópicos relacionados com a aérea aeronáutica,
desde a miniaturização de sistemas para um voo baseado na biomimetização, no projeto de
mecanismos para extração energética através de superfícies oscilantes e no desenvolvimento
de pás aplicadas ao voo que recorre a asas rotativas. Ao ser um tema tão abrangente, existem
portanto várias veias de estudo onde são realizadas inúmeras investigações com um objetivo
central: o de compreender como a geometria e a cinemática destas superfícies oscilantes
influenciam o desempenho aerodinâmico das mesmas.

Um dos assuntos que se levanta quando analisamos o presente estado de arte de perfis os-
cilantes, debruça-se sobre quais os caminhos que propiciarão um aumento do desempenho
propulsivo, quando os perfis são usados como propulsores, ou uma melhoria no comporta-
mento aerodinâmico quando usados como mitigadores da perda dinâmica. Sabendo que a
resposta reside na geometria e cinemática, uma atenção redobrada deverá ser redirecionada
para o desenvolvimento de novas morfologias acopladas de novos movimentos. Este é o
centro da tese, que debruçou-se sobre várias possibilidades geométricas, teve em conta os
possíveis regimes operacionais e considerou diversos constrangimentos, culminando numa
proposta que materializou-se através de um novo perfil alar: o NACA0012-IK30. Tal como
o nome indica, esta nova geometria baseia-se numa modificação denominada IK30 do tradi-
cional perfil NACA0012, onde este é dividido em duas partes que se movem de forma in-
dependente. Este movimento independente entre o bordo de ataque e o restante perfil alar,
leva a que surja uma curvatura efetiva do perfil que pode ser ajustada dinamicamente, mime-
tizando um pouco do que é visto nas superfícies utilizadas no mundo natural. No presente
trabalho, a geometria proposta é testada em dois regimes operacionais distintos, sendo estes
o de propulsão e o de mitigação de perda dinâmica.

O estudo do perfil enquanto propulsor, ocorre num número de Reynolds mais baixo, onde
a oscilação do perfil tem a capacidade de induzir um excesso de momento linear na esteira.
Esta fase de estudo foi conseguida através de umamontagemexperimental, onde foram feitos
testes de visualização de escoamento através de fumo, e de uma metodologia numérica que
recorre à dinâmica de fluidos computacional, onde a média de Reynolds das equações de
Navier-Stokes é utilizada. Além das análises paramétricas, é criada uma metodologia de
otimização acoplada à formulação numérica, onde é feita a busca de tração ou eficiência
propulsiva máxima. Com base nas metodologias implementadas, foi possível verificar que
a deflexão do bordo de ataque ao longo do tempo possui uma elevada influência, principal-
mente na dimensão do vórtice de perda dinâmica, podendo mesmo eliminá-lo em algumas
condições. Relativamente às capacidades propulsivas, a adição da componente rotacional ao
bordo de ataque, fez com que a potência propulsiva tenha aumentado de forma considerável,
acompanhada com uma melhoria notória na eficiência propulsiva. Relativamente à potên-
cia requerida do movimento, esta mantém-se, para várias condições consideradas, quase
independente da amplitude rotacional do bordo de ataque. Quando sujeito à otimização, o
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mecanismo IK30 demonstrou ser um sistema altamente capaz, quando comparado ao que
é tipicamente observado na literatura. Um resultado central nesta fase do estudo centra-se
na capacidade que omecanismo proposto tem em obter tração ótima com eficiência perto da
máxima, algo que é inconcebível por oscilações convencionais onde um destes parâmetros é
sacrificado pelo aumento do outro.

No âmbito da mitigação de perda dinâmica, onde o número de Reynolds sobe uma ordem de
magnitude relativamente a quando o perfil é usado como propulsor, é estabelecida umamon-
tagem experimental desenvolvida para a medição das cargas aerodinâmicas. À metodologia
experimental, é também conectado um inovador algoritmo de otimização em tempo real,
onde a minimização da resistência aerodinâmica ou a maximização da sustentação é dese-
jável. É também implementada uma extensão da metodologia numérica mencionada anteri-
ormente para um breve estudo da influência da deflexão do bordo de ataque na distribuição
de pressão da superfície alar. Os resultados são claros no que diz respeito àsmelhorias aerod-
inâmicas, obtidas em ambos os casos estáticos e dinâmicos, demonstrando que a deflexão do
bordo de ataque relativamente ao resto da estrutura, reduz ou, em certas condições, elimina
por completo a presença da perda aerodinâmica. Isto leva à inevitável redução da resistên-
cia aerodinâmica e aumento da sustentação, que normalmente vem acompanhado com um
aumento do momento de arfagem. Importante mencionar que em condições onde a perda
aerodinâmica era inexistente ou negligenciável, o mecanismo IK30 demonstrou ser capaz
de reduzir a intensidade do momento, sem sacrificar as forças aerodinâmicas, algo desejável
quando o objetivo será a redução global dos esforços aplicados. Estes efeitos foram veri-
ficados especialmente em condições oscilantes de translação e rotação, onde o mecanismo
proposto mostrou a capacidade enquanto mitigador da perda dinâmica. Foi também vista a
necessidade de explorar ainda mais a cinemática e o cuidado a ter com esta, de modo a não
degradar o desempenho aerodinâmico além de todas as adversidades impostas pela perda
dinâmica.

A presente tese deverá funcionar não como um fim, mas como um início de uma longa e
profunda exploração de novas geometrias e cinemáticas. Sendo estas as duas variáveis que
governam este problema, é necessário continuar a construir sobre o conceito de curvatura
dinâmica, e acoplá-la a novas cinemáticas. Isto levará ao surgimento de novas possibilidades,
onde poderá ser feito um ajustemais flexível do escoamento em torno do perfil, olhando para
este como um conjunto de partes interagindo entre si, e não como um todo, rígido e imutável.
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Abstract

The study of oscillating airfoils is the centerpiece for the biomimetization of flight, exploring
newer energy-extracting devices, and improving rotor blade design. Typically, these are af-
fected by highly nonlinear aerodynamic effects, which in most cases, still require substantial
research regarding the aerodynamics and parameters that govern these systems.

The present investigation looks into some of these topics by scrutinizing two primary fronts:
the propulsive enhancement and the dynamic stall mitigation of flapping airfoils. After a
comprehensive review of past investigations, the current work proposes a newer airfoil, the
NACA0012-IK30 airfoil, that introduces the concept of dynamic curvature. This bioinspired
concept is applied to the conventional NACA0012, producing an innovative geometry by di-
viding the airfoil into two parts, where we can deflect the leading edge independently from
the rest of the airfoil. This newer design went through parametrical and optimal analysis
by employing a diverse set of experimental and numerical methodologies, divided into two
domains: lower Reynolds number, where the propulsive capabilities are studied, and higher
Reynolds number, where dynamic stall mitigation is explored.

At the lower spectrum of the Reynolds number, results show that the activation of the lead-
ing edge offered by the IK30 mechanism demonstrated the ability to improve considerably
the propulsive power and efficiency. When comparing the proposed geometry with standard
flapping, it is clear that the suggested design can provide optimal thrust with near-optimal
propulsive efficiency, something unachievable in traditional flapping. Results obtained at the
higher range of the Reynolds number, where the IK30 mechanism functions with dynamic
stallmitigationpurposes, show the adequacy of the proposed geometry under different plung-
ing and pitching conditions. When correctly deflecting the leading edge, the aerodynamic
stall experienced both in static and dynamic conditions can be mitigated or even eradicated,
leading to significant drag reductions and modest lift enhancements.

While the present study yielded encouraging results, the IK30mechanism and the broad con-
cept of dynamic curvature need to be the focus of further research. Using newer technologies,
for instance, continuous camber morphing, coupled with ingenious kinematics, will allow us
to explore newer pathways to extend our knowledge and exploit the aerodynamics of un-
steady airfoils.

Keywords

Flapping Airfoils; Movable Leading Edge; Optimization; Propulsive Enhancement; Dynamic
Stall Mitigation
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Chapter 1

Introduction

“I think the biggest innovations of the 21st century will be at the intersection of
biology and technology. A new era is beginning.”

Steve Jobs

In this introductory chapter, we will first look at the motivation for the work, where we dis-
cuss the overall potential and applications of oscillating airfoils. Then, based on this unex-
plored potential and the current state of the art, the objectives of the thesis are presented
together with subtasks needed to push the topic of unsteady airfoils even further.

1.1 Motivation

Humans have been observing the processes of nature and using them as their source of in-
spiration to develop new systems. Biomimicry has undoubtedly pushed the aeronautical in-
dustry standards to higher levels and with newer concepts, such as morphing, aviation will
become more sustainable, with much cleaner and greener operations.

The Biomimicry Institute from the United States of America, whose mission is to help solve
humanity’s biggest challenges through the adoption of biomimicry, defines the concept of
biomimetics as an approach to innovation that seeks sustainable solutions to human chal-
lenges, by emulating nature’s time-tested patterns and strategies [1]. Nature is powered by
mechanisms that typically offer well-adapted solutions to animals subjected to any given en-
vironment, being often called by naturalists and biologists the natural selection process.

The father of the theory of evolution, Charles Darwin, explains in his 1859 masterpiece, On
the Origin of Species by Means of Natural Selection [2], this effective process that has gov-
erned species evolution for millions of years, saying that

“Can it, then, be thought improbable, seeing that variations useful to man have
undoubtedly occurred, that other variations useful in some way to each being in
the great and complex battle of life, should occur in the course of many succes-
sive generations? If such do occur, can we doubt (remembering that many more
individuals are born than can possibly survive) that individuals having any ad-
vantage, however slight, over others, would have the best chance of surviving and
of procreating their kind? On the other hand, we may feel sure that any varia-
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tion in the least degree injurious would be rigidly destroyed. This preservation
of favourable individual differences and variations, and the destruction of those
which are injurious, I have called Natural Selection, or the Survival of the Fittest.”

However, from an engineering standpoint, in Darwin’s explanation, there is no reference to
whether the natural solutions are themost efficient, meaning that the energy input for a given
system would be converted to the type of energy we desire, in simpler words, the good use
of time and energy in a way that does not waste any. Nevertheless, an important concept is
introduced by Darwin: effectiveness. Understood as the ability to be successful and produce
the intended results, effectiveness is an interesting concept that suggests that with nature,
we can obtain adequate solutions, or at least a starting point for several design problems.

A practical application, whose inspiration came from nature, was the introduction of refined
wing tips that offered useful operational advantages for airlines operating long-range flights.
Inspiration for the design came from birds observed to curl their wing tip feathers upward
when requiring a high lift. A well-designed winglet, as the case of the A350 XWB family wing
tip illustrated in Figure 1.1, rises vertically and is swept back such that it significantly reduces
the size of the wingtip vortex, thus reducing induced drag.

Figure 1.1: A350 XWB family wing tip.

Recently, aircraftmanufacturers have been looking forward to improving thewaywe fly,mak-
ing use of the new propulsive systems that can drag the aeronautical industry towards amore
sustainable environment. Martin Aston, a Senior Manager at Airbus [3] says that

“One of the priorities for the entire industry is how to make aviation more sus-
tainable –making flying cleaner, greener, and quieter than ever before. We know
from our work on the A350 XWB family passenger jet that through biomimicry,
nature has some of the best lessons we can learn about design.”

The new Airbus conceptual aircraft, the Bird of Prey (Figure 1.2), is then the culmination
of a mix of concepts extracted from nature that could offer the morphing capabilities that
aeronautical engineering is eager for and, although it is not an actual aircraft, it could very
well represent a solution for the short-range class. This proposed design considers a hybrid-
electric, turbo-propeller system, an elegant wing-to-fuselage joint based on the geometry
of faster birds, and revolutionary wing and tail structures. This design would exploit the
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wingtips similar to individual feathers to actively control the aircraft and massively increase
the operational efficiency [3]. The flight mechanics of insects and birds under several airflow
fluctuations may also help to develop new systems to be applied in auto flight computers’ re-
sponse.

Ideas of developing newer surface finishings are also in the front line of engineering projects.
This is the case of textured surfaces that mimic the sharkskin structures that challenge the
predefined idea that an aircraft should have every surface as smooth as possible. Suitable
for long-range aircraft, this new concept can offer a good solution that together with other
futuristic solutions, represents a renewed engineering [4].

Figure 1.2: Bird of Prey - Airbus conceptual aircraft [3].

Another project fueled by biomimicry is the Airbus’ AlbatrossOne [5] that focuses on the
importance of wing tips and the effects happening on these extremities, opening new ways
to transform aircraft wing design.

The concept based on a semi-aeroelastic hinge has the potential to reduce drag and wing
weight by diminishing turbulence and gust effects allowed by the freely flapping wing tips.
The inspiration comes from the albatross marine bird that can lock or unlock their wing
structures at the shoulder when turbulence occurs or active flight control is required [6].
Jean-Brice Dumont [5] explains that

“When there is awind gust or turbulence, thewing of a conventional aircraft trans-
mits huge loads to the fuselage, so the base of the wing must be heavily strength-
ened, adding weight to the aircraft. Allowing the wing-tips to react and flex to
gusts reduces the loads and allows us to make lighter and longer wings – the
longer the wing, the less drag it creates up to an optimum, so there are poten-
tially more fuel efficiencies to exploit.”

But Airbus is moving further with the concept of biomimicry by introducing another demon-
strator project based on what we have been seeing in Nature for hundreds of years: V forma-
tion in birds’ flight. This new project called fello’fly will explore the technical and commercial
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Figure 1.3: AlbatrossOne - Airbus project [5].

viability of two aircraft flying together for long-haul flights, which will help the environmen-
tal performance of commercial aircraft andmove towards an improved andmore sustainable
aviation industry. This concept could provide a significant reduction in emissions, which
could hit the targets defined by the International Civil Aviation Organisation (ICAO) and the
Committee on Aviation Environmental Protection (CAEP) [7].

From a practical standpoint, this project encourages engineers to explore innovative ways to
exploit the energy content that an aircraft wake has, just like birds. For a long time, these ani-
mals have been using the V shape to fly together, but only recently have scientists understood
the real potential that this flying configuration has, especially on long-haul flights [8].

Hence, it is possible to extract the kinetic energy by positioning a follower aircraft in the
air upwash of one of the lead aircraft’s wakes, as illustrated in Figure 1.4. With this, the
upwash created upstream will contribute to lift production and decreased engine thrust and,
therefore, fuel consumption that could be reduced by more than 5%.

Figure 1.4: fello’fly - Airbus project [7].

Oscillating hydrofoils and airfoils have been used by animals as their locomotive system. The
structures themselves are indeed intriguing but the most interesting question is without a
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doubt how these animals have been using these foils and how this system can provide such
high effectiveness and maneuverability.

Insect flight, associated with lower length scales and velocities, is based on the favorable
vortex interactions between the leading and trailing edge vortices, which are achieved by
large geometric deformations and corrugations. The tandem wing configuration offers an
additional advantage regarding vertical takeoff and hovering flight, where the downstream
wings can retrieve some wake energy from the front ones.

On the other hand, bird flight presents different characteristics where feathering controls
prevents flow separation at large incidences, and the variable wing geometry in flight allows
alternating flapping flight modes with gliding phases. Flight efficiency can also be enhanced
by using non-uniform air such as wind gusts.

The study of unsteady airfoils has the potential to boost new technologies for numerous en-
gineering applications such as MAV (Micro Air Vehicle) flight, rotor dynamics, aircraft re-
sponse in gusty weather, and improved design of energy extraction devices. Moreover, their
superior propulsive efficiency at low Reynolds number environments, makes flapping wings
desirable for futuristic applications such as planetary exploration [9]. At higher Reynolds
number environments, for instance, helicopter flight, their study leads to improving blade
design and mitigating the adverse effects of dynamic stall that compromise maneuverability
and structural soundness.

Also in naval engineering, unsteady hydrofoils are a great propulsive system replacement for
conventional propellers. This was confirmed by theMSTriade ship, a pioneer project (O-foil)
(Figure 1.5), developed by the Netherlands Maritime Research Institute, where the flapping
foil was a serious competitor for the conventional ship propeller, offering an appreciable in-
crease in propulsive efficiency with an achievable 50% reduction in fuel consumption. The
same institute is also dedicated to improving the naval industry by implementing the con-
cepts of the sailfish shape, frictionless shark skin, and flexible moving tails [10].

1.2 Objectives

The applications of unsteady airfoils are numerous, permeating into several research fields
and industries. The present work builds upon the motivation by bringing a bioinspired so-
lution to two distinct fields: propulsive enhancement of flapping airfoils and dynamic stall
mitigation.

Regardless of these two fields, the core objective of the thesis is to

1. Propose a bioinspired airfoil that uses the concept of a deflectable leading edge, pre-
senting enough operational flexibility to improve both the propulsive characteristics of
unsteady airfoils and mitigate the adverse effects of stall.
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Figure 1.5: O-Foil concept by Marin [10].

Yet, achieving this objective relies on additional goals and tasks, which depend on how the
airfoil is used. Regarding the propulsive enhancement of flapping airfoils, the work focuses
on

2. Understanding the influence of a movable leading edge on the flow field surrounding a
flapping airfoil at a lower Reynolds number by

• designing and building an experimental rig that allows for smoke visualization,

• and setting up an image processing framework for flow visualization.

3. Verifying the influence of a dynamic actuation of the leading edge on the propulsive
characteristics of a flapping airfoil by

• implementing a numerical methodology capable of providing the aerodynamic
and propulsive coefficients,

• and comparing them with classical potential flow theory.

4. Finding optimal operation leading-edge kinematics for maximum thrust generation
and propulsive efficiency by

• numerically coupling the proposed airfoil with a gradient-based algorithm.

Concerning the dynamic stall mitigation, the work looks into

5. Characterizing the steady operation of the proposed geometry at a higher Reynolds
number by

• designing and building an experimental rig capable of measuring all aerodynamic
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coefficients,

• conducting tufts visualization, combined with video processing, to observe the on-
set of stall,

• and CFD simulations for a complete understanding of the influence of the leading
edge position on the pressure distribution.

6. Optimizing the wing’s drag and lift coefficients by

• incorporating a real-time optimization algorithm into the control system to find
steady optimal values for various configurations.

7. Studying the proposed geometry under several dynamic conditions by

• considering a time-varying activation of the leading edge on plunging conditions
with a mean angle of attack,

• checking the influence of a pitching leading edge when the back part is fixed,

• and checking the influence of curvature in pitching by deflecting the leading edge
relative to the rest of the airfoil.

1.3 Thesis Outline

Following this introductory chapter is the literature review, where a wide selection of papers
regarding unsteady airfoils are presented. A background section is also provided for the fa-
miliarization of flapping airfoils nomenclature and parameters, which are used to investigate
their performance.

The four subsequent chapters concern the variousmethodologies implemented for the analy-
sis of the proposed airfoil: the experimental methodology, where all information is provided
for the flow visualization and force measurements tests; the numerical methodology that
explains the numerical algorithms used for CFD simulations; the unsteady panel method
chapter, in which the mathematical formulation of the panel method used is shown and the
optimization chapter, where the optimization algorithms implemented are explained in de-
tail.

These chapters are then followed by the results chapters, where special focus is given to the
propulsive enhancement and dynamic stall mitigation. The document ends with the conclu-
sions chapter, where an overview of the work is provided together with future work sugges-
tions.

7



8



Chapter 2

Literature Review

“Wisdom is not a product of schooling but of the lifelong attempt to acquire it.”

Albert Einstein

In this chapter, a broad review is made regarding the current state of the art of unsteady
airfoil aerodynamics. Several topics are discussed, including bi- and tridimensional effects,
the influence of structural flexibility, and flow control techniques. Furthermore, governing
parameters and aerodynamic and propulsive indicators used to evaluate the unsteady airfoil
phenomena are explained.

2.1 Background

The study of oscillating airfoils, either plunging, pitching, or flapping, started due to a sub-
stantial demand concerning the understanding of the aerodynamics surrounding flutter and
gust-response effects [11]. Also of interest was opening new ways to study the negative im-
pact of dynamic stall on helicopter rotors and propeller blades performance and how one
could reduce it or even eliminate it [12].

Although the studies of flapping airfoils started at the beginning of the twentieth century, it
is only at the beginning of the 21st that the topic has seen considerable growth, with more
than 20 papers published every year in the past years, mainly from the US and China with a
proportion of 40.2% and 16.5%, respectively [13].

At such an early phase of studying oscillating airfoils, little effort was made regarding drag
or thrust forces since the analysis performed at the time typically required only the determi-
nation of the lifting forces generated by the moving airfoil. However, in 1924, the flapping
airfoil had already been identified as a possible substitute for the conventional propeller by
Birnbaum [14, 15].

The first explanation of the flapping mechanism was given by Knoller [16] and Betz [17] who
noticed that a flapping airfoil had an effective angle of attack that created an oscillatory aero-
dynamic force normal to the relative velocity. However, this explanation, based only on the
airfoil kinematics, did not account for the wake effects.

In 1935, von Kármán and Burgers [18] clarify the thrust generation mechanism based on
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the vortex shedding of the airfoil. They modeled the wake of the flow past bluff bodies at
low-Reynolds numbers by an infinite row of alternating vortices, commonly known as the
von Kármán vortex street, which is associated with the production of drag, as illustrated in
Figure 2.1, considering an airfoil.

Figure 2.1: Drag-producing wake.

On the other hand, a flapping airfoil with the right combination of kinematics parameters
may produce a wake where vortices induce a velocity or a momentum surplus in the wake
compared to the upstream flow. This creates a jet-like flow that generates a propulsive force
explained by Newton’s third law of motion [18]. Hence, this type of wake results in thrust
production, as shown in Figure 2.2.

Figure 2.2: Thrust-producing wake.

These earlier studies opened newways to explore the flapping airfoil problem. Since then, the
studies mainly fall under two classifications: zoological and simplified configurations [19].
The zoological studies observe insects, birds, and animals and how they adjust their surfaces
to environmental conditions. The simplified studies concern research based on flow aerody-
namics, where the prediction of aerodynamic forces and propulsive efficiency are obtained
using 2D or 3D simulations and experiments.

These studies consider the flapping airfoil as the combination of surging, plunging, and pitch-
ing, with these being the three degrees of freedom in a two-dimensional space, as shown in
Figure 2.3.

Airfoil

Pitching

Surging

Plunging

Figure 2.3: Two dimensional flapping scheme.

However, the majority of studies on flapping airfoils neglect the surging component, empha-
sizing pure plunging, pure pitching, or a combination of both. Themain objective is to investi-
gate the influence of kinematic parameters, such as reduced frequency and nondimensional
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amplitude, on the aerodynamic and propulsive forces of the airfoil. By conducting experi-
mental and numerical simulations, one can find combinations of the governing parameters
that can enhance or degrade the airfoil performance.

2.2 Governing Parameters and Performance Indicators

Firstly, let us define the airfoil position and orientation. Based on an inertial frame of ref-
erence, an airfoil executing an unsteady motion, including rotation and translation, can be
described by its three degrees of freedom, being these

x, y, θ, (2.1)

where x is the horizontal component, y is the vertical component, and θ is its orientation,
commonly known as the pitch angle. All three degrees of freedom are illustrated in Figure
2.4.

y

x

θ

Figure 2.4: Axis system (Positive directions indicated).

However, for the sake of this analysis, the pitch angle equals the angle of attack, α (angle
between the chord line and the direction of the approaching flow), as we assume that the
flow velocity has an x component only.

Considering now the time derivative of x, y and α we have

ẋ, ẏ, α̇, (2.2)

which are the surging, plunging, and pitching velocities, respectively.

Due to the existing relative motion between the airfoil and the approaching flow, in addition
to the angle of attack, it is possible to define an effective angle of attack as

αeff = α+ arctan
(

−ẏ
U∞ + ẋ

)
, (2.3)

where U∞ is the flow velocity.

The aerodynamic and propulsive characteristics of an oscillating airfoil are commonly ex-
pressed as a function of a group of dimensionless parameters that govern the problem. One
of these parameters is the Reynolds number, which indicates whether the inertial or viscosity
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effects are preponderant. It is defined as

Re =
ρU∞c

µ
, (2.4)

where ρ is the density, U∞ is the flow velocity, c is the airfoil chord, and µ is the dynamic
viscosity.

In the specific subject of flapping airfoils, the Reynolds number parameter is crucial to iden-
tify the range of length and velocity scales where the oscillating airfoil shows different aero-
dynamic and propulsive behaviors. For instance, we see this in nature where the flapping
strategies used by birds (higher Reynolds numbers) are very different from those used by
insects (ultra-low Reynolds numbers), in which massive leading-edge separation is present.

Another essential parameter is the reduced frequency defined by Birnbaum in 1924 [14]. It
is a measure of the unsteadiness of the flow field and is a crucial similarity parameter [20].
It is expressed as

k =
2πfc

U∞
, (2.5)

where f is the motion frequency. This parameter is also viewed as the ratio between the
airfoil speed and the wind speed, being used predominantly in unsteady aerodynamic and
aeroelastic problems.

Similar to themotion frequency, themotion amplitude is presented in its dimensionless form
by dividing it by the aerodynamic chord. It is called the nondimensional amplitude and is
expressed by

h =
A

c
, (2.6)

where A is the motion amplitude.

If we combine these two last parameters bymultiplying them, we obtain the nondimensional
amplitude, kh, defined as

kh =
2πfc

U∞

A

c
=

2πfA

U∞
. (2.7)

As this problempresents oscillating flowmechanisms, an obvious parameter to be considered
is the Strouhal number. It represents the ratio between inertial forces due to the local and
convective acceleration, indicating whether unsteady or convective terms are predominant.
It is defined as

St =
fW

U∞
, (2.8)
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whereW is the wake height.

Instinctively, at high Strouhal numbers, oscillations will dominate the flow field, while at low
Strouhal numbers, the oscillations are transported by the surrounding fluid.

The combination of the aforementioned governing parameters will produce different results
concerning force production and required power. Hence, aerodynamic and propulsive co-
efficients are defined to methodically evaluate the influence of the governing parameters,
working as performance indicators.

Concerningpropulsive parameters, the propulsive power is obtainedbymultiplying the thrust,
T , by the flow velocity, as seen in equation (2.9).

PP = TU∞. (2.9)

Concerning the required power, it is defined as

PR = −Dẋ− Lẏ −Mα̇, (2.10)

where D and L are the drag and lift forces, respectively, and M is the pitching moment.
Important to note that the term required power in equation (2.10) only provides the aero-
dynamic required power, meaning the power needed to counteract the aerodynamic forces
while oscillating the airfoil. Equation (2.10) shows this power as the sum of the required
power of surging, plunging, and pitching.

The propulsive power can be expressed in its dimensionless form by dividing equation (2.9)
by 1

2
ρU3

∞S, obtaining

PP
1

2
ρU3

∞S
=

TU∞
1

2
ρU3

∞S
, (2.11)

which can be simplified to

CPP = Ct, (2.12)

where CPP is the propulsive power coefficient and Ct is the thrust coefficient.

Likewise, the required power defined in equation (2.10) is divided by 1

2
ρU3

∞S,

PR
1

2
ρU3

∞S
=

−Dẋ− Lẏ −Mα̇
1

2
ρU3

∞S
, (2.13)
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which is reduced to

CPR = −Cd
ẋ

U∞
− Cl

ẏ

U∞
− Cm

α̇c

U∞
, (2.14)

where CPR is the required power coefficient, and Cd, Cl, and Cm are the drag, lift, and pitch-
ing moment coefficients, respectively. The required power must not be confused with its
traditional definition of the required power to keep steady level flight. Here, the required
power coefficient is the power required to maintain or sustain the prescribed kinematics.

There is also interest in knowing the mean propulsive and required power values over n pe-
riods T , which are crucial parameters for the operation and energy consumption in a time-
varying system. These are calculated by

CPP =
1

nT

ˆ t+nT

t
Ct dt, (2.15)

and

CPR =
1

nT

ˆ t+nT

t
−Cd

ẋ

U∞
− Cl

ẏ

U∞
− Cm

α̇c

U∞
dt, (2.16)

respectively.

The propulsive efficiency is then obtained by dividing the mean propulsive power coefficient
by the mean required power coefficient, as in equation (2.17).

η =
CPP
CPR

(2.17)

2.3 State of the Art

In this section, we offer a comprehensive review which is divided into the main topics that
researchers focus onwhile studying oscillating airfoils. This review goes from themost funda-
mental concepts of flapping airfoils such as the influence of kinematics and vortex dynamics
to more complex and current topics such as energy extraction, structural parameters, three-
dimensional effects, and dynamic stall.

2.3.1 Kinematics

One significant section of flapping airfoils is kinematics, where the existing relationship be-
tween kinematic parameters and the resulting performance is studied. Early observations
made by Katzmayr [21] had shown that soaring flight seemed to be feasible when an airfoil
or wing could draw energy from the surrounding air. Such observation occurs, for instance,
in the presence of gusty weather where periodic changes in the angle of attack could offer a
considerable reduction in drag with a negligible influence on lift production.
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One of the first mathematical theories regarding unsteady airfoils was made by Theodorsen
[22], which predicts the unsteady aerodynamics of pitching and plunging airfoils. In 1936,
Garrick [23] makes use of the previously proposed formulas and the method drafted by von
Kármán andBurgers [18] to study the propulsion capabilities of amovablewingwith three de-
grees of freedom. Considering small oscillation amplitudes and a perfect fluid, results show
that there is always a propelling force in the reduced frequency range, with a propulsive effi-
ciency of 100% when flapping is infinitely slow, and 50% when the reduced frequency tends
to infinity. Furthermore, the thrust produced by the airfoil was approximately proportional
to the square of kh, whereas pitching airfoils do so only with frequencies above a critical value
and as a function of the pivot location. However, the use of inviscidmethods is not unreason-
able when considering a satisfactorily large Reynolds number and a reduced angle of attack
as suggested by Platzer et al. [24].

The beginning of numerical studies regarding oscillating airfoils started by performing anal-
yses that are ideal for calculating the flow field over an airfoil in an inviscid incompressible
medium [25, 26]. However, over time, improvements in computational resources caused an
inevitable migration from these simplifiedmethods to newer CFD techniques that offered an
improved and closer representation of reality.

After the development of classical theories, several were the works that followed. Freymuth
[27] studied experimentally both pure plunging and pitching motions and identified thrust-
producing wakes at low angles of attack, small plunging amplitudes, and high reduced fre-
quencies. At such regimes, he identified that the airfoil could avoid, to some extent, severe
flow separation from the leading edge, and even suggested that this may be the signature of
propulsive bird flight.

When it comes to the plunging motion, Tuncer and Platzer [28] used a Navier-Stokes solver
to estimate the thrust and propulsive efficiency of a NACA0012. At Re = 3 × 106, the max-
imum propulsive efficiency reached values close to 75% but with considerably low thrust
coefficients. They also studied the flapping/stationary airfoil combination in tandem config-
uration, concluding that placing a stationary airfoil downstream of a plunging airfoil has a
beneficial impact on propulsive efficiency.

Jones et al. [29] used laser-Doppler velocimetry to measure the mean jet profile in the wake
of a plunging airfoil and saw that thrust increases with both frequency and amplitude. They
then compared the experimental data with the unsteady panel method developed by Teng
[30]. Results show that inviscid phenomena govern the thrust wake structures. They also
showed that at Strouhal numbers higher than 1, asymmetrical and deflected wakes tend to
occur, as illustrated in Figure 2.5, which could offer the advantage of producing both thrust
and lift.

The flow around oscillating airfoils was further studied by Anderson et al. [31] who used
DPIV (Digital Particle Image Velocimetry) at a Reynolds number of 1.1× 102 and measured
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Figure 2.5: Asymmetrical wake regime [29].

force and required power at a Reynolds number of 4.0×104. Highly focused on obtaining the
highest propulsive efficiency, authors found out that four requirements should bemet, being
these: a Strouhal number between 0.25 and 0.40, large nondimensional amplitudes (≈ 1),
a maximum angle of attack somewhere between 15◦ and 25◦, and a phase angle between
plunging and pitching of about 75◦ (considering that the pivot point is at one-third chord
length from the leading edge). With these conditions, Anderson et al. reached in their study
a maximummeasured propulsive efficiency of 87%.

Lai andPlatzer [32] studied experimentally the plunging airfoil and found that the nondimen-
sional plunge velocity (kh) is a crucial parameter to study the region located downstream of a
plunging airfoil, especially the mean jet profile. They offered useful correlations concerning
the maximum jet velocity in the wake as a function of the distance to the airfoil. They also
verified that the maximum velocity can be described as a function of kh and concluded that
Umax decreased with the distance x/c to the trailing edge as

dUmax
d(kh) ≈

(x
c

)−0.5
, (2.18)

thus indicating a two-dimensional turbulent jet behavior.

Thrust production was also studied by Tuncer and Platzer [12] who concluded that when the
flow remains attached during the period of the oscillatory cycle, thrust production becomes
waymore efficient. Avoiding flow separation is easily achievedwhen combining pitching and
plunging since lower effective angles of attack are experienced. Moreover, when a leading-
edge vortex was present, the efficiency was considerably affected, even though high thrust
was still attainable.

As seen before by Anderson et al. [31], the Strouhal number can be a reliable indicator of
good propulsive performance, at least in controlled studies. A comprehensive study made
by Taylor et al. [33] who studied several species of birds, bats, and insects in the cruising
flight condition shows that propulsive efficiency peaks within the interval 0.2 < St < 0.4.
Although lower and higher values are detected for some species, the intriguing part is that
regardless of scale, the vast majority of animals fall on the same interval, as shown in Figure
2.6.
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Figure 2.6: Strouhal number in the various species studied by Taylor et al. Adapted from [33].

When it comes to the Strouhal number, only on some specific moments, as in takeoffs, land-
ings, and quickmaneuvers, the Strouhal number can take values higher than one. Otherwise,
it falls under the optimal range observed in nature, somewhere between 0.2 and 0.4. Regard-
ing the plunging amplitude, it normally does not exceed the aerodynamic chord length, while
the pitching amplitude is usually within 0 and 45◦. In all cases, the mean angle of attack is
kept at a low value, and the phase angle between plunging and pitching is set to 90◦, although
other values have been considered [31, 34].

The same problem was investigated by Young and Lai [35] who by observing the wake struc-
tures and thrust calculations at constant kh, concluded that this parameter was not control-
ling the flow, but rather the combination of k and h. At a Reynolds number of 2.0× 104, the
airfoil surface pressure distribution obtained by the authors, presented in Figure 2.7, made
them conclude that leading-edge effects have a direct influence on force generation, while
trailing-edge only played a primary role on the wake structures.

In 2006, Yang et al. [36] investigated the effects of unstalled pitching and plunging airfoils
by limiting the maximum effective angle of attack. When searching for an optimal reduced
frequency and phase angle between plunging and pitching, the authors found the highest
propulsive efficiency of 90% and a maximum thrust coefficient of 0.86. However, these two
values occur at opposite sides of the reduced frequency range since good efficiency values are
obtained at lower reduced frequencies, while higher thrust occurs at higher reduced frequen-
cies.

Heathcote et al. [37] concluded that the trust coefficient has almost no dependence on the
Reynolds number, and Lua et al. [38] saw that the drag coefficient is not related to this pa-
rameter. These conclusions are made for a Reynolds number less than 1.0×104 andmay not
be valid for values outside this range. Studies show that if the Reynolds number is calculated
based on the flapping airfoil thickness, the thrust coefficient will be affected by it [39]. On
the other hand, Visbal [40] and Liang et al. [41] while studying a flapping foil conclude that
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Figure 2.7: CP distribution at Re = 2.0× 104 and kh = 0.3 at the top of the stroke [35].

while increasing the Reynolds number, the drag coefficient reduces.

Ashraf et al. [42] studied the possibility of replacing conventional propulsive systems with
flapping airfoils, by investigating whether flapping wings could offer advantages for HALE
(High-Altitude Long-Endurance) aircraft. They concluded that the plunging airfoil would
not be a feasible solution as a very small efficiency was achieved. Meanwhile, when com-
bining pitching and plunging, lift and thrust production were favored as well as propulsive
efficiency which made them recommend flapping-wing propellers as an attractive and prac-
tical solution to be considered as a propulsive system.

Ashraf et al. [43] studied flapping-wing aerodynamicswith nondimensional amplitudes up to
48, achieving enormous thrust coefficients but really small propulsive efficiencies. By study-
ing a wide range of values, authors tried to answer what combinations of k and h favor thrust
generation and propulsive performance, and how some phenomena such as leading-edge
separation affect optimal efficiency. Based on the results, Ashraf et al. [43] recommend that
turbulence and 3D effects, as well as different types of motion other than sinusoidal motion,
should be studied to achieve the base of knowledge required for the development of MAVs.

Newer kinematics were considered by Lu et al. [44], who investigated the influence of asym-
metric sinusoidal motion on pitching airfoil aerodynamics, transforming a standard sinu-
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soidal wave into an asymmetric function along the motion period, given by
α(t) = Aα sin

(
2π

2ζT
t+

π

2

)
if 0 ⩽ t < ζT

α(t) = Aα sin
(

2π

2(1− ζ)T
(T − t) +

π

2

)
if ζT ⩽ t ⩽ T

. (2.19)

The asymmetry parameter, ζ, revealed that there is an enormous influence on the aerody-
namic performance, in particular on the lift coefficient, that increases by the emergence of a
mean effective angle of attack. As expected, the wake configuration is altered, exhibiting too
an asymmetric behavior.

Pitching airfoil propulsion with a nonsinusoidal motion was investigated by Lu et al. [45]
using 

α(t) =
Aα arcsin (−K sin(2πft))

arcsin (−K)
if − 1 ⩽ K < 0

α(t) = Aα sin(2πft) ifK = 0

α(t) =
Aα tanh (K sin(2πft))

tanhK ifK > 0

, (2.20)

where K is a parameter used to control the squareness of the periodic curve. Furthermore,
the influence of camber was studied by considering several NACA 4-digit series airfoils. Re-
sults indicate that increasing the pitching amplitude is linked to an increase in thrust produc-
tion until a critical value. The same is not verified when it comes to the propulsive efficiency,
which at a constant reduced frequency, typically reduces with the pitching amplitude.

Regarding nonsinusoidal effects, the conducted simulations confirmed that considering new
types of motion can improve thrust production, together with the increase in power demand.
Nevertheless, the use of nonsinusoidal waves contributes to some improvements when it
comes to propulsive efficiency but with some complexities, as seen in Figure 2.8.

When the pitching amplitude was 2.5◦, the squarer waveform presented improved results re-
garding propulsive efficiency, but such effect did not occur when Aα increased to 7.5◦. Over-
all, higher propulsive efficiencies occurred when the motion was close to a triangular wave-
form. This deep connection between geometry and prescribed kinematics reveals that special
attention should be given to when and how newer motion types other than the traditional si-
nusoidal function can be used and exploited.

Das et al. [46] using a high-resolution viscous vortex particle method found out that the
time-averaged power coefficient follows the power-law scaling CP ∼ St3, showing almost
no dependency to the Reynolds number. On the other hand, the time-averaged thrust co-
efficient increased both with the Reynolds and Strouhal numbers. A highly detailed wake
map was also obtained where three different wake patterns associated with a pitching air-
foil were explored, here shown in Figure 2.9. Based on this map, the authors say that the
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Figure 2.8: η as a function of k andK for Aα = 2.5◦ (above) and Aα = 7.5◦ (below) [45].

Strouhal number at which the transition occurs is strongly dependent on the Reynolds num-
ber (St ∼ Re−0.37), as well as the power coefficient (CP ∼ Re−1.12).

While the vast majority of research focuses on studying the problem parametrically at dif-
ferent airspeeds, frequencies, and amplitudes, Luo et al. [47] investigated how one could
transition between two specific flight conditions by using a multi-objective optimization al-
gorithm. They verified that increasing the plunging amplitude or frequency enhances the
output lift force. However, the thrust generation process is not that simple since thrust does
not necessarily increase when the amplitude increases. An important conclusion was that de-
creasing frequency in the adjustment phase is recommendable to achieve a higher lift force
with lower input power.

The effects of continuously increasing the pitching and plunging amplitudes were studied nu-
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Figure 2.9: Wake patterns as a function of St and Re [46].

merically by Hu et al. [48], who saw an enormous influence on aerodynamic performance,
especially concerning lift production. On the other hand, although lift is enhanced, the in-
crease in pitching amplitude may lead to the production of drag forces.

Lin et al. [49] studied both plunging and pitching separately as the combined option on a self-
propulsive airfoil. When comparing plunging and pitching separately, the first is typically
the case where higher thrust and propulsive efficiency occur. However, combining plunging
and pitching greatly favors propulsive efficiency. The Reynolds number also presented a
challenge regarding self-propulsion since at a value less than 8.0 × 102, the performance is
degraded. The authors also studied the influence of the pivot location on the propulsive
efficiency, concluding that it is maximized close to the airfoil center of mass (x/c = 0.4),
accompanied by a minimum in power consumption.

Senturk and Smits [50] studied the propulsive performance of pitching airfoils and found
that the Reynolds number, as well as the Strouhal number, have an enormous influence on
the thrust coefficient. Moreover, Ct for a given Strouhal number, appears to approach a
constant value with the increasing of Reynolds number, as seen in Figure 2.10. At higher
Reynolds numbers, the propulsive efficiency seems to be highly affected by the offset drag.
Themaximumthrust productiondecreaseswith the airfoil thicknesswhenkeeping the Strouhal
number constant. The proposed model offers the possibility to obtain the maximum achiev-
able efficiencymanually and allows abetter understanding of the involvement of theReynolds
number in the aerodynamic and propulsive coefficients.

Wang et al. [51] used a NACA0012 to study the response of an airfoil freely undergoing two-
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Figure 2.10: Time averaged thrust coefficient for α0 = 8◦ [50].

degrees-of-freedommotions of plunging and pitching. By changing the reduced velocity and
the pivot location authors found eight regimes in the pivot-reduced velocity space, four of
which presented synchronized responses and the other four exhibited chaotic behavior.

The pivot location, typically given as a function of chord percentage, is also a deciding factor
that influences the aerodynamic performance, being a parameter that impacts the pressure
distribution on the airfoil surface. Research has demonstrated that a pivot point located be-
tween 25% and 50% (values close to the airfoil maximum thickness) offers an improvement
of the performance parameters [52, 53].

Most studies assume the sinusoidalmotion as the governingmotion equation to represent the
flapping foil problem. However, deeper examinationmust bemade regarding non-sinusoidal
or even aperiodic motions that may unleash new aerodynamic phenomena that are still to be
discovered [54, 55].

There are three main modes at which an airfoil or wing can oscillate, being full-active mo-
tion, where kinematics are prescribed, the semi-activated systems, where pitching is imposed
and the plunging is induced (or vice versa), and the full-passive systems, where there is self-
sustained pitching and/or plunging motion.

Boudreau et al. [56, 57] show that a semi-passive flapping foil can deliver as much perfor-
mance as a regular oscillatory foil with prescribed plunging and pitching, which was also
verified by Tsarsitalidis and Politis [58] and Bockmann and Steen [59] who, analyzing semi-
activated systems, realized that this configuration not only can enhance thrust production
but also the power extraction capability of a harvesting device.
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2.3.2 Vortex Dynamics

Vortex dynamics under the scope of flapping airfoils are an insightful matter to be discussed
since observing the behavior of vortices and their features, such as their position and size,
can offer a proper qualitative evaluation of the aerodynamics and propulsive characteristics
of airfoils under unsteady conditions.

Koochesfahani [11] explored the pitching airfoil with different waveforms by introducing
some level of asymmetry, ζ, to a sinusoidal wave, as illustrated in Figure 2.11.

t/T

α

ζ = 0.50
ζ = 0.75

Figure 2.11: Waveforms considered by Koochesfahani [11].

He concluded that the wake created by an oscillating airfoil can greatly change with the mo-
tion amplitude, frequency, and waveform shape. The level of asymmetry used in the study
creates a variety of vortex-vortex interactions that produce interesting patterns, which the
author recommends studying in terms of stability and interactions.

Ohmi et al. [60] studied the vortices produced by a pitching airfoil at incidences above the
static stall angle. They identified that the reduced frequency has a crucial role in the flow
field configuration, especially when combined with large amplitudes, which creates a cyclic
superposition of leading-edge vortices.

Lewin and Hariri [61] also studied numerically the plunging motion and found both periodic
and aperiodic solutions, with the latter being found when the airfoil is at high kh with high
reduced frequencies. At a Reynolds number of 5.0× 102, these authors analyzed the interac-
tion between the leading and trailing edge vortices, concluding that when an LEV (leading
edge vortex) is entrained in the nascent TEV (trailing edge vortex), the latter loses its strength.
Also, when the LEV remains attached over the full stroke, there is a significant gain in propul-
sive efficiency. Vortex recapture can also be exploited when the surging motion is added,
which provides helpful enhancements to thrust generation [62].

This was seen by Kurtulus et al. [19], who studied the hover flight condition at a Reynolds
number of 1.0 × 103 both experimentally and numerically. The instantaneous pressure co-
efficient distribution showed the importance of recapturing low-pressure zones shed during
the past periods to enhance aerodynamic force.

Young and Lai [63] conclude that at low Strouhal numbers, the viscous forces are the reason
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why an evident reduction concerning propulsive efficiency occurs. The reduced frequency
seems to control the leading-edge shedding effects, which limited the leading-edge vortex
formation time and its transport along the airfoil surface. The authors acknowledged that
the Strouhal number should not be used individually to characterize the flow mechanisms,
as the reduced frequency and nondimensional amplitude play distinct roles.

In the same year, Young and Lai [64] studied the vortex lock-in phenomenon where an
anomalous vortex shedding mode occurs. This shedding mode is characterized by the in-
teraction between the natural bluff-body shedding frequency and the plunging frequency.
This phenomenon is somewhat similar to the vortex lock-in observed in vibrating cylinders,
although flow separation occurs differently due to geometric reasons. The authors observed
that when increasing the plunging frequency beyond the natural shedding frequency, the
vortex lock-in starts to occur at low plunge amplitudes.

Lua et al. [65] studied the interaction between the leading edge and trailing edge vortices and
affirmed that this interaction is a crucial phenomenon that dictates the wake configuration
together with the advance ratio, reduced frequency, and nondimensional amplitude.

Ol et al. [66] in a unified experimental and numerical study, investigated the pitching mo-
tion on an SD7003 airfoil considering newer kinematics which are sporadically used (trian-
gular and trapezoidal waves). The airfoil, when subjected to the trapezoidal motion, showed
a double-vortex structure which the authors associated with the angle of attack plateau of
the trapezoidal wave. Such an effect was not observed when the triangular wave was used,
showing many similarities with the sinusoidal kinematics, as you can see in Figure 2.12.

Figure 2.12: Wake structures under different kinematics (trapezoidal, sinusoidal, and triangular from left to
right) [66].

Recently, the AEROG-LAETA laboratory has also been looking at the wakes generated by
unsteady airfoils, creating a considerable dataset of experimental and numerical results. In
this dataset, several studies were made regarding the influence that the motion frequency
and amplitude have on the wake configuration [67] but also on the propulsive performance
[68]. Throughout time, studies were also extended to observe the influence that kinemat-
ics has on the downstream distribution of vortices, for instance, Rodrigues et al. [69] who
considered different waveforms and the influence that an asymmetric periodic motion could
have. Other works, such as from Gonçalves et al. [70], were more focused on the geometry,
more specifically, the trailing edge shape.

Lua et al. [38] tried to correlate these wake structure configurations with force measure-
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ments. Results support that fluid inertia and LEV have a great influence on the aerodynamic
forces, especially when the airfoil is subjected to changes in the angular amplitude. This is
the case where the authors found an optimal lift coefficient for Aα = 45◦, which creates a
stronger jet when compared to 30◦ or 60◦. Concerning drag, and regardless of the Reynolds
number, an increase in the angular amplitude will propitiate a thrust reduction.

Yu et al. [39] saw that, together with airfoil thickness, the different kinematics also affect the
LEV evolution and LEV-TEV interaction. The tested conditions indicate that when employ-
ing the appropriate kinematics, the LEV-associated low-pressure zone can be adjusted in a
manner to improve thrust production.

One area where the presence of vortices is important is when the flapping airfoil experiences
ground effect. The performance of flapping airfoils in forward flight while close to the ground
was studied by Li et al. [71], as well as the hovering conditions. Overall, the ground proximity
affects the vortex convection, which influences lift production. Regarding forward flight, the
interaction between the ground causes the vortices to acquire an oblate spheroid geometry
that leads to changes in the aerodynamic forces.

Andersen et al. [72] presented a combined numerical and experimental study of a symmetric
airfoil exploring pure pitching and plunging. The authors also compared these two types of
kinematics. The wake maps for the two modes revealed that both are qualitatively similar,
where the main differences are the drag-to-thrust transition and the changes in the wake
configuration. For the heaving case, at low frequencies and high amplitudes exhibited a drag-
thrust transition in which two pairs of vortices are shed per period, different from the typical
transition with horizontally aligned inverted von Kármán vortices.

Yu et al. [73] studied the effect of a mean shear flow, illustrated in Figure 2.13, on the aerody-
namic performance. They discovered for the pitching cases that the mean shear flow couples
with the vortex structures in the wake and changes its orientation. Furthermore, the mean
shear flow can even promote the transition from a symmetrical to an asymmetrical arrange-
ment. In the plunging case, the mean shear flow plays an important role in the LEV-TEV
interaction, which also induces aperiodic vortex shedding when a large leading edge separa-
tion is present. An interesting conclusion is that when considering the same amount of lift,
the flapping airfoils subjected to a negativemean shear flow generated a higher thrust, which
may be beneficial when operating in atmospheric flows.

Moriche et al. [74] performed a numerical and experimental study using DNS and PIV, con-
cluding that LEV detachment and TEV formation highly depend on 3D and turbulent effects,
as well as changes in the Reynolds number. Some differences were found when comparing
the numerical and experimental data in the wake which the authors relate to the nonexis-
tent 3D vortex stretching and tilting. The numerical results obtained by 2D DNS showed to
be an efficient tool for calculating the aerodynamic forces, even when 3D effects are already
present.
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Figure 2.13: Mean shear flow formulation used in [73].

At relatively high amplitude, the boundary layer tends to separate and roll into a concentrated
leading-edge vortex. Gao et al. [75] studied this mechanism as a possible high-lift produc-
tion and saw that the passing-over LEV also acts as a thrust enhancement mechanism. The
formation of a passing-over LEV occurred when crossing a critical line in the A−St domain
and its presence, especially at higher frequencies, seems to induce a chaotic behavior. The
proposed correlation by the authors can give great insights regarding this mechanism, which
is crucial for the extra suction that possibilities natural flight at such low Reynolds numbers.

Rahman and Tafti [76] studied the role of vortex–vortex interactions in thrust production for
a plunging flat plate and found that the thrust coefficient did not increasemonotonically with
kh, reaching a maximum at approximately kh = 1. Authors also saw that leading-edge vor-
tices are the flow structures responsible for thrust production whereas trailing-edge vortices
may induce drag. Flow control methods that could prevent TEV formation were suggested
as a drag reduction mechanism that can monotonically increase thrust with kh.

In a very complete and comprehensive review, Gursul and Cleaver [77] affirm that inviscid
predictions should not be considered good enough to study the mean thrust. Hence, viscous
computations must be carried out (even with the laminar flow assumption) to obtain better
predictions. Data published has shown that mean thrust heavily depends on the Strouhal
number. However, when this number stays constant, LEV formation is seen at larger ampli-
tudes which is unfavorable to thrust production.

When the flow remains attached, TEVs are the mechanisms responsible for thrust genera-
tion. Such a condition leads to Gursul and Cleaver [77] saying that in these conditions, the
Strouhal number should be calculated based on the peak-to-peak amplitudes of the trailing
edge. However, when flow separation appears, calculating the Strouhal number using the
airfoil chord length becomes dominant as it represents the effect of LEV while convecting on
the airfoil surface.
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At first, one could expect that flow separation at the leading edge followed by LEV formation
could be strongly dependent on the maximum effective angle of attack. However, no such
thing is observed, as two conditions with the same maximum effective angle of attack can
present very different results. Instead, flow separation depends more on the motion ampli-
tude.

Ohmi et al. [60] while studying the wake behind an oscillating foil with a Reynolds number
between 1.5×103 and 1.0×104, detected that this dimensionless parameter, considering the
studied range, does not influence the periodic vortex formation seen downstream. However,
the leading and trailing edge vortices, as their structure, are sensitive to theReynolds number.
Lang et al. [78] studying the flapping motion understood that the LEV would only form at a
lower Reynolds number and that at higher values, the flow would be more attached over the
airfoil surface.

In the flapping foil problem, as mentioned before, symmetry-breaking phenomena may oc-
cur at relatively high frequencies or amplitudes (high Strouhal numbers). These asymmetries
create a row of vortices with a deflection angle that Liang et al. [41] identified to be a func-
tion of the operating Reynolds number, observing that increasing this parameter would also
increase the deflection angle.

The reduced frequency is identified by Wu et al. [13] as the parameter that has the most
control on flow development, whose can predict the transition between the various wake
configurations [79–81]. The study of Panah and Buchholz [82] shows four possibilities re-
garding the wake patterns. These four configurations can be: the LEV merges with the TEV
(both with the same sign), the LEV interacts with a stronger opposite signed TEV, the LEV
reaches the trailing edge one period after the TEV generation process, and the LEV stays at
the airfoil surface for more than three periods.

The prescribed amplitude, when compared to the reduced frequency, holds the same influ-
ence and tendencies on the aerodynamic coefficients and wake phenomena. However, the
effects induced by the reduced frequency and nondimensional amplitude may differ since
the first mainly affects the temporal features of the wake, while the latter changes the spatial
distribution of the wake structures.

A phenomenon that is strongly affected by the amplitude is the leading-edge vortex forma-
tion, as studied byPanah andBuckholz [83], inwhich results reveal unequivocally that higher
amplitudes strengthen the LEV vorticity.

2.3.3 Geometric Parameters

Although kinematics play a crucial role in unsteady airfoils, geometric parameters such as
airfoil thickness and camber, have a meaningful effect on the aerodynamics and propulsive
characteristics of flapping airfoils. Several foils have been used for these analyses, and even
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some have been proposed to enhance certain qualities [84] but, in the vast majority of cases,
the NACA four-digit series airfoils are the chosen ones.

Lee et al. [84] explored the flapping mechanism by geometrically modifying the studied air-
foil. They decided to merge airfoils from the 4-digit NACA airfoil series considering a thicker
and thinner airfoil as shown in Figure 2.14. Results indicated that when using a thicker airfoil
on the leading edge and a thinner airfoil on the trailing edge, flow separation was prevented,
and a stronger pressure difference at the trailing edge was induced, thus improving thrust
production and maintaining reasonable propulsive efficiency.

Figure 2.14: Combined airfoil shapes proposed by Lee et al. [84].

The importance of leading-edge geometry was also explored by Benton and Visbal [85]. Us-
ing LES (Large Eddy Simulation), four airfoils were tested regarding the role of the laminar
separation bubble on the onset of dynamic stall. Results indicate that the leading-edge radius
and its droop have a direct impact on the onset of dynamic stall. For instance, by modifying
the leading edge, the dynamic stall of the NACA23012 airfoil started at the trailing edge and
only then moved towards the leading-edge region, when turbulent separation emerged.

The influence of airfoil thickness on aerodynamic performance was studied by Yu et al. [39]
who conducted high-fidelity simulations of some NACA 4-digit airfoils. Results demonstrate
that the airfoil thickness plays an important role in the propulsive performance, especially in
the thrust production, which becomes higher on thinner airfoils.

Platzer et al. [24] explored flapping wings and their ability to produce thrust and lift, the
hovering flight condition, and the tandem wings and biplane configurations. Based on their
review, the experimental and numerical studies are typically focused almost exclusively on
NACA airfoils which can be restrictive. Other geometries should be considered, focusing
on the leading edge, which has an important role regarding flow separation. These newer
configurations must be subjected to distinct kinematics, as non-sinusoidal velocity waves
that coupled with optimization algorithms can find optimal conditions [86].

The study of non-symmetrical airfoil was conducted by Tay and Lim [87] in an extensive
parametric investigation where 4-digit NACA airfoils, the S1020 airfoil, and an airfoil bioin-
spired on a swift bird were used, illustrated in Figure 2.15. Simulations showed that thrust
production depended heavily onmotion parameters, rather than the shape of the airfoil while
lift production was primarily dominated by the airfoil geometry. On the other hand, propul-
sive efficiency was a combination of both. The most suitable airfoil for efficiency and thrust
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production is the NACA0012 airfoil and for lift production, the birdy airfoil presented more
favorable results. However, the S1020 airfoil was the most suitable airfoil for most applica-
tions since it can provide relatively good propulsive efficiency and at the same time generate
high thrust and lift forces.

Figure 2.15: Airfoils considered by [87].

Geometric changes can also be accomplished by considering in-line tandem flapping foils,
which were studied byMuscutt et al. [88] who performed, at a Reynolds number of 7.0×103.
They conducted an extensive parametric study that allowed them to find the effects of the
interaction (spacing and phasing) between foils. Numerical simulations indicate that the
downstream foil can have its thrust doubled compared to the value of a single foil, occurring
when the downstream foil oscillates between the vortices shed by the upstream foil.

Figure 2.16: High performance case [88].

2.3.4 Structural Parameters

The inherent flexibility of natural wings and the way animals use them lead us to think that
this attribute can offer great suggestions for the improvement of the aerodynamic and propul-
sive capabilities of unsteady airfoils or wings [24].
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Concerning the influence of the Reynolds number on the required power coefficient of a flex-
ible flapping airfoil, Miao and Ho [89] conclude that it is fairly independent for values be-
tween 1.0× 102 and 1.0× 104 and that the same tendency is verified for the force generation,
which shows a weak reliance on the Reynolds number. When it comes to the influence of
chordwise flexibility, it can affect negatively thrust production. On the other hand, with an
adequate flexure amplitude, the propulsive efficiency may be optimized with a phase angle
of 90◦. Furthermore, for a given Reynolds number, the authors saw a corresponding reduced
frequency that maximized the propulsive efficiency.

Heathcote and Gursul [90] also studied the effects of flexible airfoils in the chordwise di-
rection and observed an increase in both thrust and propulsive efficiency with some de-
gree of flexibility. The flow field shows stronger trailing-edge vortices along with strong
time-averaged flow fields that resemble a jet-like flow. At the same time, weaker leading-
edge vortices contribute to improved propulsive efficiency. At lower Reynolds numbers, the
chordwise-flexible airfoils demonstrated to offer a huge leap in performance when using
purely plunging airfoils, as shown in Figure 2.17.

Figure 2.17: Effect of flexibility on the propulsive efficiency at Re = 9.0× 103 Heatcote and Gursul [90].

Spanwise flexibility was studied by Heathcote et al. [37] using a wing that oscillated in heave
at one end. Some degree of flexibility is highly recommended since an increase of 50% in
thrust production, as observed in Figure 2.18, was achieved togetherwith a small reduction of
required power. However, highly flexible wings degrade performance due to a phase lag that
leads to the root and tip moving in opposite directions. Interestingly, the degree of flexibility
that offered the best results overlapped the same range observed in nature.

Flexibility was also studied by Zhang et al. [91] who merged the unsteady potential method
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Figure 2.18: Effect of spanwise flexibility on thrust coefficient [37].

proposed by Teng [30] with a structure solver. Their geometry is composed of a rigid airfoil
with a thin flexible plate connected at the trailing edge, the latter parametrically studied with
different Young’s modulus. Besides, simulations show the strong influence of this attached
thin plate on drag production and especially on propulsive efficiency, which is seen in Figure
2.19.

Figure 2.19: Propulsive efficiency as a function of nondimensional Young’s modulus [91].

These results open newways to answer the question of how flexibility should be implemented
in an oscillating airfoil or wing, and what is the exact optimal degree of flexibility that im-
proves the aerodynamic or propulsive performance.

In terms of engineering, reproducing biologically inspired air and underwater vehicles that
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achieve an efficient operation is still an enormous challenge. However, several researchers,
such as Akkala et al. [92], dedicated their studies to the effects of flexibility on aerodynamic
performance by using PIV and time-resolved force measurements. They concluded that at
low frequencies, the flexible airfoil behavior is very similar to a rigid airfoil but when the
frequencywas increased, the flexible airfoils started to show their advantages, by producing a
larger thrust coefficientwith lowpower coefficientswhich resulted in an outstanding increase
of the propulsive efficiency.

Zhou et al. [93] studied the commonly known idea that when introducing flexibility into flap-
ping wings there is typically a considerable increase in its aerodynamic performance. The au-
thors considered threemain configurations: a rigid airfoil, one where the airfoil was partially
flexible with a rigid leading edge, and a fully flexible airfoil. Results indicated that flexibility
helped to reduce drag generation and the maximum lift production, compared to the rigid
configuration, is almost three times higher due to trailing edge deformation enhancing the
resultant force. Results also show that a rigid airfoil undergoing plunging and pitching mo-
tion can be used as a way to estimate the aerodynamic characteristics of a purely plunging
and flexible airfoil.

Another parameter that must be considered is flexibility which allows a time-varying airfoil
shape over the flapping cycle, a crucial characteristic of natural structures. The advantages
are seen by Dewey et al. [94] who caught the potential of structural flexibility to increase the
propulsive efficiency. It also has the potential to affect the leading-edge and trailing-edge
vortice configuration, which directly changes the performance parameters. Flexibility is still
a unique property that accounts for approximately 15% of the research topics, which may
be an indicator of its complexity [13]. The influence of the reduced frequency on the thrust
coefficient was also studied, which typically rises while increasing the reduced frequency.
However, Dewey et al. [94] point out that the thrust coefficient may not have a monotonical
behavior since for flexible pitching plates, the thrust coefficient decreases after reaching a
certain value.

2.3.5 3D Effects

When three-dimensionality is the norm, simplifying problems to a bi-dimensional model or
representation will inevitably impact the performance indicators we use to study unsteady
wings [86]. Extrapolating the aerodynamic and propulsive performance of wings from the
study of unsteady airfoils has been witnessed to undervalue some results since spanwise and
wingtip effects, which are significant in low-aspect-ratio structures, are neglected.

Jones et al. [95] studied the influence of the aspect ratio and reduced frequency at the higher
end of the range experienced by flapping vehicles, seen in Figure 2.20. As expected, themean
thrust production is negatively affected when the aspect ratio decreases. This collaborative
study suggests thatmore testing should be performed, especially at higher frequencies where
flow separation is a dominant feature.
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Figure 2.20: Ct as a function of k and aspect ratio A [95].

Performing 3D computations, Shyy and Liu [96] explored the role of leading-edge vortices
as a lift enhancement mechanism. Such an effect could be questionable since a dynamic-
stall vortex typically breaks away and convects as the wing moves. Furthermore, the authors
observed that the influence of wing rotation on the leading-edge vortex is more apparent
when the Reynolds number is lower.

Platzer et al. [24] indicates that three-dimensional effects should also be studied, especially
the effects of spanwise flow and vortices. The influence of the aspect ratio is another crucial
parameter that highly affects the aerodynamic and propulsive performance, mainly on the
natural wings.

Visbal et al. [97] conducted numerical and experimental studies concerning 3D unsteady
separation at large plunging amplitudes and low Reynolds numbers of a low aspect ratio
wing. Results expose the complexity of dynamic stall where the first phase corresponds to the
appearance of a leading-edge vortex that presents a strong transverse flow toward the wing
centerline. The next stage is the detachment of the vortex from the wingtips, evolving into
an arch-type structure that afterward connects its extremities, forming a ring-like structure
that is after shed. The authors also verified that these three main phases were detected in
all of the Reynolds numbers tested when the reduced frequency presented a relatively high
value.

Nonetheless, most studies assume bidimensionality, which undeniably simplifies the prob-
lemwhile still representing themajor characteristics of the flapping wing [98]. Nevertheless,
The structures observed in nature are not high aspect ratio surfaces, which makes them sus-
ceptible to induced drag and the emergence of spanwise flow. However, the problem’s three-
dimensionality is not easy to tackle due to the large number of variables, making it hard to
find optimal operating conditions [24].
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Three-dimensionality is an inherent feature of nature, and when it comes to the analysis
of flapping wings, it certainly plays a crucial role. A two-dimensional analysis can provide
some insights regarding the observed 3D phenomena, but flow features such as tip vortices
influence the overall vorticity distribution generated by the wing motion [34, 99].

An interesting observation regarding the aspect ratio is that the low aspect ratio and good
flexibility of natural swimmers can allow two modes of propulsion (high thrust or high effi-
ciency), which can be selected by the interaction between the vortices shed by the body and
the control surfaces [13], similar to fish-like swimming [100].

2.3.6 Energy Extraction

Flying animals transfer energy from the wings to the fluid, effectively creating thrust and
lift. However, the study of oscillating airfoils has undergone a drastic shift when researchers
identified the potential of flapping airfoils to extract energy from the flow field [101].

Studies on energy harvesting efficiency over oscillating airfoils revealed that a harvester could
achieve maximum efficiency of about 30% on a sinusoidal motion for Re = 1.0 × 103, and
40% to 50% on the non-sinusoidal cases. These studies became common where there is a
constant search for newer kinematics that can enhance the power extraction efficiency of
flapping wing devices Wang et al. [102]. Other efficiency-enhancing mechanisms might in-
clude corrugations at the foil surface, its structural flexibility, andmultiple foil configuration
[103] such as the parallel foil configuration numerically investigated by Wang et al. [104].

When introducing structural flexibility, as studied by Zhu et al. [105], the airfoil shows a
superior capability regarding energy extraction compared to the rigid case, also verified by
Jeanmonod and Olivier [106]. They firmly stated that a foil with constant structural proper-
ties in the chordwise direction is far from an optimal solution, demonstrating that a flexible
plate can extract double the power of a rigid structure.

Regarding energy extraction, it is unanimous that increasing the aspect ratio improves energy
extraction efficiency [107, 108]. The same is said about the Reynolds number, which favors
the energy extraction process [109]. Nevertheless, newer configurations must be explored,
for instance, tandemairfoils that have shownpromising performance enhancement in energy
extraction systems [86].

Another way to improve extraction efficiency can also be achieved by creating an effective
camber that produces a lift enhancement that is associated with the output power. This con-
cept was studied by Bouzaher et al. [110], who added a Gurney flap at the trailing edge that
when synchronized with the flapping motion at a Re = 1.1× 103 creates this virtual camber
that improved the output power. The lift production can be further improved by controlling
the development of the leading-edge vortex that, when attached to the airfoil surface, con-
tributes to the improvement of lift generation which brings once again, an increase in the
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energy harvesting magnitude [101]. The same concept may be applied for thrust enhance-
ment where cambermorphing also reveals the potential to maximize the ratio of thrust to lift
of flapping airfoils in several flight conditions [111].

Regarding the type of motion, Boudis et al. [112] conclude that the sinusoidal waveform
appears to favor the maximum propulsive efficiency even though non-sinusoidal trajectories
can offer undeniable improvements, offering an increase of up to 110% in terms of thrust
production. At a Reynolds number of 5.0 × 103, Dash et al. [113] also studied the influence
of the airfoil motion concluding that, when at high frequencies, the thrust performance can
be recovered when tweaking the effective angle of attack profile to a different type of wave,
such as the square waveform. Others, such as Müller-Vahl et al. [114], consider new degrees
of freedom where, for instance, simultaneous changes in pitch and surge are studied in the
context of horizontal axis and vertical axis wind turbine blades.

Concerning energy extraction, the nondimensional amplitude does not show a universal law
[13] but, a general rule is suggested by Jones and Platzer [25]. The authors suggest that the
effective angle of attack induced by the plunging motion should be kept below the angle of
attack that achieves a power extraction state.

2.3.7 Dynamic Stall

Another central topic in unsteady aerodynamics is dynamic stall, which gathers so much
attention mainly because it is a synonym for performance degradation in helicopter rotor
blades and similar systems, such as vertical wind turbines [115].

Dynamic stall is characterized as a vorticity eruption from the airfoil where typically a leading-
edge vortex (LEV) is formed and is later convected on the surface, producing undesirable
oscillations in aerodynamic loads [116]. It can also present a different configuration, for in-
stance, when a trailing-edge stall starts developing froma relatively gradual progression from
the trailing edge toward the leading edge, as seen by McCroskey et al. [117]. These authors
also found that, in most cases, the onset of a dynamic stall occurs with the breakdown of the
turbulent boundary layer instead of the bursting of a laminar separation bubble.

When looking at oscillating structures, the effects of dynamic stall can quickly couple with
structural dynamics, contributing to accelerated fatiguewhichwhen not considered seriously
can lead to structural failure [118]. Dynamic stall is also part of natural flight and swimming
and plays an important role when it comes to the design of innovative energy harvesters
[102].

Oscillating structures subjected to the dynamic stall regime are highly dependent on several
geometric and kinematic parameters such as the angle of attack and pitch rate. For instance,
Francis and Keesee [119] saw that when the airfoil undergoes rapid and large-amplitude
pitching motions at a constant rate, the airfoil can offer close to three times the lift com-
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pared to quasi-steady values, as shown in Figure 2.21. This is justified by the presence of a
high energy separation vortex located at the leading edge, which dominates force generation,
as corroborated by Favier et al. [120] who studied a combined translation/pitch motion of a
NACA0012 airfoil.

Figure 2.21: Lift coefficient as a function of α during a ramp-up motion [119].

This leading-edge vortex was also noticed by Lorber and Carta [121] as a central mechanism
of the unsteady aerodynamic response during and after stall. They looked at the aircraft
poststall maneuvers and helicopter high-speed forward flight regimes, concluding that this
vortex strengthens with a higher pitch rate and loses its intensity with the Mach number and
the proximity to the steady-state stall angle. However, as noted by Visbal [122], at the upper
range of the Mach number, the dynamic stall process is more affected by the boundary layer
and shock interaction rather than by the formation of a leading-edge vortex.

The dynamics of this vortex have been studied both experimentally and numerically byWern-
ert et al. [123] when testing a pitching airfoil. They present four distinct phases that generally
characterize the dynamic stall phenomena: attached flow, leading-edge vortex formation fol-
lowed by post-stall vortex shedding, and finally, the reattachment. As seen byMulleners and
Raffael [124], the onset of dynamic stall is intensified by increasing unsteadiness. Results
show that when flow separation starts before reaching the critical angle of attack, the flow
field presents features of a deep stall. On the other hand, a less intense dynamic stall is ex-
perienced when the airfoil inverts its oscillation direction right before reaching the angle of
attack that initiates the stall.

The onset phase was also analyzed by Geissler and Haselmeyer [125], who looked at specific
stall triggers, for instance, transitional flow influence, compressibility effects, and the pres-
ence of boundary-layer tripping devices. Others, for instance, Kiefer et al. [126], analyzed
the characteristics of dynamic stall, seeing that a power law governs the evolution of the
phenomenon, where a small excess of the static stall angle leads to a prolonged stall delay.
Understanding these fundamental concepts is crucial to avoid or mitigate the adverse effects
of dynamics stall.

However, dynamic stall should not be looked at as something exclusively detrimental. As
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we saw in the previous sections, and looking beyond common aeronautical applications, the
dynamic stall is a key part of natural flight, where it may be a byproduct of thrust genera-
tion. Isogai et al. [127] looked into this topic by studying the effects of dynamic stall on the
propulsive characteristics of a flapping airfoil, concluding that a less intense LEV formation
is required for good efficiency. In the natural world, birds and insects present distinctive
ways to fly, with the first preferring slower oscillating cycles while the latter flap their wings
energetically, creating strong whirls and eddies that surround them and act as lift boosters
[128]. Hence, the dynamic stall occurrence must be analyzed carefully based on the regime
and environment to conclude if its effects are undesirable.

2.3.8 Flow Control

In aerodynamics, flow control is a common way to manipulate the flow field to produce the
desired outcome regarding some unwanted flow behavior. In unsteady airfoils, flow control
processes consist of actively or passively changing the flapping conditions, such as frequency
and amplitude, or modifying the airfoils geometrically by adding some additional devices.

Tuncer and Kaya [129] used a gradient-based algorithm to optimize a flapping airfoil regard-
ing its thrust production and propulsive efficiency. By employing this method, higher thrust
production was achieved at large plunging amplitudes, with high effective angles of attack.
However, optimal propulsive efficiency is only seen in the lower range of plunge amplitudes.

Wang and Wu [130] tried to mitigate the dynamic stall of a pitching NACA0012 airfoil by
using a sinusoidal function that activates a synthetic jet. Five different jet locations were
tested, between 30% and 70% of the aerodynamic chord, as well as different phase angles
between the motion and jet activation. When placing the suction zone closer to the leading
edge, better results were obtained, together with a well-tuned phase angle that affects the
aerodynamic performance. The use of the synthetic jet showed a L/D ratio improvement
that reached values up to 96%.

Similarly, Visbal and Garmann [131] used a very-high frequency, low-amplitude, and zero-
net mass flow blowing/suction slot placed on the upper side close to the leading edge. They
observed that these oscillations have the potential to inhibit the leading edge separation bub-
ble and thus, the formation of large dynamic stall vortices. The same concept was also used
to control the dynamic stall in a finite swept wing [132].

With the growing interest in creating micro aerial vehicles, comes the appeal of improving
its thrust efficiency and flight performance. Similar to fixed wings, flapping airfoils can take
advantage of leading-edge and trailing-edge devices that mimic the alula structure present
in birds’ wings. Bao et al. [133] investigated numerically such structure, by using two airfoils
laid out as depicted in Figure 2.22.

By studying different angles of attack of the alula and its distance to the main airfoil, the au-
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Figure 2.22: Configuration proposed by Bao et al. [133].

thors concluded that the alula deployment at pre-stall may not be desirable. However, when
at post-stall conditions, the alula delayed flow separation, and enlarged the low-pressure
zone on the upper surface which significantly improved lift. However, a 2D analysis cannot
predict the alula tip vortex and twist, which may lead to results being very different from a
future 3D case. Similarly, Ullah et al. [134] added slats to vertical axis wind turbine rotor
blades at low wind speed conditions. The dynamic stall effects were reduced by optimally
investigating the slats’ deflection as a function of the wind speed.

As aforesaid, dynamic stall as a highly unsteady phenomenon can degrade the aerodynamic
performance by drastically reducing lift and increasing drag, which also affects the control
authority of aerodynamic surfaces. Hence, the importance of implementing mechanisms
that can delay or mitigate dynamic stall, for instance, bioinspired devices, which can act like
high lift systems, and can improve considerably the aerodynamic characteristics [51, 135].

Active flow control techniques, such as rotating cylinders at the leading edge, as the one il-
lustrated in Figure 2.23, have been used to prevent dynamic stall, which is an effective way
to prevent flow separation [136].

Figure 2.23: Configuration used by Al et al. [136].

Others may use plasma actuators such as Kumar and Wang [137], who used such a system
to mitigate dynamic stall at different reduced frequencies. Results show that lift and drag
can be improved and reduced, respectively, meaning that combining flapping airfoils with
plasma actuation can promote MAV maneuverability. Other concepts, like dynamic rough-
ness achieved with surface perturbations as considered by Huebsch et al. [138], are also
interesting approaches to achieve an attached flow over the entire leading edge.

Although flow separation in airfoils can occur in multiple ways, the most common way is
when it appears at or close to the leading edge. So it is common to modify the leading-edge
geometric characteristics as Bai et al. [139] demonstrated. These authors showed that by
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having an active elastic leading-edge deformation, a NACA0015 could improve its energy
extraction efficiency, at the lower reduced frequency range, up to a value around 25% when
compared to the unmodified airfoil. Another technique used by Niu et al. [140] is a variable
droop leading edge where one can locally change the angle of attack near the leading edge.
Results indicate that drag is reduced, lift is kept at a higher level and the nose-down tendency
after stall is very much reduced.

Morphing technologies are also an adequate solution to mitigate stall occurrence, showing
the capability of delaying the stall angle coupled with an increase in lift production [141]. Ad-
ditionally, the natural world can also provide good solutions when trying the reduce the ad-
verse effects of dynamic stall, as Liu et al. [142], who saw thatwingtip slots reduce the adverse
pressure gradient, improving thewing’s performance. Moreover, when furthermodifying the
wing, for instance, adding dihedral, the wing can have its gliding capabilities improved con-
siderably. Using bioinspired tubercles at the leading edge is also a common practice, as used
by Sreejith and Sathyabhama [143] who saw some improvements in lift production. Further-
more, leading-edge tubercles were also considered for conventional propellers by Asghar et
al. [144] who saw improvements in propeller efficiency.

The leading-edge role was further studied by Xing et al. [145], who considered an inflatable
leading edge as a path to reduce dynamic stall phenomena. This inflatablemembrane directly
affects the radius of curvature, which also changes the pressure distribution. By changing
the streamwise adverse pressure gradient, the dynamic stall vortex is eliminated. With this,
although the maximum lift decreased, the pitching moment and drag were reduced, which
are both a big plus for rotor dynamics.

Sahin et al. [146] carried out calculations concerning the dynamic stall occurrence. They pro-
posed a dynamically deformed leading edge (DDLE) applied to the NACA0012 airfoil, and
by changing the leading edge thickness and radius at higher angles of attack, they found that
lift, drag, and pitching-moment hysteresis were improved. When testing the same configu-
ration atMa = 0.4, the authors say that the DDLE shape experiences a shock-induced stall,
something not desirable.

Remarkable aerodynamic devices on the leading-edge region appear naturally in nature, as
the alula. This structure located between the hand-wing and arm-wing of birds can delay stall,
when the wing is used at high angles of attack, resembling the leading-edge slat in aircraft
[147].

Similarly, Geissler and van der Wall [148] recognize that flow separation limits flapping-
wing efficiency and proposed a time-dependent deflectable leading-edge that minimizes the
leading-edge vortex size, illustrated in Figure 2.24.

AtMa = 0.3, Re = 106, and k = 0.5, while using the deformable leading edge with a droop
amplitude of only 10◦, they saw that some cases saw the propulsive efficiency roughly doubled
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Figure 2.24: Configuration used by Geissler and van der Wall [148].

compared to the rigid airfoil. Mainly focused on the higher Reynolds number spectrum, they
affirm that studies must be conducted in the low-Reynolds number region, where birds and
insects operate.

2.3.9 Real-Time Optimization

This section is specially assembled to provide an overview of real-time optimization, as the
present thesis will build upon previous methodologies to achieve maximum aerodynamic
performance. Real-time optimization (RTO) consists of a family of techniques that use online
measurements to improve a system’s behavior subjected to a set of constraints [149]. The
system dynamics are typically evaluated by defining an objective function that depends on
some inputs. With real-time data, these inputs are swiftly adapted under varying conditions,
with the typical goal being maximizing efficiency and responsiveness in dynamic systems.

These concepts can easily be adjusted to countless applications and industries. For instance,
real-time optimization can play an important role in improving the operation of systems used
in offshore oil rigs [150], optimally recovering and using the surplus heat generated by var-
ious manufacturing and processing plants [151] and enhancing the way a resource is used,
for example, when a group of subsystems may consume or supply a common resource [152].
In the particular case of the aerospace industry, we see a swift reframing of aerospace engi-
neering to a data-driven environment coupled with machine learning [153]. Connected to
RTO methodologies, inevitable benefits regarding fuel efficiency, safety, and quick adapta-
tion to flight conditions will emerge. RTO has been used in several studies with the intent of
improving aircraft performance. Precup et al. [154] used a scaled wing model for low-speed
wind tunnel tests to study camber and twist shaping concepts. Later, Nguyen et al. [155] con-
ducted a wind tunnel investigation using an identical model to minimize drag through real-
time adaptive adjustments. Using a highly flexible wing configuration, the authors achieved
a drag reduction close to 10%. Also with drag reduction in mind, Reist et al. [156] used exist-
ing control surfaces to optimize the performance of a business jet. Their results show that by
transferring lift to the fuselage, reductions can be achieved in induced, wave, and trim drag.
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Similarly, Forte et al. [157] used the aspect ratio 13.5 Common Research Model (CRM) with
a distributed mini-plain flap system to conduct a real-time drag optimization and maneuver
loading alleviation study. Results have shown that at Mach 0.85, this distributed flap system
can reduce the drag by 6%. Additionally, real-time optimization can reduce the wing root
bending moment by approximately 13% when looking at maneuver loading alleviation.

A different application, yet crucial in aircraft operations is the optimization of wing geome-
try while considering some constraints, for instance, ice accretion as Li et al. [158] studied,
observing that lift could increase 16.5% on a iced airfoil while preserving the cruise aerody-
namic performance.

An additional area of study that can hugely benefit from coupling it with RTO is aerodynamic
stall. As the airfoil increases its angle of attack, flow instabilities at the upper side of the airfoil
start appearing due to the adverse pressure gradient. When the airfoil reaches its critical
angle of attack, the flow becomes separated, leading to a decrease in lift and a drastic increase
in drag, making this phenomenon unwelcome. One commonway tomitigate these unwanted
effects is to employ some flow control, typically by modifying the airfoil geometry [159, 160].
Important to mention that other interesting approaches are also used as mentioned before,
for instance, the actuation of synthetic jets on the suction side of the airfoil [161, 162], the
non-intrusive use of plasmas that canmitigate stall effects [163–165] or even tubercledwings
inspired from large aquatic mammals [166, 167]. This last concept has been coupled with
optimization algorithms to improve UAV design and flight performance [168] with optimal
geometries increasing the stall angle as well as the lift when compared to a smooth wing
[169].

Focusing on all the possible geometry modifications, one of the most common ways is to di-
rect the attention to the leading-edge geometry. Slats are a much-known example of a device
that effectively mitigates stall at high angles of attack. Also, the actuation of the leading edge
can provide noise reduction when wings are used as high-lift devices [170]. However, their
deployment at lower angles of attack quickly degrades the aerodynamic performance [171].
Others recur to bioinspired solutions, for instance, Gopinathan and Rose [172], who devel-
oped a wing with leading-edge tubercles to delay the stall phenomenon. The same concept
was used by Zhang et al. [173] to improve wind turbine blade aerodynamics. The leading-
edge protuberances proved to be a convincing passive flow control that improved the aero-
dynamic efficiency up to 11% in the post-stall region. Indeed, Miklosovic et al. [174] showed
that with these leading-edge structures, as the ones shown in Figure 2.25, the wing would
experience softer stall characteristics by maintaining the flow attached.

Other bioinspired concepts, such as imitating a bird’s cover feathers placed close to the lead-
ing edge, have also shown the potential to enhance lift when the airfoil exceeds its critical
angle of attack [135]. However, the usage of these high-lift devices may affect the aerody-
namic performance at lower angles of attack. This problem can be tackled with a continuous
morphing strategy, as implemented byColletti andAnsell [175], whoused a genetic algorithm
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Figure 2.25: Configuration used by Miklosovic et al [174].

to design a morphed leading edge for high-lift applications. The authors also add that mor-
phing is used to maximize the presence of laminar flow in cruise flight by removing surface
discontinuities. Similarly, Kintscher et al. [176] and Monner et al. [177] developed morph-
ing leading-edge devices that act as a step-less droop nose device, demonstrating why many
works indicate camber morphing as a viable solution to future aerodynamic surfaces [178].

Anderson et al. [179] also studied the leading-edge drooping mechanism and analyzed both
drooped and undrooped wings after the critical angle of attack, with the drooped leading
edge being more effective at the stall region. A similar study by Chandrasekhara et al. [180]
demonstrates how a deflected leading edge can control the dynamic stall. Results have shown
that the negative peak pitching moment can be reduced considerably together with a 75%
reduction in drag. Other authors push the geometrical modifications even further by cou-
pling the movable leading edge with a Coanda-type flap. This was studied by Burnazzi and
Radespiel [181] who saw a prominent growth in the critical angle of attack while providing
extremely high lift coefficients.

Although offering valuable aerodynamic improvements to these systems, there is a lack of
optimal studies. While there are some optimization studies concerning airfoil morphology,
these are typically kept in the computational realm and are not conducted in a real-time
manner. Finding an experimental work that pursues the optimal use of a wing is rare, as well
as searching for an experimental rig coupled with an algorithm that runs in real-time, which
is even rarer.

Having completed the general overviewof the basics fromvarious aspects of unsteady airfoils,
we nowmove on to one of the central chapters of the thesis, where a newer generation of the
commonly known NACA0012 airfoil is presented. This unique version will offer a substitute
way to study oscillating airfoils while at the same time improving the propulsive performance
of flapping airfoils and mitigating the adverse effects of dynamic stall.
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Chapter 3

NACA0012-IK30 Airfoil

“The real voyage of discovery consists not in seeking new landscapes, but in hav-
ing new eyes.”

Marcel Proust

Central to this thesis is the development of some type of mechanism that can improve the
aerodynamic and propulsive characteristics of unsteady airfoils. In this short chapter, we
bring the concept of dynamic curvature to life, while trying to move away from the conven-
tional rigid airfoils that move with traditional kinematics. The result is the proposal of an
innovative geometry: the NACA0012-IK30 airfoil.

3.1 Airfoil Development

The performance of unsteady airfoils relies on two variables: geometry and kinematics. Since
the beginning up until now, these two variables, while widely studied, have been somewhat
constricted to a narrow set of conditions, that are still rather conservative. While looking at
unsteady airfoil research, the vast majority of studies still use traditional airfoils without a
deep exploration of newer kinematics.

Hence, there is a need to move towards a newer generation of aerodynamic devices that can
elevate even further the performance of unsteady airfoils. The present work builds upon this
necessity, by bringing an important concept from the various ways of natural locomotion:
dynamic curvature. With dynamic curvature, traditional airfoils gain newdegrees of freedom
moving closer to the time-varyingmorphology of natural structures. This is the basic concept
for the proposed geometry: the NACA0012-IK30 airfoil.

The NACA0012-IK30 has been designed with thrust enhancement, power reduction, and
dynamic stall mitigation in mind. This is accomplished by dividing the commonly used
NACA0012 airfoil into two parts: the front part, which will be recurrently called the lead-
ing edge or the β part, and the back part, also referred to as the ψ part. These two parts can
have different kinematics, which adds flexibility to the manipulation of several aerodynamic
parameters, for instance, the effective angle of attack.

Between these two parts, an arc centered at 30% of the chord, with an inner and outer radius
of t/2 and t/2 + 0.001m is extracted from the airfoil, where t is the thickness of the airfoil.
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For clarity, Figure 3.1 illustrates where the cut wasmade. Based on the dimensions indicated
before, this means that there is a 1mm spacing between the leading edge and the main part,
representing 0.5%of the chord length. The 1mmspacing between the two parts was selected
to guarantee a 30◦ deflection between the β and ψ parts without any collision.

0.3c

β part ψ part

Figure 3.1: NACA0012-IK30 Airfoil.

With this geometry, by rotating the leading edge or main parts individually, one can eas-
ily apply the dynamic curvature concept without much difficulty. In the early design phase,
several other configurations were considered, including geometries using camber morphing.
While these are technologies that must be encouraged, for the present study it would create
at least three major layers of complexity needed for an adequate investigation: material se-
lection, structural design, and fatigue analysis. To initiate the studies of the proposed airfoil,
while focusing exclusively on the aerodynamic effects, the present configurationwas selected.
However, it is highly recommended that a second generation of the NACA0012-IK30 airfoil
explores advanced morphing capabilities.

3.2 NACA0012-IK30 Terminology

Concerning the current NACA0012-IK30 design, it is important to strictly define the govern-
ing parameters that allow for its methodical study. Figure 3.2 shows all parameters used to
control the airfoil’s state.

y, ẏ

x

cβ
cψ

+

Ω

β, β̇ ψ, ψ̇

U∞

c

mc

pcα

Figure 3.2: NACA0012-IK30 airfoil terminology.

Applying the concept of dynamic curvature implies that the airfoil will be used in a time-
varying manner. Consequently, parameters that would be otherwise constant, become func-
tions of time, for instance, the airfoil chord length. Using the conventional definition which
states that the airfoil chord length is the dimension between the leading and trailing edges, c
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is defined as

c =
√
(cβ cosβ + c2 cosψ)2 + (cβ sinβ + cψ sinψ)2, (3.1)

where cβ , cψ are the chords of the β and ψ parts, and β, ψ are the angles of attack of the front
and back parts, respectively. As seen before, the NACA0012-IK30 has the pivot at 30%of the
airfoil’s chord, which coincides with the maximum airfoil thickness of the NACA0012. This
means that cβ = 0.3c and cψ = 0.7c, when the airfoil is not deflected.

The maximum curvature is calculated similarly to traditional airfoils, by determining the
distance normal to the chord line ending at the pivot point. Maximum curvature is expressed
bym and defined as

m =
cβ
c
sin(α− β) =

cψ
c
sin(ψ − α), (3.2)

and the position of maximum curvature along the chord line, p, is expressed as

p =
cβ
c
cos(α− β). (3.3)

Now that the airfoil is divided into two parts, the angle of attack becomes a function of β and
ψ. As in traditional airfoils, it is defined as the angle between the chord line and the incoming
flow, given by

α = arctan
(
cβ sinβ + cψ sinψ
cβ cosβ + cψ cosψ

)
. (3.4)

As this is a geometry designed to be used in oscillating airfoils, apart from the angle of attack,
we should consider the effective angle of attack, calculated as

αeff = arctan
(
− ẏ

U∞

)
+ α, (3.5)

where the first term of the right-hand side is the induced effective angle of attack by the
plunging motion. One could also take into consideration the effective angles of attack of the
individual parts, given by

βeff = arctan
(
− ẏ

U∞

)
+ β, (3.6)

and

ψeff = arctan
(
− ẏ

U∞

)
+ ψ, (3.7)

for the leading edge and back parts, respectively. These parameters could be very useful to
control and analyze local effects, instead of αeff, which only reveals integral effects. Figure
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3.3 illustrates these angles together with the effective flow velocity, Ueff.

+

Ueff

βeff

ψeff

−ẏ

U∞

arctan

(
−

ẏ

U∞

)

Figure 3.3: The effective angles of attack of the β and ψ parts.

After exploring the geometry and kinematics of the proposed airfoil, we now move to the pa-
rameters used to characterize both the airfoil operation and flow regimes. The first parameter
is the Reynolds number, defined as

Re =
ρU∞c

µ
, (3.8)

where ρ is the fluid density,U∞ is the flow velocity, c is the chord, and µ is the dynamic viscos-
ity. This parameter provides the ratio between inertial and viscous forces, indicatingwhich of
these is dominant. Throughout the study we will be using this classical definition, however,
we need to raise the question if the airfoil motion does not contribute to the inertial loads
of the flow field, especially in the region surrounding the airfoil. As a suggestion for future
research, one could consider an updated definition of the Reynolds number, for instance

Re =
ρ
√
U2
∞ + V 2

√
L2 + c2

µ
, (3.9)

where V and L are, respectively, the reference velocity and length of the oscillatory motion.
This would include not only the inertial effects of the flow velocity, U∞, but also consider
the contribution of the airfoil motion. Still, one should be very careful when considering
updating the Reynolds number definition.

An additional parameter used to study the NACA0012-IK30 airfoil is the reduced frequency
defined as

k =
2πfc

U∞
, (3.10)

where f is the motion frequency, providing an overall idea of how fast the airfoil vibrates
relative to the approaching flow. Together with the nondimensional amplitude given by

h =
A

c
, (3.11)

in which A is the plunging amplitude, one can quickly obtain the nondimensional velocity
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defined as

kh =
2πfA

U∞
. (3.12)

This is an important parameter that provides the ratio between the airfoil’s velocity and the
flow velocity, which as seen in equation (3.5), strongly affects the effective angle of attack.
This equation is valid for the specific case where the sinusoidal motion is prescribed, as the
maximum velocity in absolute value is given by 2πfA. For different kinematics, max ẏ may
be used in the numerator.

Concerning the pitching motion, a similar parameter can be used, defined as

kAα =
2πfc

U∞
Aα, (3.13)

with Aα representing a pitching amplitude, which could also be Aβ or Aψ. We call this pa-
rameter the nondimensional angular velocity.

All these previous parameters control the kinematics of the airfoil, working as inputs to the
study. Let us now analyze how the airfoil performance is evaluated by presenting the aero-
dynamic and propulsive indicators.

The three main aerodynamic indicators are the drag, lift, and moment coefficients given by

CD =
D

1

2
ρU2

∞S
, (3.14)

CL =
L

1

2
ρU2

∞S
, (3.15)

and

CM =
M

1

2
ρU2

∞Sc
, (3.16)

respectively, where S is the wing area that in a 2D analysis becomes just c. On a side note, the
moment coefficients obtained throughout the study are measured at the pivot point (30% of
c). These three parameters are central to the whole investigation of the airfoil, especially in
the stall mitigation, where we have the primordial objectives of reducing drag and increasing
lift.

Concerning the propulsive enhancement capabilities of the airfoil, we will be focusing on
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three different parameters. The first is the propulsive power coefficient given by

CPP = Cβt + Cψt , (3.17)

where Ct is the thrust coefficient, defined as the symmetric value of drag. As seen in equa-
tion (3.17), thrust is subdivided into two parts, which as seen in the results, will be useful to
understand the relative importance between the β and ψ parts.

An equally important parameter is the required power coefficient calculated as

CPR = −(Cβl + Cψl )
ẏ

U∞
− Cβm

β̇c

U∞
− Cψm

ψ̇c

U∞
, (3.18)

where ẏ is the plunging velocity, β̇ is the angular velocity of the leading edge, and ψ̇ is the
angular velocity of the main part. As in the previous coefficient, the required power is seg-
mented into different terms to allow direct access to the improvements given by each part.
Important to remember that this is the required power needed to overcome the aerodynamic
forces applied during oscillations, which does not include any inertial effects. For the com-
plete mathematical deduction of these propulsive coefficients, please revisit section 2.2.

Finally, to understand if thrust is efficiently achieved, weuse the propulsive efficiency defined
as

η =
CPP
CPR

=
Cβt + Cψt

−(Cβl + Cψl )
ẏ

U∞
− Cβm

β̇c

U∞
− Cψm

ψ̇c

U∞

, (3.19)

wherewe divide the cycle-averaged propulsive power,CPP , by themean required power,CPP ,
needed to sustain the airfoil oscillation.

Now that the terminology of the proposed geometry and its performance indicators have
been presented, we shall move to the following chapters, where the airfoil will be adjusted to
the different numerical and experimental methodologies.
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Chapter 4

Experimental Methodology

“The propermethod for inquiring after the properties of things is to deduce them
from experiments.”

Isaac Newton

In this chapter, the experimental methodologies used to test the IK30 mechanism are pre-
sented. It includes the design of the experimental rigs, flow visualization technique, force
measurements, kinematics, and the propagation of uncertainties.

4.1 Flow Visualization - Rig Design and Methodology

This first section concerns the experimental equipment and methodology implemented to
observe the flow field surrounding the NACA0012-IK30. Tests are conducted at the facilities
of the Aeronautics and Astronautics Research Center (AEROG) anemometry laboratory of
the University of Beira Interior (UBI), located in Covilhã, Portugal.

4.1.1 Wind Tunnel

For the flow visualization, the wind tunnel used is the one designed and built by the AEROG
laboratory. It is an open circuit, open section, and blower wind tunnel, illustrated in Figure
4.1.

Figure 4.1: Wind Tunnel for flow visualization experiments.

The wind tunnel has a 15 kW fan capable of providing a maximum volumetric flow rate of
3000m3 h−1 passing through an air hose that is connected to the diffuser, being the latter
connected to a settling chamber. At the settling chamber, the turbulence level of the flow is
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reduced by using flow straighteners with a honeycomb design that lessens the lateral velocity
fluctuations and turbulence screens that improve flow quality. Then, a contraction acceler-
ates the flowwith a contraction ratio of 6:1. The flow velocity is controlled either by themotor
frequency and/or a guillotine located upstream, visible on the left image of Figure 4.1.

An extension was added to the wind tunnel where a smoke dispenser system was added with
a 0.3×0.2moutlet section. It includes a smokemachine, tubes, and a smoke rake to conduct
flow visualization tests. Preliminary tests have shown that smoke insertion would create ag-
glomerates of smoke, which degrades the flow quality. To counteract these flow structures
created by the smoke rake, a honeycomb straightening section is positioned after smoke in-
sertion to improve flow quality with no change in the turbulent intensity measured at the
wind tunnel’s exit.

4.1.2 Laser Doppler Anemometry (LDA)

The flow velocity at thewind tunnel’s exit ismeasuredwith LaserDopperAnemometry (LDA).
This optical technique allows a non-intrusive and direct measurement, requiring tracer par-
ticles in the flow. This method has the particular advantages of not needing calibration, its
directional sensitivity, and high spatial and temporal resolution.

The basic configuration of an LDA, shown in Figure 4.2, consists of a continuous wave laser,
transmitting optics, receiving optics, a signal conditioner, and a signal processor. A Bragg
cell is often a part of the transmitting optics that acts as a beam splitter. The output of this
cell is two beams with two different frequencies. These two beams in a probe are focused and
intersected in the probe volume.

Figure 4.2: LDA principle [182].

This probe volume with a size in the order of millimeters has parallel planes of high light
intensity called fringes, which come from the interference of the two laser beams. Particles
passing through this probe volume scatter light proportionally to the local light intensity,
being later received by a lens and focused on a photo-detector.
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Signal processing consists of converting these fluctuations of light intensity into velocity
based on a frequency analysis using the Fast Fourier Transform algorithm and fringe spac-
ing. Moreover, with a frequency-shifted LDA system, we can determine flow direction. In
the case of two-component measurements, the working principle stays the same, with the
only distinction being the addition of two extra beams in the optics in a plane perpendicular
to the first beams.

Themethodology followed in the present study closely follows the one implemented by Vieira
[183] where the flow velocity is measured with a two-component Laser-Doppler velocimetry
(Dantec Flowlite 2D). The horizontal and vertical mean and turbulent velocities are deter-
mined by a two-velocity channel Dantec BSA F60 processor and the transmitting and col-
lecting optics are mounted on a three-dimensional traversing unit that allows the accurate
positioning of the control volume within 0.1mm.

The BSA properties were changed in the BSA flow software so higher data rate and validation
were achieved. With the smoke level used to visualize the flow field, validation was high
(higher than 95%) and the data rate was satisfactory, measuring ten thousand samples in
less than 60 s.

4.1.3 Flow Properties

The air properties at which tests are conducted are measured by a weather station that indi-
cates the temperature and ambient pressure. The two values are used to estimate dynamic
viscosity and density.

The dynamic viscosity is calculated using Sutherland’s law, as stated in equation (4.1)

µ = µ0

(
T

T0

)3/2 T0 + S

T + S
, (4.1)

where µ0 = 1.716× 10−5 Pa s, T0 = 273.15K and S = 110.4K.

Using ambient pressure and temperature, the air density is calculated using the ideal gas law,
expressed as

ρ =
P

RT
, (4.2)

with R = 287.058 J kg−1 K−1.

4.1.4 Smoke Dispenser System

Measuring the flow velocity using LDA inherently requires particles present in the flow field.
With that in mind, a smoke dispenser system is developed to release particles in the wind
tunnel. Furthermore, this smoke dispenser system is also used for visualization purposes.
In Figure 4.3 the system is illustrated as is its configuration.
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U∞

Figure 4.3: Smoke System.

The smoke machine was a TECHNO-FOG Jem machine which is a thermal smoke generat-
ing machine with Jem Regular DJ Fluid. This machine thermally vaporizes a water-glycerol
mixture which condensates into small particles that can be used for LDA measurements, as
other older work conducted in the AEROG anemometry lab indicates.

4.1.5 Image Acquisition System

Capturing images is a central part of the experimentalmethodology and for that, two cameras
are used. One of the cameras is the FASTCAM Mini UX50, a high-speed camera produced
by Photron that provides a 1.3-megapixel image resolution with frame rates up to 2000fps.
This camera is controlled by the Photron FASTCAM Viewer software (PFV4) and is mainly
used for kinematics validation. The high-speed camera is illustrated in Figure 4.4.

Figure 4.4: FASTCAM50

The other camera is a GoPro HERO10, shown in Figure 4.5. This camera is used in a La-
grangian perspective, being attached to the wingtip that offers a wide view of what happens
on the airfoil’s upper surface.

Video recordings are shot at 2.7K (horizontal) resolution (2704x1520) and 240 frames per
second. To enhance flow features videos are slightly processed on MATLAB. Image process-
ing gathers some instructions like resizing, grayscale conversion, pixel value adjustment, and
sharpening.
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Figure 4.5: GoPro HERO10 camera.

4.1.6 Flow Visualization Setup

To summarize, the flow visualization setup has threemain components: the smoke dispenser,
illumination, and image acquisition systems, all represented in Figure 4.6. The smoke in-
serted in the smoke rake is released at the middle section of the wind tunnel, which then
goes through a flow straightener that removes any vertical velocity components created dur-
ing the smoke injection. The floodlight containing several rows of LEDs emits light that is
scattered by the smoke particles. The light scattering process is then captured by the GoPro
camera used to record each experimental run.

Floodlight

Flow Straightener
Smoke Rake

U∞
GoPro

Figure 4.6: Flow visualization setup.

4.1.7 NACA0012-IK30Wing

The wing design is created based on the NACA0012-IK30 airfoil and thoughtfully built for
the flow visualization tests. It was designed in the CATIA V5 R20 software, according to the
geometrical characteristics presented in Chapter 3. The result is presented in Figure 4.7.

The wing has a 20 cm chord and a span of 50 cm, placed at approximately 2 cm from the outlet
section. Thewingspanwas selected to be larger than the outlet section sowewould not record
any wing tip effects. The wing has threemain fixation points: two on the back part, where we
fit two spars with circular sections, and one in the frontal part, where one spar with a square
section that constrains the rotation of the leading edge is inserted.
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Figure 4.7: Wing with the NACA0012-IK30 airfoil.

Themanufacturing of the prototype is accomplished using additivemanufacturing. Thewing
is produced using theOriginal Prusa i3MK3S+3Dprinterwith the PLA filament, both shown
in Figure 4.8. For the wing spars, the material selected is aluminum.

Figure 4.8: Prusa i3 MK3S+ 3D printer (left) and the PLA filament (right).

4.1.8 Support Structure

Thewing is attached to a support structure as illustrated in Figure 4.9. The spars of theψ part
are connected to two components located at the extremities of the wing (red parts), which
are both fixed in the U-shaped structure. This structure is connected to the plunging motor,
which is itself secured by the base that is fixed to the ground.

The base of the structure is made of wood, which has metallic linkages to the plungingmotor.
The U-shaped structure is metallic too, while the components where the spars are connected,
were also produced by 3D printing. Also illustrated in Figure 4.9, is the leading-edge pitching
mechanism seen on the left side of the wing.

4.1.9 Leading-Edge Pitching Mechanism

A different perspective is shown in Figure 4.10 which shows where the main components of
the rotational mechanism are.

The electric motor frame attaches to the support through the component colored in purple,
which encloses the connection used to rotate the leading edge (orange part). This latter
part has its pivot coincident with the frontal spar axis of the main airfoil part, which passes
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Figure 4.9: Support structure.

Figure 4.10: Leading-Edge Pitching Mechanism.

through the purple component. This ensures the concentricity of the leading edge rotation
while reducing the possibility of collision between the airfoil parts.

4.1.10 Wing Motion Control

The wing kinematics are controlled using two stepper motors produced by Oriental Motor
Co., Ltd. Plunging is performed with the EASM4XD020ARAC electric linear slide, which is
a stepper motor coupled with a ball screw as the drive method. In Figure 4.11, the stepper
motor (ARM46AC) and the linear slide are shown.

The linear actuator has a stroke of 0.2mwith a step size of 0.012mm and a maximum opera-
tion speed of 0.8ms−1. More information is described at [184].

For the pitching motion of the leading edge, the PKE543AC-PS50 stepper motor is used, as
seen in Figure 4.12.
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Figure 4.11: The stepper motor ARM46AC (left) and the linear slide EASM4XD020ARAC (right).

Figure 4.12: PKE543AC-PS50 stepper motor.

The stepmotor has a basic step angle of 0.0144◦ with a gear ratio of 50:1 which allows for fine
adjustments. More information is detailed at [185].

The desired kinematics are prescribed by using the ARD-CD [186] and RKSD503-CD [187]
controllers for plunging and pitching, respectively. These two controllers, shown in Figure
4.13, are connected to a laptop equipped with MEXE02 support software (v3.70) using the
CC05IF-USB data setting software communication cable.

Figure 4.13: ARD-CD (left) and RKSD503-CD (right) controllers.

4.1.11 Kinematics

As is customary in the field of oscillating airfoils, the velocity profile follows a sinusoidal wave.
In this section, the asymmetry level is also considered meaning that with this kinematics, it
is possible to study the difference between the ascending and descending times. Mathemat-
ically, and considering only the plunging motion (pitching is similar), the position of the
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airfoil as a function of time is expressed as

y =


A sin

(
π

ζT
t+

π

2

)
if 0 ⩽ t < ζT

A sin
(

π

(1− ζ)T
(T − t) +

π

2

)
if ζT ⩽ t ⩽ T

, (4.3)

where ζ is the asymmetry level parameter and T is the period. A graphical representation is
illustrated in Figure 4.14. The asymmetric motion is offered as a suggestion, as only symmet-
ric kinematics were tested experimentally.

ζ 1

A

−A

t/T

y

Figure 4.14: Sinusoidal position profile.

Unfortunately, the setup implemented to control the motors could only follow a trapezoidal
velocity profile, meaning that to achieve the sinusoidal motion, an approximation needed
to be made. This section is focused on creating a framework that approximates the desired
sinusoidal motion with trapezoids. Figure 4.15 shows a generic trapezoidal velocity profile
that considers the motion asymmetry, given by ζ, and the acceleration/deceleration times.

au du

ad dd

ζ 1

Sy
1

Sy
2

t/T

ẏ

Figure 4.15: Trapezoidal velocity profile.

The acceleration/deceleration times illustrated are defined as

au = du = ξζT, (4.4)

and

ad = dd = ξ(1− ζ)T, (4.5)

with ξ being called the acceleration parameter. Knowing that the areas of both trapezoids are
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equal to the motion amplitude, A, then the velocities Sy1 and S
y
2 are calculated as

Sy1 =
2A

ζ(1− ξ)T
, (4.6)

and

Sy2 =
2A

(1− ζ)(1− ξ)T
. (4.7)

Mathematically, the trapezoidal velocity profile is given by the piecewise function

ẏ =



Sy1
ζξT

(t− PT ) if t ∈ [ta, tb[

Sy1 if t ∈ [tb, tc[

− Sy1
ζξT

(t− PT ) +
Sy1
ξ

if t ∈ [tc, td[

− Sy2
(1− ζ)ξT

(t− PT ) +
Sy2ζ

(1− ζ)ξ
if t ∈ [td, te[

−Sy2 if t ∈ [te, tf [

Sy2
(1− ζ)ξT

(t− PT )− Sy2
(1− ζ)ξ

if t ∈ [tf , tg[

, (4.8)

with

P =

⌊
t

T

⌋
, (4.9)

and

ta = PT (4.10)

tb = ta + ζξT (4.11)

tc = ta + ζT − ζξT (4.12)

td = ta + ζT (4.13)

te = ta + ζT + (1− ζ)ξT (4.14)

tf = ta + T − (1− ζ)ξT (4.15)

tg = ta + T. (4.16)

To obtain the position as a function of time, equation (4.8) is integrated, which results in
equation (4.17).
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y =



1

2

Sy1
ζξT

t2 if t ∈ [ta, tb[

Sy1 t−
1

2
Sy1ζξT if t ∈ [tb, tc[

−1

2

Sy1
ζξT

t2 +
Sy1
ξ
t+ 2A− 1

2

Sy1ζT

ξ
if t ∈ [tc, td[

−1

2

Sy2
(1− ζ)ξT

t2 +
Sy2ζ

(1− ζ)ξ
t+ 2A− 1

2

Sy2ζ
2T

(1− ζ)ξ
if t ∈ [td, te[

−Sy2 t+ 2A+ Sy2ζT +
1

2
Sy2 (1− ζ)ξT if t ∈ [te, tf [

1

2

Sy2
(1− ζ)ξT

t2 − Sy2
(1− ζ)ξ

t+
1

2

Sy2T

(1− ζ)ξ
if t ∈ [tf , tg[

(4.17)

A graphical representation of the y position as a function of time is shown in Figure 4.16. Yet,
this waveform still does not approximate the sinusoidal motion optimally.

ζ 1

A

−A

t/T

y

Figure 4.16: Position profile based on a trapezoidal velocity profile.

To find the best approximation of the sinusoidal profile, S(t), by using the trapezoidalmotion,
T (t), the least-squares method is used in which we minimize the sum of the squares of the
residuals by searching for the optimal value of the ξ parameter, meaning that

d
dξ

ˆ T

0
[S(t)− T (t)]2 dt = 0. (4.18)

To find the optimal ξ value, the above integral is discretized, as shown below.

d
dξ

N∑
i=1

[S(ti)− T (ti)]
2 dt = 0. (4.19)

Equation (4.19) is solved iteratively, by changing N and ξ, from which we obtain that when

ξ ≈ 0.33, (4.20)

the trapezoidal wave offers an optimal approximation of the sinusoidal function. In Figure
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4.17, both trapezoidal (with ξ = 0.33) and sinusoidal waveforms are shown for two cases,
ζ = 0.5 and 0.75.

A

−A

ζ = 0.50 ζ = 0.75

1 t/T

y
T (t)

S(t)

Figure 4.17: Comparison of trapezoidal and sinusoidal waveforms.

Although only plunging kinematics were presented here, the activation of the leading edge is
similar but with a phase angle ϕ = 90◦, as commonly used in the literature. This means that
the leading edge will be maximally deflected when the airfoil is at its maximum plunging
velocity. As a resume, and to make it clear, equation (4.21) shows the kinematics that the
airfoil is subjected to.

IK30 kinematics→


y = A sin(2πft)

β = Aβ sin(2πft+ π/2)

ψ = 0◦

(4.21)

4.1.12 Experimental Checklist

Before conducting the experimental study, a checklist was designed to guarantee the repeata-
bility and reproducibility of the results. By following the instructions as presented, system-
atic errors, such as unwanted velocity variations over time, could be mitigated.

Flow visualization for the NACA0012-IK30 airfoil followed the next steps:

1. Setting the flow velocity

(a) Set the Reynolds number.

(b) Read ambient temperature and pressure (T and P ).

(c) Calculate fluid density, ρ, and dynamic viscosity, µ.

(d) Calculate the desired velocity.
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(e) Measure the flow velocity.

(f) Open/close the guillotine until the desired velocity is reached.

(g) Verify temperature, and pressure and measure flow velocity every 10 minutes. If
needed, adjust the desired velocity and guillotine position accordingly tomaintain
the prescribed Reynolds number.

2. Setting the kinematic parameters

(a) Set the nondimensional amplitude, reduced frequency, and leading-edge pitching
amplitude.

(b) Calculate the plunging amplitude based on the wing’s chord.

(c) Calculate the motion frequency based on the flow velocity and the wing’s chord.

(d) Set the leading-edge pitching amplitude.

3. Programming the stepper motors

(a) Insert the kinematic parameters, converted in steps and pulse commands, into the
software used to control the stepper motors.

4. Visualizing the flow field

(a) Discharge smoke continually.

(b) Start recording using the GoPro camera.

(c) Initiate the oscillatory motion.

(d) Save recording for post-processing.

4.1.13 Propagation of Uncertainties

In this subsection, the expressions for the uncertainty of the several quantities are deter-
mined, according to what is explained by Taylor [188]. When considering a function F with
arguments x1, x2, ..., xN and their respective uncertainties δ1, δ2, ..., δN , the uncertainty in F
is given by

δF =

√√√√ N∑
i=1

(
∂F

∂xi
δxi

)2

. (4.22)
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In this subsection, the equations needed to estimate the propagation of uncertainties are
presented. These equations can only be used when values are measured. When prescribed,
no uncertainty is assumed.

4.1.13.1 Density Uncertainty

The air density is estimated using the ideal gas law, expressed as

ρ =
P

RT
, (4.23)

and its uncertainty depends on the uncertainty of both temperature and pressure, as shown
in equation (4.24).

δρ =

√(
1

RT
δP

)2

+

(
− P

RT 2
δT

)2

. (4.24)

Based on the equipment used to measure temperature and pressure, we have

δP = 1hPa, (4.25)

and

δT = 0.1 ◦C, (4.26)

as their respective uncertainties.

4.1.13.2 Dynamic Viscosity Uncertainty

The air dynamic viscosity is estimated using Sutherland’s law, expressed as

µ = µ0

(
T

T0

)3/2 T0 + S

T + S
, (4.27)

and its uncertainty comes from the uncertainty of the temperature measurement, as shown
in equation (4.28).

δµ =

√√√√√
µ0

√ T

T 3
0

(
T0 + S

T + S

)
−

√(
T

T0

)3( T0 + S

(T + S)2

) δT
2

. (4.28)

4.1.13.3 Flow Velocity Uncertainty

When using the LDA, uncertainty emerges due to calculating the average with a limited num-
ber of samples.
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The mean velocity value is calculated as

u =
1

N

N∑
i=1

ui, (4.29)

with its uncertainty being calculated as

δu =

√√√√ N∑
i=1

(
∂u

∂ui
δui

)2

, (4.30)

which is equivalent to

δu =

√√√√ N∑
i=1

(
δui
N

)2

. (4.31)

Even if each velocity measurement is accurate, which is typically the case of LDA, it surely
is not a good estimate of the mean value. In terms of estimating the mean velocity, we can
assume that the uncertainty in each velocity sample is two times the standarddeviation, δui =
2uRMS, meaning that we are 95% confident that the true mean value is within this interval.

Thus, the uncertainty linked to the flow velocity is calculated as

δu =
2uRMS√

N
. (4.32)

4.1.13.4 Reynolds Number Uncertainty

TheReynolds number is calculated based on the velocity, density, viscosity, and aerodynamic
chord of the airfoil as

Re =
ρU∞c

µ
(4.33)

and its uncertainty is determined as shown in equation (4.34).

δRe =

√(
U∞c

µ
δρ

)2

+

(
ρc

µ
δU∞

)2

+

(
ρU∞
µ

δc

)2

+

(
−ρU∞c

µ2
δµ

)2

(4.34)

The uncertainty of measuring the airfoil chord, δc, is 0.5mm for the present work.
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4.1.13.5 Reduced Frequency Uncertainty

The reduced frequency is determined using equation (4.35)

k =
2πfc

U∞
(4.35)

and its uncertainty is calculated as

δk =

√(
2πf

U∞
δc

)2

+

(
−2πfc

U2
δU∞

)2

(4.36)

4.1.13.6 Nondimensional Amplitude Uncertainty

The nondimensional amplitude is expressed as

h =
A

c
(4.37)

has an uncertainty which is calculated as shown in equation (4.38).

δh =

√(
−A

c2
δc

)2

(4.38)

4.1.13.7 Nondimensional Velocity Uncertainty

The nondimensional velocity is defined by the kh product and its uncertainty is given equa-
tion (4.39).

δkh =

√
(kδh)2 + (hδk)2 (4.39)

4.1.13.8 Length Uncertainty (based on pixel conversion)

For the kinematics validation, dimensions in images are converted from pixels to meters
using

a = Cpx (4.40)

where C is a conversion factor determined by a known length reference. This means that
with an uncertainty of one pixel, the dimensions have an uncertainty of C, as shown below.

δa =

√(
Cδpx

)2
= C (4.41)
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4.1.13.9 Leading-Edge Pitching Amplitude Uncertainty

As for the determination of the leading-edge pitching amplitude, two dimensions are used,
the horizontal component, b, and the vertical component, a, of the distance from the pivot
point to the leading edge. The pitching amplitude is determined as

Aβ = arctan
(a
b

)
(4.42)

with its uncertainty depending on the uncertainty of the two components, as shown in equa-
tion (4.43).

δAβ =

√(
b

a2 + b2
δa

)2

+

(
− a

a2 + b2
δb

)2

(4.43)

4.1.13.10 Nondimensional Angular Velocity Uncertainty

The nondimensional angular velocity is defined by the kAβ product and its uncertainty is
given equation (4.44).

δkh =

√
(kδAβ)

2 + (Aβδk)
2 (4.44)

4.2 Force Measurements - Rig Design and Methodology

Force measurements were conducted at the Laboratory of Dynamics (LabDin), one of the
laboratories of the Department of Mechanic Engineering at the São Carlos School of Engi-
neering (EESC/USP), from the University of São Paulo (USP).

4.2.1 Wind Tunnel

For these experiments, one of the main components is the wind tunnel. The wind tunnel
used is a subsonic blower composed of a diffuser, settling chamber, contraction, and turbu-
lence screenings. It has a sirocco fan (Motovent SVDL-600 model) capable of providing a
volumetric flow rate of 400m3min−1. With an exit of 0.5 × 0.5 m, it is capable of reaching
approximately 27ms−1. The wind tunnel is presented in Figure 4.18.

Regarding the equivalent airspeed (EAS), Ue, it is measured using a pitot tube placed at the
exit section of the wind tunnel, which is connected to a VECTUS TIVA manometer. Then,
the true airspeed (TAS) is calculated as

U∞ = Ue

√
ρ0
ρ
, (4.45)

where ρ0 is the air density at sea level in the International Standard Atmosphere. The air
density, ρ, is calculated using the ideal gas law, shown in equation (4.23). The temperature
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Figure 4.18: Wind tunnel at LabDin (USP-EESC).

and pressure required to calculate the air density are measured using the MT-241A termo-
higrometar and theVECpress 201micromanometer, respectively. As before, the temperature
is used to calculate the dynamic viscosity using Sutherland’s law.

4.2.2 NACA0012-IK30Wing

The overall design of the experimental rig is kept the same as in the flow visualization tests,
including the manufacturing process. The main differences are that the wing is mounted
vertically, has a larger wingspan of 60 cm, and that the axis of the motor used for the leading-
edge pitching is not aligned with the pivot axis. This required the design of a newmechanism
that could transmit the rotation from the motor axis to the leading edge while keeping the
correct pivot point. The schematics of the mechanism are shown in Figure 4.19.

y, ẏ

x

Axis 1Axis 2

β

d (24.8mm)

β +
π

2

LE
Axi

s

b

d

Not to scale

Figure 4.19: Leading-edge pitching mechanism schematics.

The final design developed in CATIAV5R20 and the final assembly are shown in Figure 4.20.
As observed, the motor used for the pitching component of the leading edge is housed at a
special hub mounted at the wing tip.

Figure 4.21 shows the final assembly of the experimental apparatus for the force measure-
ment tests.

66



CAD Final Assembly

Figure 4.20: Final assembly of the leading-edge pitching mechanism.

Figure 4.21: Experimental apparatus for force measurements.

4.2.3 Wing Motion Control

Regarding the wing movement, three motors were used: a stepper motor for plunging (KTC-
HT23-402.8), another to control the angle of attack of the ψ part (KTC-KML093-F07), and a
servo motor that handles the pitching of the leading-edge (SRT DL3017). Two STR8 drivers
are used, one for each stepper. The stepper motors and driver are shown in Figure 4.22.

KTC-HT23-402.8 KTC-KML093-F07 STR8

Figure 4.22: Stepper motors and driver.

The stepper motors have a step angle of 1.8◦ that matches the standard resolution of the
driver, 200 PPR (Pulses per Revolution). The driver offers resolutions that can go up to
20000 PPR, meaning that it can effectively provide a step angle of 0.018◦. Besides, the step-
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per motor responsible for plunging has a gear reduction of 1:4 and is connected to the linear
guide SLDC-60, shown in Figure 4.23, that converts one revolution into 0.13m. An addi-
tional linear guide of the same model is placed on the upper part and linked to the lower one
through a common axis to prevent wing twisting.

Lower Guide Upper Guide

Figure 4.23: Linear guides.

The servo motor used for the leading-edge pitching, shown in Figure 4.24, is a DC, digital
type motor capable of executing a 60◦ turn from 0.17 to 0.15 s, depending on the operation
voltage (4.8− 6.0 V).

Figure 4.24: SRT DL3017 servo motor.

The control of all motors used Simulink, a dSpace board (DS2101), and an Arduino Uno mi-
crocontroller board. At first, there was a plan to control all motors with the Arduino board.
However, preliminary tests showed that the hardware did not have the computational power
to generate the pulse frequencies needed for quicker oscillations of the stepper motors, lead-
ing to several task overruns.

Hence, the control of the steppermotorswasmigrated to a dSpaceDS2101, while theArduino
board still handled the servo motion. The decision to keep the servo control on the Arduino
board was motivated by the block already implemented in the MATLAB Support Package
and the Simulink Support Package for Arduino Hardware that reliably controls the servo
shaft angle.

Another challenge was that the dSpace and Arduino boards were not connected to the same
computer, raising the question of synchronicity between the stepper and servo motors. The
solution to this problem was accomplished by running the Simulink project autonomously
on the dSpace board using an enabled subsystem that was turned ON/OFF with a signal pro-
vided by the Arduino. This signal is crucial for the motion synchronicity but also for the post-
processing. The Simulink project implemented in the dSpace runs at 10 kHz, which allows
smooth and fast stepper motions with guaranteed stepper-servo synchronization. Figure
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4.25 shows the system architecture implemented for the wing motion.

PC (1)

dSpace
(DS2101)

PC (2)

Arduino
Uno

Servo

Driver
(STR8)

Driver
(STR8)

Stepper
(Plunging)

Stepper
(Pitching)

Figure 4.25: Architecture used for wing kinematics.

The two signals entering each driver are the pulse and direction instructions. The signal leav-
ing the dSpace board and entering the Arduino board is used to start the servomotor motion.
As one can see, the Arduino Uno can also provide instructions to the STR8 drivers. This is
accomplished with an additional Simulink project that is only used when single adjustments
(positioning operations) are required.

As in the previous section, wing kinematics tries to follow sinusoidal waveforms. However,
the control methodology to achieve the desired kinematics is different from before, where
only a trapezoidal motion was possible. For force measurements, the control of the steppers
is made by providing the step and direction instructions directly to the STR8 drivers using a
pulse-modulated signal (PWM) generated in Simulink. This signal converts the desired wave
into a sequence of pulses that follows the desired motion, as shown in Figure 4.26.

t/T

Pulse Step

Figure 4.26: PWM strategy for stepper motor control.

The creation of this sequence of pulses is based on equation (4.46)

ω⃗ =
dθ
dt ≈ θt+1 − θt

∆t
=

1

∆t
(θt+1 − θt), (4.46)

which can be rewritten in the form of a P-controller as

u(t) = Kpe(t), (4.47)

where Kp is the proportional gain, u is the controller output and e(t) is the controller error.
For the present formulation, e is the difference between the current and desired stepper po-
sition, while u is the pulse rate required. Since the dSpace board is running at 10 kHz, the
controller gain,Kp, is set to the same value to guarantee that the desired kinematics are fol-
lowed.
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To assure a smooth transition between different and time-dependent pulse frequencies, the
pulse rate given by u is fed through the function

P (t) = sin
(
2π

ˆ t

0
u(τ) dτ

)
, (4.48)

that is later transformed into a square wave asNo pulse if P (t) ≤ 0

Send pulse if P (t) > 0
. (4.49)

When it comes to the step direction, it is simply selected based on the sign of u.

Returning to equation (4.46), the current stepper positions are computed using software
encoders that count the steps and the direction they were taken. However, as these encoders
are software-only, the real wing positionmay differ from the one computed in Simulink. This
may happen due to several reasons, such as step skipping, and motor stalling due to the lack
of available torque. To mitigate this limitation and guarantee the prescribed kinematics are
accurate, physical encoders are implemented tomonitor the wingmotion, although these are
used as verification only.

Regarding kinematics, it is important to mention the operational limits based on the hard-
ware and software used. These are calculated and implemented into code to avoid the request
of unattainable kinematics. As mentioned before, the dSpace boards were only able to run at
10 kHz, which means that we were limited at a pulse rate of 5 kHz (Nyquist frequency). The
other variable that affected kinematics was the step size of the motors, which were selected
with two requirements in mind: provide relatively fast movements while maintaining motor
vibrations in an acceptable range.

Hence, for the plunging mode, a basic angle of 1.8◦ is selected which when passing through
the reduction gearbox and the linear guide, results in a step of 0.1625mm. This means that
the maximum plunging velocity is

5000Hz× 0.000 162 5m = 0.8125ms−1. (4.50)

By bringing in the nondimensional velocity, kh, we see that, aerodynamically, the plunging
conditions are limited to

kh =
2πfc

U∞

A

c
=
max ẏ
U

=
0.8125

U∞
. (4.51)

When it comes to the pitching motion, a step angle of 0.028 125◦ was selected. This resulted
in a maximum pitching velocity of

5000Hz× 0.028 125◦ = 140.625 ◦ s−1, (4.52)
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which when written in a dimensionless form, kAψ, results in the aerodynamic limit

kAψ =
2πfc

U∞
Aψ = max Ȧψ

c

U∞
=

140.625c

U∞
. (4.53)

It is crucial to mention that the above are software limits and do not take into account the
available torque as a function of the pulse rate. As will be seen in Chapter 9, some conditions,
in particular plunging conditions, the available torque exceeds the software limit.

4.2.4 Force Measurements

Regarding force measurements, they are conducted using two mini40 force and torque sen-
sors, shown in Figure 4.27.

Figure 4.27: Force and torque sensor Mini40 (ATI Industrial Automation).

The sensors are produced by ATI Industrial Automation and come calibrated in advance by
the manufacturer, with all calibration information loaded on the sensor. The ATI mini40
sensor properties are shown in Table 4.1. The uncertainty presented is themaximumamount
of error for each axis expressed as a percentage of its full-scale load.

Table 4.1: ATI mini40 sensor characteristics.

Sensing Range
Fx Fy Fz Mx My Mz

40N 40N 120N 2Nm 2Nm 2Nm
Resolution

Fx Fy Fz Mx My Mz

1/100 N 1/100 N 1/50 N 1/4000 Nm 1/4000 Nm 1/4000 Nm
Measurement Uncertainty

Fx Fy Fz Mx My Mz

1.25% 1.25% 0.75% 1.25% 1.50% 1.50%

Each F/T sensor is connected to an Interface Power Supply (Model IFPS-1 by ATI) from
which the transducer’s six strain gauge outputs are amplified and conditioned so they can
be connected directly to the inputs of standard data acquisition cards, which in the present
work, is the dSpace DS2004 board. ATI software is provided for Simulink in which we can
convert strain gauge data into force and torque data in the host computer in real-time. One
aspect to bementioned is the fact that, although the Simulink project was operating at 10 kHz
to achieve the desired kinematics, force data was only measured at 1 kHz, which would oth-
erwise be incredibly expensive computationally.
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The sensors are connected to the main axis at the wing’s extremities, with the sensor z-axis
aligned with the pivot axis of the airfoil, as illustrated in Figure 4.28. Since sensors move
with the back part, forces are measured at the ψ-part body axis, with Fa and Fn representing
the forces in the chordwise and normal-to-chordwise direction, respectively.

y

x

cβ
cψ

β ψ

U∞

c
α

Fa

Fn

L

D

M

Figure 4.28: NACA0012-IK30 airfoil.

4.2.5 Post-Processing

After acquiring F/T data, all post-processing is made on MATLAB R2021a. The first stage
consists of filtering data with a 8th-order Butterworth with a given cutoff frequency. In the
results section, the cutoff frequency and its selection are discussed. After signal filtering,
force data is converted into drag and lift as

D = Fn sin(ψ) + Fa cos(ψ), (4.54)

and

L = Fn cos(ψ)− Fa sin(ψ), (4.55)

respectively. However, when calculating drag, lift, and moment by using sensor data one
should not forget that thesemeasurements include forces due to the assembly (bolt tightness
and misaligned axis), inertial forces, and aerodynamic forces. Since drag, lift, and pitching
moment are aerodynamic loads, there is a need to remove the assembly and inertial loads.
This was accomplished by conducting each test condition with the wind tunnel turned ON
and OFF and then, subtracting the first by the latter. With this methodology, we could calcu-
late the aerodynamic loads without the necessity of zeroing the sensors or calculating inertial
forces. Furthermore, we minimize other uncertainties that arise from, for instance, zeroing
and sensitivity drifts.

Subtracting these two different data sets creates a challenge mainly because data is discrete.
Instead of interpolating between data points and then conducting the subtraction, we went
right to a spline approximation by using the smoothing spline algorithm implemented in
the Filtering and Smoothing Data block of MATLAB. The smoothing spline algorithm uses a
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parameter and tries to minimize

p
∑
i

(yi − s(xi))
2 + (1− p)

ˆ (d2s
dx2

)2

dx, (4.56)

where (xi, yi) are the data points and s is the smoothing spline function. The p parameter
takes values between 0 and 1, which results in a least-squares straight-line fit or a cubic spline
interpolant, respectively. If no value is assigned to p, MATLAB automatically prescribes a
value near 1/(1 + h3/6), where h is the average spacing of the data points. For the present
study, p is set at 1, which provides an interpolant, offering a simple solution to manipulate
F/T data. Data is further processed by looking into the uncertainties, as shown in section
4.2.7.

4.2.6 Kinematics

Departing from static cases, one of the central objectives of the present work is to investi-
gate the NACA0012-IK30 wing under dynamic conditions, especially plunging and pitching
modes. This section shows the methodology regarding the prescribed kinematics for the dy-
namic cases. Force measurements are carried out at much higher Reynolds numbers than
the one used for flow visualization. This means that some parameters, for instance, reduced
frequency and nondimensional velocity, are greatly modified. As will be shown in the results
chapter, the usage of the NACA0012-IK30 airfoil at much higher Reynolds numbers requires
different leading-edge kinematics, which is focused on themitigation of dynamic stall instead
of propulsive enhancement.

4.2.6.1 Plunging & Pitching Ramps

After testing several static conditions with different configurations, the wing is subjected to
dynamic cases. In the first stage, to experiment and gather some knowledge about the rig,
we use a double sigmoid function (Figure 4.29) to study ramp motion expressed as

y or Aψ =
A or Aψ

1 + e−s(t−t0)
+

A or Aψ
1 + es(t−t1)

−A or Aψ. (4.57)

A

Aψ

t0 t1 t/T

y or Aψ

Figure 4.29: Ramps kinematics.

One important parameter in equation (4.57) is the curve steepness, s, which directly dictates
the ramp’s peak velocity. To control it, we prescribe slightly modified nondimensional veloc-
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ities, kh or kAψ, defined as

kh =
ẏ(t0)

U∞
or kAψ =

ψ̇(t0)c

U∞
. (4.58)

After selecting the nondimensional velocity, we solve

ẏ = khU∞ or α̇ = kAψU∞/c (4.59)

iteratively to find the curve steepness, s, that verifies the prescribed condition.

4.2.6.2 Sinusoidal Plunging

The next phase of dynamic tests is comprised of sinusoidal plunging cases. Thus, the kine-
matics prescribed to the airfoil follow a sinusoidal wave with an imposed ψ. To ease into the
prescribed kinematics without starting at maximum velocities, ramp-up, and down phases
are added to the motion. This is accomplished by using

y(t) = A(t) sin
(
2π

ˆ t

0
f(τ) dτ

)
, (4.60)

where A and f are changed linearly during the ramp-up and down stages, as illustrated in
Figure 4.30.

A, f

Ramp Up Ramp Down

Periodic Motion

t/T

A, f

Figure 4.30: Ramp up and down phases of sinusoidal oscillation.

The plunging velocity, ẏ, is then determined by

ẏ = Ȧ sin
(
2π

ˆ t

0
f(τ) dτ

)
+ 2πf(t)A(t) cos

(
2π

ˆ t

0
f(τ) dτ

)
, (4.61)

which is later used for the calculation of the effective angle of attack, αeff.

The same strategy is used for the leading-edge deflection, which follows

β = β +Aβ(t) sin
(
2π

ˆ t

0
f(τ) dτ + ϕ

)
, (4.62)

where ϕ is the phase angle between y and β, which throughout the whole study is set to 90◦.
This angle is selected to achievemaximum leading edge deflectionwhen thewing experiences
maximum plunging velocity. Figure 4.31 shows the graphs of the prescribed motion for the
plunging cases.
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t/T

y, β y

β − β

Figure 4.31: Plunging kinematics coupled with leading-edge deflection.

4.2.6.3 Sinusoidal Pitching

At last, after all plunging cases, the wing is tested under several sinusoidal pitching condi-
tions. However, different from the plunging tests, the pitching cases consider two different
configurations.

The first pitching layout consists of a fixed ψ with a variable leading-edge angle of attack,
β. To accomplish this, the same equation (4.62) used for the plunging cases is applied, here
plotted in Figure 4.32.

β

t/T

β

Figure 4.32: Pitching leading edge kinematics.

The second arrangement fixes a leading-edge deflection, Ω, and varies ψ as

ψ(t) = ψ +Aψ(t) sin
(
2π

ˆ t

0
f(τ) dτ

)
, (4.63)

which follows the same strategy explained before. With this pitching mode, the leading edge
angle of attack is simply given by

β = ψ +Ω. (4.64)

For a quicker understanding, Figure 4.33 illustrates the pitching motion prescribed.

Based on the kinematics prescribed, other important parameters to the wing motion are cal-
culated and implemented during the post-processing stage. It is crucial to mention that the
present study is conducted in a dimensionless manner, meaning that all the kinematics pre-
scribed are determined as a function of the governing parameters of the problem, such as
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t/T
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Figure 4.33: Pitching ψ kinematics.

the Reynolds number and nondimensional velocities. This will be made transparent in the
results chapter.

4.2.7 Experimental Uncertainties

Also in the post-processing phase, it is relevant to consider the experimental uncertainties
that affect measurements and examine how these propagate to other variables. The equa-
tions presented in the section can only be used when values are measured. When prescribed,
no uncertainty is assumed. Uncertainties are estimated as in the previous section, following
what is explained by Taylor [188].

Some of the limitations regarding the experimental facility are the difficulty in aligning the
main axis of the wing with the F/T sensors, the possible low flow quality that is common in
blower wind tunnels, and the inferior resolution of the servo motor when compared to the
steppers used. This can produce slightmisalignment in the angle of attack of the leading edge,
resulting in small changes in the aerodynamic forces. Furthermore, the incoming flow can
create an additional deformation that can slightly change the angle of attack of the leading
edge.

The experiments concerning force measurements are conducted in a dimensionless manner,
meaning that the governing parameters are prescribed, and only then, flow and kinematics
variables are calculated. Considering a Reynolds number, the flow velocity is calculated as

Re =
ρU∞c

µ
⇒ U∞ =

Reµ

ρc
, (4.65)

with air properties estimated using the ideal gas and Sutherland’s laws. Air temperature and
pressure are measured with uncertainties δT = 0.1 ◦C and δP = 0.1hPa, respectively.

Since the manometer used measures the equivalent airspeed (EAS), the true airspeed, U , is
converted into the equivalent airspeed, Ue, as

Ue = U∞

√
ρ

ρ0
, (4.66)

where ρ0 is the air density at sea level in the International Standard Atmosphere (ISA).
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Using a power regulator that controls the wind tunnel’s fan velocity, we set the equivalent
airspeed calculated by equation (4.66). However, oscillations in the flow velocity do happen
at the manometer. Variations of up to 5% of the desired velocity were deemed acceptable.
This leads to an uncertainty in the equivalent airspeed of

δUe = 0.05U∞︸ ︷︷ ︸
Velocity tolerance

+ 0.01︸︷︷︸
TIVA Precision

. (4.67)

The equivalent airspeed is then converted to the true airspeed as

U∞ = Ue

√
ρ0
ρ
, (4.68)

which has an uncertainty

δU∞ =

√(√
ρ0
ρ
δUe

)2

+

(
−Ue

√
ρ0

2ρ3/2
δρ

)2

. (4.69)

Afterwards, the motion frequency is calculated based on a prescribed reduced frequency as

k =
2πfc

U∞
⇒ f =

kU∞
2πc

, (4.70)

with its uncertainty being defined as

δf =

√(
−kU∞
2πc2

δc

)2

+

(
k

2πc
δU∞

)2

. (4.71)

The same is made for the plunging amplitude, calculated as

h =
A

c
⇒ A = hc, (4.72)

with an uncertainty of

δA =

√
(hδc)2, (4.73)

with δc = 0.5mm.

The angle of attack of the airfoil, defined as the angle between the chord line and the incoming
flow, is defined as

α = arctan
(
cβ sinβ + cψ sinψ
cβ cosβ + cψ cosψ

)
, (4.74)
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which has an uncertainty

δα =

√(
∂α

∂β
δβ

)2

+

(
∂α

∂ψ
δψ

)2

, (4.75)

where δβ = 1◦ and δψ = 0.018◦ are the basic angles of the servo and stepper motors, respec-
tively. As the stepper motor has a small basic step angle, we neglect its contribution to δα. In
equation (4.75), the derivatives are expressed as

∂α

∂β
=
cβ cosβ (cβ cosβ + cψ cosψ) + cβ sinβ (cβ sinβ + cψ sinψ)

(cβ sinβ + cψ sinψ)2 + (cβ cosβ + cψ cosψ)2
, (4.76)

and

∂α

∂ψ
=
cψ cosψ (cβ cosβ + cψ cosψ) + cψ sinψ (cβ sinβ + cψ sinψ)

(cβ sinβ + cψ sinψ)2 + (cβ cosβ + cψ cosψ)2
. (4.77)

In addition to these uncertainties, all motors present an error caused by the approximation
of continuous functions (sinusoidal waveforms) by a series of steps. Although this is not a
concern for the steppers, due to their high accuracy, the same cannot be regarded for the
servo motor. With a precision of 1◦ it introduces an error in β expressed as

|β − ⌊β⌉| , (4.78)

where the ⌊x⌉ notation represents the rounding to the closest integer. In Figure 4.34, the
servo motion is shown together with the desired motion, error, and its uncertainty. The
error affects other variables, by propagating itself, for instance, to the angle of attack.

t/T

β Desired Motion
Servo Motion

Error
Uncertainty

Figure 4.34: Servo motion.

In addition to the angle of attack, the effective angle of attack considers the plunging motion
of the airfoil, being calculated as

αeff = arctan
(
− ẏ

U∞

)
+ α, (4.79)

with an uncertainty

δαeff =

√(
− sec2

(
ẏ

U∞

)
δẏ

)2

+

(
ẏ

ẏ2 + U2
∞
δU∞

)2

+ (δα)2. (4.80)
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Like the stepper motor that controls pitching, the plungingmotor has a small step size which
offers accurate positioning in the y axis. For that reason, we overlook the impact of δy.

It is worth mentioning that although having a relatively low precision, the servo motor has
no major challenges. However, when it comes to the pitching mode, the significant differ-
ence between the stepper and servo resolutions creates a wobbling effect that renders their
simultaneous use unacceptable.

Regarding F/T measurements, we use the data provided by the manufacturer in Table 4.1 to
calculate force and moment uncertainties. In the specific case of the current experimental
setup, the forces and moments are affected by an uncertainty of 0.5N and 0.03Nm, respec-
tively.

Forces and moments are then used to calculate the aerodynamic coefficients. Force coeffi-
cients (CD and CL) are calculated as

CF =
F

0.5ρU2
∞S

, (4.81)

with an uncertainty

δCF =

{(
1

0.5ρU2
∞S

δF

)2

+

(
− F

0.5ρ2U2
∞S

δρ

)2

+

+

(
− 2F

0.5ρU3
∞S

δU∞

)2

+

(
− F

0.5ρU2
∞S

2
δS

)2}1/2
. (4.82)

The moment coefficient calculated as

CM =
M

0.5ρU2
∞Sc

, (4.83)

has an uncertainty given by

δCM =

{(
1

0.5ρU2
∞Sc

δM

)2

+

(
− M

0.5ρ2U2
∞Sc

δρ

)2

+

+

(
− 2M

0.5ρU3
∞Sc

δU∞

)2

+

(
− M

0.5ρU2
∞S

2c
δS

)2

+

(
− M

0.5ρU2
∞Sc

2
δc

)2}1/2
. (4.84)

For each flapping condition, the wing executes ten periods (NT ). Data is then reduced to one
period by averaging these ten oscillations as

CXt/kT =
1

NT

NT∑
k=1

CXt/kT , (4.85)

whereX can beD, L orM , and t/kT is the period fraction of the k oscillation. This averaging
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process raises new uncertainties, being estimated as

δCXt/kT =
2 (RMS of CXt/kT )√

NT
. (4.86)

4.3 Stall Visualization

To complement the F/T measurements and its analysis, we also provide flow visualization
data by tufting the wing’s upper surface. Recordings of the movement of the tufts are made
with an iPhone 7, using the slow motion camera with 720p (1280×720 pixels) resolution
at 240 frames per second. The experimental setup is presented in Figure 4.35 and is used
exclusively for static conditions.

Figure 4.35: Experimental setup for flow visualization.

After recording the tufts’ motion, videos are fed to a MATLAB code that creates an image
illustrating what occurs on the wing surface. This code reads 480 consecutive frames (2 s)
from each video and executes the following instructions:

• Convert each frame from RGB to grayscale for easier matrix manipulation.

• Resize each frame to half the size using bicubic interpolation, where the output pixel
value is a weighted average of pixels in the nearest 4-by-4 neighborhood.

• Improve image quality using imadjust and imsharpen functions.

• Calculate the mean and standard deviation of the processed frames.

• Propose the final image by subtracting the mean by two times the standard deviation,
capturing about 95% of the tufts fluctuations.

This methodology produces an image where we can see the overall fluctuation of the strings,
making it easy to identify flow separation, as will be shown in subsection 9.1.

80



Chapter 5

Numerical Methodology

“It is themark of an instructedmind to rest satisfied with the degree of precision
to which the nature of the subject admits and not to seek exactness when only
an approximation of the truth is possible.”

Aristotle

In this chapter, the numerical methodology regarding CFD simulations will be explained.
Governing equations are presented as well as models adjacent to tackle the problem. The
mesh generation is described in detail, together with the methods used to numerically solve
the problem.

5.1 Governing Equations

It has been established that the equations governing fluid dynamics are the Navier-Stokes
equations. These differential equations have several peculiarities, especially when turbu-
lence (randomly moving three-dimensional fluid with high mixing capacity) appears. In the
flowwhere turbulence is present, it is natural to occur eddies (in themost varied length, time,
and velocity scales) that numerically offer challenges mainly in the level of computational re-
sources needed to capture the smaller scales.

The resolution of the Navier-Stokes equations that solves all the flow scales is called Direct
Numerical Simulation (DNS). It is computationally demanding, especially for high Reynolds
numbers, so it becomes challenging with existing technology to study the majority of flows.
It is therefore recurrent and sufficient, to resort to the Reynolds-Averaged Simulation (RAS)
for most applications, where the focus is dedicated to the mean flow behavior and not its os-
cillations. The RAS approach is illustrated in Figure 5.1, where a flow property,Φ, is regarded
as the sum of its mean, Φ, and the fluctuation component, Φ′.

However, that assumption creates a slightly different version of the Navier-Stokes equations.
To sum up, the flow field is obtained by solving the continuity and momentum averaged
equations simultaneously, which can be written in a Cartesian tensor form as

∂ρ

∂t
+
∂(ρui)

∂xi
= 0, (5.1)
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Figure 5.1: Statistical treatment of turbulence.

and

∂(ρui)

∂t
+
∂(ρuiuj)

∂xj
= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj
∂xi

− 2

3
δij
∂ul
∂xl

)]
+
∂(−ρu′iu′j)

∂xj
, (5.2)

respectively. Equations are presented as defined in [189]. Some terms will not influence the
results presented in this work, for instance, the density temporal derivative and compress-
ibility terms. Furthermore, for notation simplicity, ui denotes the mean velocity in the xi
direction while u′i indicates the velocity fluctuation in the same component.

As aforementioned, the mean plus fluctuation premise changes the momentum equation by
adding the last term of the right-hand side, called the Reynolds stress tensor. As no other
equation is added to solve for the velocity fluctuations, this term is modeled. The modeling
of −ρu′iu′j recurs to the Boussinesq hypothesis, which relates the turbulent stresses and the
mean flow to solve the system of equations, as shown in equation (5.3).

−ρu′iu′j = µt

(
∂ui
∂xj

+
∂uj
∂xi

)
− 2

3

(
ρk + µt

∂uk
∂xk

)
δij (5.3)

Although used to model the Reynolds stress, the Boussinesq hypothesis still contains vari-
ables that need to be determined, in this case, the turbulent viscosity, µt, and kinetic tur-
bulence energy, k. The calculation of these parameters is the main objective of turbulence
models (two-equation models) which offer two differential equations for the transport of the
turbulent kinetic energy and its dissipation.

5.2 Turbulence Modelling

Turbulence is commonly solved through RAS (Reynolds Averaged Simulation), which is very
reliable for a wide variety of problems while offering a relatively low computational cost.
However, this approach does not offer any information regarding turbulent flow structures.
For that, DNS (Direct Numerical Simulation) must be used, but its computational require-
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ments make it unfeasible for the majority of cases. Another possibility is using LES (Large
Eddy Simulation), which models the smallest length scales instead of solving them, making
it less computationally expensive than DNS.

In the field of flapping foils, RAS is themost common approach, which focuses on solving the
mean flow while modeling the velocity oscillations of the flow field. If we stick to the Boussi-
nesq hypothesis, then determining the turbulent kinetic energy, k, and turbulent viscosity,
µt, is the main focus of turbulence models.

Flapping foils have been analyzed using these turbulence models, of which the Baldwin-
Lomax algebraic turbulencemodel, the single-equation Spalart-Allmarasmodel, and the two-
equation k−ω SSTmodel stand out. Their versatility under several problems such as energy
extraction [190, 191] and novel kinematics [44, 45] show that these are reliable methods
to study the flow field surrounding flapping foils. Other models are also used such as the
Reynolds Stress Model (RSM), but typically add unnecessary complexity [13].

In the present work, the turbulence model selected is the Shear-Stress Transport (SST) k−ω
model [192], which is accurate and reliable for a wider class of flows, such as boundary layers
under adverse pressure gradients and separated flows. Furthermore, in the cases with lower
Reynolds numbers, this model is coupled with the Intermittency Transition model to take
into consideration laminar-turbulent transition.

The transport equations for k and ω in SST k − ω model are

∂(ρk)

∂t
+
∂(ρkui)

∂xi
=

∂

∂xj

(
Γk

∂k

∂xj

)
+ G̃k − Yk + Sk, (5.4)

and

∂(ρω)

∂t
+
∂(ρωui)

∂xi
=

∂

∂xj

(
Γω

∂ω

∂xj

)
+Gω − Yw +Dω + Sω, (5.5)

where G̃k represents the generation of turbulence kinetic energy due to the mean velocity
gradients and Gω is the generation of ω. Γk and Γω represent the effective diffusivity of k
and ω, respectively. Yk and Yω are the dissipation of k and ω due to turbulence andDω is the
cross-diffusion term. Finally, the Sk and Sω are the user-defined source terms.

The effective diffusivities for the SST k − ω model are defined as

Γk = µ+
µt
σk
, (5.6)

and

Γω = µ+
µt
σω
, (5.7)
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where σk and σω are the turbulent Prandtl numbers for k and ω, respectively. The two pa-
rameters are defined as

σk =
1

F1/σk,1 + (1− F1)/σk,2
, (5.8)

and

σω =
1

F1/σω,1 + (1− F1)/σω,2
. (5.9)

The turbulent viscosity, µt, is computed as

µt =
ρk

ω

1

max
[
1

α∗ ,
SF2

a1ω

] , (5.10)

where S is the strain rate magnitude. The coefficient α∗ damps the turbulent viscosity, caus-
ing a low-Reynolds-number correction. It is given as

α∗ = α∗
∞

(
α∗
0 +Ret/Rk
1 +Ret/Rk

)
, (5.11)

where

Ret =
ρk

µω
, (5.12)

Rk = 6, (5.13)

α∗
0 =

βi
3
, (5.14)

and

βi = 0.072. (5.15)

The blending functions F1 and F2 are given by

F1 = tanh(Φ4
1), (5.16)

and

F2 = tanh(Φ2
2), (5.17)
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where

Φ1 = min
[
max

( √
k

0.09ωy
,
500µ

ρy2ω

)
,

4ρk

σω,2D
+
ω y2

]
, (5.18)

Φ2 = max
[
2

√
k

0.09ωy
,
500µ

ρy2ω

]
, (5.19)

and

D+
ω = max

[
2ρ

1

σω,2

1

ω

∂k

∂xj

∂ω

∂xj
, 10−10

]
(5.20)

is the positive portion of the cross-diffusion term and y is the distance to the next surface.

The production of turbulence kinetic energy represented by G̃k is defined as

G̃k = min(Gk, 10ρβ∗kω), (5.21)

where Gk is defined as in the Realizable k − εmodel.

The production of ω represented by Gω is given by

Gω =
α

νt
Gk, (5.22)

with

α =
α∞
α∗

(
α∗
0 +Ret/Rω
1 +Ret/Rω

)
, (5.23)

a∞ = F1a∞,1 + (1− F1)a∞,2, (5.24)

a∞,1 =
βi,1
β∗∞

− κ2

σω,1
√
β∗∞

, (5.25)

a∞,2 =
βi,2
β∗∞

− κ2

σω,2
√
β∗∞

, (5.26)

where κ is 0.41.

The dissipation of turbulence kinetic energy, Yk is defined as

Yk = ρβ∗kω, (5.27)
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with

β∗ = β∗i [1 + ζ∗F (Mt)], (5.28)

β∗i = β∗∞

(
4/15 + (Ret/Rβ)

4

1 + (Ret/Rβ)4

)
, (5.29)

ζ∗ = 1.5, (5.30)

Rβ = 8, (5.31)

and

β∗∞ = 0.09, (5.32)

where F (Mt) is a compressibility function.

The dissipation of ω is defined as

Yω = ρβω2, (5.33)

where

β = βi

[
1− β∗i

βi
ζ∗F (Mt)

]
, (5.34)

and

βi = F1βi,1 + (1− F1)βi,2. (5.35)

The SST k−ωmodel is based on both the standard k−ωmodel and the standard k−εmodel
which leads to the introduction of a cross-diffusion term given by

Dω = 2(1− F1)ρσω,2
1

ω

∂k

∂xj

∂ω

∂xj
. (5.36)

The model constants are present in table 5.1.

As mentioned before, the cases with lower Reynolds numbers (Re ≤ 1 × 105) are simulated
with the SST k−ω coupled with the Intermittency Transition model. This model is based on
the γ−Reθ, though it is Gallilean invariant. Thismeans that it can be used in surfacesmoving
relative to the coordinate system where the velocity field is computed. The main limitation
is that it is unable to predict transition in free shear flows.
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Table 5.1: Turbulence model constants for k − ω SST model.

σk,1 1.176
σω,1 2.0
σk,2 1.0
σω,2 1.168
a1 0.31
βi,1 0.075
βi,2 0.0828

The transport equation for intermittency, γ, is

∂(ργ)

∂t
+
∂(ρUjγ)

∂xj
= Pγ − Eγ +

∂

∂xj

[(
µ+

µt
σγ

)
∂γ

∂xj

]
, (5.37)

where Pγ and Eγ are the transition and destruction sources, respectively. The transition
source term is defined as

Pγ = FlengthρSγ(1− γ)Fonset, (5.38)

with Flength = 100. The destruction/relaminarization source is defined as

Eγ = ca2ρΩγFturb(ce2γ − 1), (5.39)

where Ω is the magnitude of the absolute vorticity rate, ca2 = 0.06, ce2 = 50 and Ωγ = 1.0.
The transition onset is controlled by the following functions

Fonset 1 =
ReV

2.2Reθc
, (5.40)

Fonset 2 = min(Fonset 1, 2.0), (5.41)

Fonset 3 = max
(
1−

(
RT
3.5

)3

, 0

)
, (5.42)

Fonset = max(Fonset 2 − Fonset 3, 0), (5.43)

Fturb = exp(−(RT /2)
4), (5.44)

RT =
ρk

µω
, (5.45)

ReV =
ρd2ws

µ
, (5.46)
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and

Reθc = f(TuL, λθL), (5.47)

where dw is the wall distance and Reθc is a correlation that triggers the transition model. It
is defined as

Reθc(TuL, λθL) = CTU1 + CTU2 exp [−CTU3TuLFPG(λθL)], (5.48)

where TuL and λθL are the freestream turbulent intensity and the pressure gradient param-
eters, respectively. These variables are calculated as

TuL = min
(
100

√
2k/3

ωdw
, 100

)
, (5.49)

and

λθL = −0.1111
dV

dy

d2w
ν

+ 0.1875 (5.50)

λθL = min(max(λθL,−10.0), 10.0). (5.51)

The function FPG, expressed as

FPG(λθ) =

min(1 + CPG1λθ, C
lim
PG1) if λθ ≥ 0

min(1 + CPG2λθ + CPG3min(λθ + 1.0, 0), C lim
PG2) if λθ < 0

, (5.52)

is used to account for the influence of the pressure gradient on transition. The model con-
stants are left at their default values.

The transition model is coupled with the SST k−ω by slightly modifying the production and
destruction terms in the k equation in a similar way that the γ −Reθ model does [189].

5.3 Law of theWall &Wall Treatment

The law of the wall proposed by von Kármán, is one of the cornerstones of turbulence model-
ing, giving a straightforward yet very useful insight into how the mean velocity changes with
the distance normal to a wall in a turbulent flow. On the same law, some regions of the flow
closest to the wall are identified, which present different properties and phenomena. These
are the viscous sublayer, the buffer sublayer, and the Log-Law region.

When using CFD to solve the turbulent flow close to the wall, two approaches may be consid-
ered: the Wall Function Approach or a Near-Wall Model Approach.
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The first approach, instead of resolving the boundary layer, uses functions based on empirical
conditions that bridge the inner region between the wall and the turbulence fully developed
region, thus reducing significantly the mesh size. Although less computationally expensive,
these relations are only valid under some conditions, and when the mesh andmodel require-
ments are correctly applied. A Near-Wall Model Approach, on the other hand, leads to a
larger mesh number but typically performs better under certain conditions such as flow sep-
aration.

The characterization of the different layers of the turbulent boundary layer is mainly con-
ducted by two dimensionless parameters, y+ and u+, which are defined as

y+ =
yuτ
ν
, (5.53)

and

u+ =
u

uτ
, (5.54)

respectively. The friction velocity uτ is calculated as

uτ =

√
τw
ρ
. (5.55)

From experimental measurements, the lower layer of the turbulent boundary layer (y+ < 5)
was seen to behave as

u+ = y+, (5.56)

while the upper layer (30 < y+ < 300) follows the law expressed as

u+ =
1

κ
ln y+ + C, (5.57)

with κ and C being 0.41 and 5.0, respectively.

In Figure 5.2, a graph of the different layers of the turbulent boundary layer is presented.

Whenusing theWall FunctionApproach, the firstmesh cellmust bewithin the 30 < y+ < 300

range to guarantee the validity of results, while for a Near-Wall Model Approach, a y+ ≈ 1 is
highly recommended (values up to 5 are acceptable), which means that the first cell must be
within the viscous sublayer of the turbulent boundary layer. The k−ω SST turbulencemodel,
used in this work uses a Near-Wall Model Approach which can give a superior performance
concerning force calculation for flows where separation is expected.

Solving the transport equations for k and ω requires some type of treatment concerning
boundary conditions, especially walls. The turbulent kinetic energy at the wall is, as in k − ε
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Figure 5.2: Law of the wall.

models where enhanced wall treatments are used, set to zero

kw = 0. (5.58)

Regarding the specific turbulence dissipation rate, its value at the wall is prescribed as

ωw =
ρ(uτ )

2

µ
ω+. (5.59)

The parameter ω+ is calculated based on the region of the turbulent boundary layer where
the wall cell is located. Solutions obtained analytically were given for the laminar sublayer

ω+ = min
(
ω+
w ,

6

βi(y+)2

)
, (5.60)

and the logarithmic region

ω+ =
1√
β∗∞

du+

dy+
. (5.61)

Based on this formulation, the wall treatment defined for the ω equation can effectively
switch between the viscous sublayer formulation to the wall function, depending on the used
mesh.

5.4 Computational Domain &Mesh Design

Thenumericalmethodology starts by defining our problemandmodeling it so it can be solved
using computational fluid dynamics techniques. In the present work, we study the aerody-
namic and propulsive phenomena surrounding a geometry derived from the NACA0012 air-
foil. Using the mathematical expression of the NACA 4-digit series, the exact NACA0012
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airfoil definition is given by

y = ±0.6
(
0.2969

√
x− 0.1260x− 0.3516x2 + 0.2843x3 − 0.1015x4

)
. (5.62)

However, the thickness at the trailing edge is not zero, which typically adds unnecessarymesh
complexity. Commonly, a slightly modified expression is used to obtain a sharp leading edge
[193]. This modified definition is expressed as

y = ±0.594689181(0.298222773
√
x− 0.127125232x−

− 0.357907906x2 + 0.291984971x3 − 0.105174606x4). (5.63)

5.4.1 Simulation with Re ≤ 1× 105

For the simulations conducted at the lower Reynolds number, where the propulsive capabil-
ities of the NACA0012-IK30 airfoil are explored, the computational domain consists of four
parts: the NACA0012-IK30 airfoil (β and ψ parts), the inlet, the outlet, and the interior, all
illustrated in Figure 5.3. At the inlet, the desired velocity is prescribed, together with the
information needed for the turbulence model, for instance, the turbulence intensity, that is
kept at 5%. The outlet is a pressure outlet, where it is assumed that no pressure gradients
are present, while both airfoil parts act as walls, where the no-slip condition is applied. The
inlet and outlet are placed at 20c from the IK30, where its placement does not influence the
unsteady aerodynamics of the flapping airfoil.

y

x

Inlet

Outlet

Not to scale

Figure 5.3: 2D computational domain.

Solving the NACA0012-IK30 numerically, presents several challenges regarding the design
process of the mesh due to the relative motion between the front and back parts. Hence,
studying oscillating airfoils requires some sort ofmesh that can account for the airfoilmotion.
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Often a dynamic mesh is used where mesh elements deform as if they were interconnected
by springs.

Moreover, to ensure mesh quality does not degrade after consecutive deformations, remesh-
ing techniques are implemented which use some mesh indicators such as orthogonality to
ensure that the mesh parameters stay within certain prescribed boundaries. This constant
dynamic deformation and required reconstruction usually makes this approach error-prone
and computationally expensive.

A good alternative is the use of an overset mesh in which multiple disconnected grids are
created to discretize the computational domain. One of these grids is a background mesh
while the others are called the component meshes. When changing the time step there is a
comparison between the different grids to determine which points are out of the flow domain
and to access the grid-to-grid connectivity.

The present work uses an overset mesh, where two component meshes and one background
mesh are designed. The CAD file used for the experimental phase is also used to define the
geometry being solved numerically. Thus, geometries are defined in CATIA V5R20 while the
mesh is obtained using ANSYS Meshing. In Figure 5.4, the component meshes of both the
frontal and back parts are shown.

Figure 5.4: Components meshes of the β part (left) and psi part (right).

The backgroundmesh is illustrated in Figure 5.5 which is comprised of an unstructured outer
zone with triangular elements and an inner zone, where a structured mesh with rectangular
elements is used.

5.4.2 Simulation with Re > 1× 105

For the computations carried out at a higher Reynolds number, the same approach was em-
ployed, although in a 3D geometry. This is because force experiments cannot be approxi-
mated aerodynamically with a 2D model.

Similar to the previous subsection, the computational domain has the NACA0012-IK30wing
(β and ψ parts) acting as walls, one pressure outlet, and for this computational model, two
inlets: one velocity-prescribed inlet and a pressure inlet. Similar boundary conditions are
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Figure 5.5: Background mesh.

applied in this computational domain, where the velocity is prescribed at the velocity inlet,
considering the same standard turbulence intensity of 5%, being the same for the pressure
inlet, where the inlet operation pressure is known but the flow velocity is not. The outlet is
still a pressure outlet, where pressure gradients are assumed negligible while both β and ψ
parts maintain the no-slip condition.

U∞

Figure 5.6: 3D computational domain.

In Figure 5.7, all meshes are presented, comprised of the background mesh, a refined zone
mesh which is placed around the around for a better resolution of the area, and the meshes
of the β and ψ parts.

5.5 Spatial Discretization

Solvingpartial differential equations numerically implies thenecessity of discretizationmeth-
ods that convert continuous into discrete equations. The equations which govern the flow
field are the continuity and Navier-Stokes equations, which are examples of a convection–
diffusion equation.
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Background mesh

Refined zone mesh

Beta (β) part mesh

Psi (ψ) part mesh

Figure 5.7: Background and component meshes used for simulations carried at Re ≥ 1× 105.

The convection-diffusion equation that governs the transport of a property, ϕ, can be ex-
pressed as

∂ρϕ

∂t
+∇ · (ρϕυ) = ∇ · (Γ∇ϕ) + Sϕ, (5.64)

where ρ is the density, Γ is the diffusion coefficient,∇· (ρϕυ) is the net rate of flow of ϕ out of
fluid element,∇· (Γ∇ϕ) is the rate of increase of ϕ due to diffusion , Sϕ is the rate of increase

of ϕ due to sources and ∂ρϕ
∂t

is the rate of increase of ϕ of fluid elements.

This equation can be discretized using several methods which stand out, the finite differ-
ence method (FDM), the finite element method (FEM) or the finite volume method (FVM).
As in the vast majority of CFD software, ANSYS Fluent uses the FVM to solve the Navier-
Stokes equations, where the equations are partitioned into small volumes containing each
node point of the mesh.
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Integrating equation (5.64) on time and space, we obtain

ˆ t+∆t

t

˚
V

∂ρϕ

∂t
dV dt+

ˆ t+∆t

t

˚
V
∇ · (ρϕυ) dV dt =

ˆ t+∆t

t

˚
V
∇ · (Γ∇ϕ) dV dt++

ˆ t+∆t

t

˚
V
SϕdV dt, (5.65)

that can be simplified to

ˆ t+∆t

t

˚
V

∂ρϕ

∂t
dV dt+

ˆ t+∆t

t

‹
S
(ρϕυ) · −→n dSdt =

ˆ t+∆t

t

‹
S
(Γ∇ϕ) · −→n dSdt++

ˆ t+∆t

t

˚
V
SϕdV dt, (5.66)

using the divergence theorem. The discretization of this equation on a given control volume
results in

V

ˆ t+∆t

t

∂ρϕ

∂t
dt+

Nfaces∑
f

ρf v⃗fϕf · A⃗f =

Nfaces∑
f

Γϕ∇ϕf · A⃗f + SϕV. (5.67)

By definition, when resolving the discretized equations, values of scalars are available at the
center of the cells but the convective term

‹
S
(ρϕυ) · −→n dS ≈

Nfaces∑
f

ρf v⃗fϕf · A⃗f , (5.68)

requires special attention since the face values are needed to compute fluxes and with that,
values must be interpolated from the center of the neighboring cells. Diffusion terms do not
demand any face data interpolation, being central-differencedwith guaranteed second-order
accuracy. Hence, interpolation schemes for the convective terms must be considered.

In summary, spatial discretization is achieved with two different methods: the diffusion
terms are central-differenced and are always second-order accurate while, for the present
work, the convective terms are discretized using the second-order upwind. The lattermethod
is more of an interpolation method to determine the values at the cells’ faces. Values at the
faces are then calculated as

ϕf = ϕ+∇ϕ · r⃗. (5.69)

Since this is a second-order upwind scheme, the two upstream cells are used, as illustrated
in Figure 5.8.
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Figure 5.8: Second-Order Upwind Scheme determining ϕe.

5.6 Temporal Discretization

The Navier-Stokes equations when solved to obtain solutions of unsteady-state cases, need
to be discretized not only spatially but also temporally. To initiate the numerical processes,
one should know the time evolution of a generic variable, ϕ, typically given by

∂ϕ

∂t
= F (ϕ). (5.70)

To evaluate F (ϕ) at a future time step, explicit or implicit time integration methods can be
used. Focusing on the latter, the function evaluation may be obtained by

ϕt+1 − ϕt

∆t
= F (ϕt+1), (5.71)

which can be rewritten as

ϕt+1 = ϕt +∆tF (ϕt+1). (5.72)

While the explicit methods evaluate F (ϕ) recurring to information gathered on the previous
time step, the implicit formulation uses the property ϕ at the current time step as the argu-
ment of F , which inevitably requires a recursive process to be implemented. The use of im-
plicit time integration methods gives a huge advantage when compared to implicit methods
since they are nearly unconditionally stable while executing much bigger time steps. How-
ever, stability should not be mistaken for accuracy, since in some problems, where specific
time scales must be resolved, using larger time steps would naturally deliver less accurate
results.

5.7 Pressure-Velocity Coupling

The Pressure-Velocity Coupling algorithms are based on an iterative search and interlace of
velocity vector and pressure fields that combined must satisfy both the continuity and mo-
mentum equations. Various methods stand out: SIMPLE, SIMPLER, SIMPLEC, and PISO,
which use the pressure-based segregated algorithm, and the Coupled algorithm, which uses
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the pressure-based coupled solver.

In this work, the Coupled algorithm is selected due to its robustness and superior perfor-
mance over segregated algorithms. This is particularly noticeable for transient flows, where
poor mesh quality or large time steps are used. By solving the momentum and pressure-
based continuity equations together, the coupled algorithm improves convergence speed, al-
though being more computationally expensive due to its implicit formulation.

In simpler terms, the Coupled algorithm considers that the pressure gradient for component
k is given by ∑

f

pfAk = −
∑
j

aukppj , (5.73)

where aukp is the coefficient derived from the Gauss divergence theorem and the coefficients
of the pressure interpolation scheme. For the present work, the second-order scheme is used
as the interpolation scheme, which reconstructs the face pressure in the manner employed
for the second-order accurate convection terms.

Taking this formulation and simplifying the governing equations mathematically, we can
solve the momentum and pressure-based continuity together in a single overall system of
equations from where the pressure and velocity corrections can be obtained [189].

5.8 Convergence and Convergence Rate

One major part of the numerical process is the convergence of the solution, which provides
some guarantee that the solution is reliable. In the present work, the default convergence
criterion in ANSYS FLUENT is used, where a scaled residual for a property ϕ is defined as

Rϕ =

∑
cells P

∣∣∑
nb anbϕnb + b− aPϕP

∣∣∑
cells P |aPϕP |

, (5.74)

and must decrease below 10−3. Likewise, the residual of the continuity equation, expressed
by

Rc =
∑
cells P

|rate of mass creation in cell P| , (5.75)

is scaled by the largest absolute value of the residual in the first five iterations.

As it is not recommended to rely solely on residuals, to verify convergence, values of drag,
lift, and moment coefficients are recorded. Thus, a converged solution is assumed, when all
residuals are kept below 10−3, and the aerodynamic coefficients do not change by more than
0.01.
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Something that should be also taken into account is the rate of convergence, which can be
excruciatingly long. One way to tune the convergence rate of the numerical solution is to
modify the under-relaxation factors. As recommended by ANSYS FLUENT, one should con-
sider first the default under-relaxation factors, but if residuals increase after the first five
iterations or have an irregular behavior, the under-relaxation factors should be reduced.

5.9 Solution Initialization & Kinematics

The solution initialization concerns the initial flow field from which simulations start. In the
present study, the standard initialization feature is used, where all flow field variables are
equalized to their respective values at the inlet.

Furthermore, as we are conducting transient simulations, special attention is given to the
kinematics, in particular to the first oscillation of the airfoil. Since the airfoil is positioned at
the center of the domain, it would start moving with the maximum plunging velocity, which
affects initial convergence and possibly delays the achievement of a periodic solution. For
that reason, the first oscillation is altered so that the airfoil starts its oscillation cycles from
rest. The same logic is applied to the pitching motion of the leading edge, as illustrated in
Figure 5.9. After the initialization, the airfoil follows the same kinematics defined for the
flow visualization study, shown in equation (4.21).

ϕ = 90◦

1

Aβ

−Aβ

A

−A

y (Plunging)

β (Pitching)

t/T

y, β

Figure 5.9: Solution initialization.

5.10 Results and Data Processing

During the preparation of the numerical setup, several variables are selected to be extracted
and processed. These are the

• Drag coefficient of both parts

• Lift coefficient of both parts

• Moment coefficient (at the pivot) of both parts

• Viscous drag force of both parts
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• Viscous lift force of both parts

With these variables and the prescribed kinematics, we calculate the:

• Drag coefficient

Cd = Cβd + Cψd (5.76)

• Lift coefficient

Cl = Cβl + Cψl (5.77)

• Moment coefficient (at the pivot point)

Cm = Cβm + Cψm (5.78)

• Viscous drag coefficient

Cdf = Cβdf + Cψdf =
Dβ
f +Dψ

f

1

2
ρU2

∞S
(5.79)

• Pressure drag coefficient

Cdp = Cd − Cdf (5.80)

• Viscous lift coefficient

Clf = Cβlf + Cψlf =
Lβf + Lψf
1

2
ρU2

∞S
(5.81)

• Pressure lift coefficient

Clp = Cl − Clf (5.82)

• Propulsive power coefficient

CPP = Ct = −Cd (5.83)
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• Required plunging power coefficient

C
P ẏR

= −
(
Cβl

ẏ

U∞
+ Cψl

ẏ

U∞

)
(5.84)

• Required pitching power coefficient

CP α̇R
= −

(
Cβm

β̇c

U∞
+ Cψm

ψ̇c

U∞

)
(5.85)

• Required power coefficient

CPR = C
P ẏR

+ CP α̇R
(5.86)

• Propulsive Efficiency

η =
CPP
CPR

(5.87)

The mean values of the propulsive coefficients CPP and CPR must only be calculated when a
periodic solution is achieved. Achieving the periodic solution for a certain flapping condition
depends on the condition itself, as faster oscillating cases tend to needmore periods to reach
it. In the present work, we calculate

CPP
lT − CPP

lT−1

CPP
lT−1

and CPR
lT − CPR

lT−1

CPR
lT−1

(5.88)

where lT and lT − 1 represent the mean coefficients calculated on the last and penultimate
cycles, respectively. If the relative percentage difference between these two values is less than
1% we assume that a periodic solution was reached.
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Chapter 6

Unsteady Panel Method

“What is mathematics? It is only a systematic effort of solving puzzles posed by
nature.”

Shakuntala Devi

In this chapter, the extension of the Hess-Smith Panel Method (HSPM) to unsteady flows
used by Teng [30] is presented. The objective of this chapter is to revive an old method used
in the first numerical studies of oscillating airfoils, present its methodology, and provide
the scientific community with an implementation of the method in a modern programming
language.

6.1 Methodology Description

The extension of the Hess-Smith Panel Method proposed by Teng [30], as in the steady case
formulation, assumes that the airfoil surface is discretized into several panels represented by
a singularity distribution of source strength qj at each panel (j = 1, 2, ..., N ) and a vorticity
τ over the airfoil surface, varying both in time. Hence, the subscript k is used to indicate the
current time-step tk (k = 1, 2, ...), at which the singularity distribution of source strength is
(qj)k and vorticity is τk.

In unsteady flows, according to Helmholtz and Kelvin’s circulation theorems, the total cir-
culation in the flow field must remain constant. That means that when there is a change in
circulation Γ on the airfoil surface, there must be an equal and opposite change in the wake
vorticity, which can be obtained as a vortex-shedding process at the trailing edge of the airfoil.

So, at each time step, tomodel such vortex shedding process, an additional panel with length,
∆k, and inclination to the x-axis, Θk, is attached to the trailing edge with a uniform vorticity
distribution, (τw)k, as shown in Figure 6.1.

With this extra panel at the trailing edge, to verify the Helmholtz and Kelvin theorems, equa-
tion (6.1) should be applied.

Γk +∆k(τw)k = Γk−1, (6.1)
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V∞

∆k

Θk

y/c

x/c

Figure 6.1: Unsteady potential flow formulation (Airfoil-Fixed Frame).

which may be written as

∆k(τw)k = Γk−1 − Γk = ℓ(τk−1 − τk), (6.2)

where ℓ is the airfoil perimeter.

Regarding the length and orientation of the extra panel, the assumptions of Basu and Han-
cock [194] are used. These hypotheses state that

• The additional vorticity panel has the direction of the local resultant velocity at the panel
midpoint.

tanΘk =
(vw)k
(uw)k

. (6.3)

• The length of the additional panel depends on the velocity at the panel midpoint and the
time step size used.

∆k = (tk − tk−1)
√
(uw)2k + (vw)2k. (6.4)

After finding the trailing edge panel characteristics, it is shed to the wake and convected as a
concentrated free vortex by the flow field with circulation∆k(τw)k.

6.1.1 Flow Tangency and Kutta Conditions

Additionally to the conservation of the flow field circulation, one should also impose the
boundary condition where there is no permeability at the wall, where

[(V n)i]k = 0 i = 1, 2, ..., N. (6.5)

Moreover, there is the need to impose the Kutta condition, but unlike the steady case, the
rate of change of potential at the trailing edge should now be included, which is linked to the
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total circulation rate of change as

[
(V t)1

]2
k
−
[
(V t)N

]2
k
= 2

[
∂(ϕN − ϕ1)

∂t

]
k

= 2

(
∂Γ

∂t

)
k

, (6.6)

where a backward finite difference is used to approximate the rate of change of total circula-
tion as

[
(V t)1

]2
k
−
[
(V t)N

]2
k
= 2

Γk − Γk−1

tk − tk−1
= 2ℓ

τk − τk−1

tk − tk−1
. (6.7)

6.1.2 Influence Coefficients

In this subsection, the influence coefficients are presented. These are matrices or column
vectors that contain geometric data of the various elements that are being solved in the flow
field. These coefficients are denoted as

χcpq, (6.8)

whereχ is the singularity type (source, vorticity, or vortex), c is the component of the induced
velocity, and pq should be read as the induced velocity in p by the singularity q. Here, A, B,
and C are the influence coefficients of the distributed source, vorticity, and core vortices,
respectively.

6.1.2.1 Influence Coefficients A and B

The influence coefficients A and B are calculated as

Anij =


1

2π

[
sin(θi − θj) ln

ri,j+1

ri,j
+ cos(θi − θj)βij

]
i ̸= j

1

2
i = j

, (6.9)

Atij =


1

2π

[
sin(θi − θj)βij − cos(θi − θj) ln

ri,j+1

ri,j

]
i ̸= j

0 i = j

, (6.10)

and

Bn
ij = −Atij , (6.11)

Bt
ij = Anij , (6.12)
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where

ri,j+1 =
√

(xmi − xj+1)2 + (ymi − yj+1)2, (6.13)

ri,j =
√

(xmi − xj)2 + (ymi − yj)2, (6.14)

xmi =
1

2
(xi + xi+1) ymi =

1

2
(yi + yi+1), (6.15)

θi = arctan
(
yi+1 − yi
xi+1 − xi

)
θj = arctan

(
yj+1 − yj
xj+1 − xj

)
, (6.16)

and

βij = arctan
(
ymi − yj+1

xmi − xj+1

)
− arctan

(
ymi − yj
xmi − xj

)
. (6.17)

The calculation of the A coefficients when the superscript is x and y are calculated using
equations (6.10) and (6.9) with θi set to zero, respectively. Similarly,B coefficients when the
superscript is x and y are calculated using equations (6.12) and (6.11) with θi set to zero, re-
spectively. In all cases, the subscripts should be appropriately replacedwhenever the trailing-
edge panel or core vortices are being considered.

6.1.2.2 Influence Coefficients C

The influence coefficients C are calculated as

(Cni,m)k = −cos [θi − (θi,m)k]

2π(ri,m)k
, (6.18)

(Cti,m)k = −sin [θi − (θi,m)k]

2π(ri,m)k
, (6.19)

where

(ri,m)k =
√

(xmi − xm)2 + (ymi − ym)2, (6.20)

xmi =
1

2
(xi + xi+1) ymi =

1

2
(yi + yi+1), (6.21)

θi = arctan
(
yi+1 − yi
xi+1 − xi

)
, (6.22)
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and

(θi,m)k = arctan
(
ymi − ym
xmi − xm

)
. (6.23)

The calculation of the C coefficients when the superscript is x and y are calculated using
equations (6.18) and (6.19) with θi set to zero, respectively.

6.2 Numerical Solution

The flow tangency condition in Equation (6.5) can be written in terms of the influence coef-
ficients as

N∑
j=1

(Anij)k(qj)k + τk

N∑
j=1

(Bn
ij)k + (V⃗stream · n⃗i)k + (τw)k(B

n
i,n+1)k

+
k−1∑
m=1

(Cni,m)k(Γm−1 − Γm) = 0 i = 1, 2, ..., N

. (6.24)

In equation (6.24), V⃗stream, is the unsteady stream velocity that is observed on a coordinate
system fixed on the airfoil (with its origin at the pivot point). It is calculated as

V⃗stream = V⃗∞ + [Ui⃗+ V j⃗] + Ω(y⃗i− x⃗j), (6.25)

where −(Ui⃗+ V j⃗) is the translation velocity and Ω is the rotational velocity.

For a deforming airfoil, while the left-hand side of equation (6.24) is the same, the right-hand
side should now contain the normal velocity, VB , of each panel in the airfoil fixed coordinate
system (body axis), so that the impermeability condition is verified. Furthermore, the coeffi-
cients A and B are now time-dependent. Hence,

N∑
j=1

(Anij)k(qj)k + τk

N∑
j=1

(Bn
ij)k + (V⃗stream · n⃗i)k + (τw)k(B

n
i,n+1)k

+

k−1∑
m=1

(Cni,m)k(Γm−1 − Γm) = (V⃗Bi · n⃗i)k i = 1, 2, ..., N

. (6.26)

Equation (6.26) results in a system of algebraic equations that are written as

Aq⃗ = τk · b⃗+ c⃗, (6.27)

where

aij = (Anij)k, (6.28)
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bi =

 ℓ

∆k
(Bn

i,n+1)k −
N∑
j=1

(Bn
ij)k

 , (6.29)

and

ci = −(V⃗stream · n⃗i)k −
ℓ

∆k
τk−1(B

n
i,n+1)k−

−
k−1∑
m=1

(Cni,m)k(Γm−1 − Γm) + (V⃗Bi · n⃗i)k
. (6.30)

By having a closer look at the system of equations, we can see that b⃗ and c⃗ are knownwhen the
vorticity of the additional trailing-edge panel is identified, meaning that ∆k and Θk should
also be known. Consequently, to solve such a problem, Teng [30] proposes the iterative
solution expressed in Figure 6.2.

Initialization

Next Time Step

U2DIIF-IK30

Compute Body Motion
Convect Core Vortices

Is uw & vw converged?

No

Compute Influence Coefficients

Solve (qj)k in terms of γk

Solve γk by invoking the Kutta Condition

Update (uw)k, (vw)k, ∆k and Θk

Yes

Compute [(V t)i]k, (ϕi)k and [(Cp)i]k

Compute (Cl)k, (Cd)k and (Cm)k

Compute velocities of core vortices

Re-initialise Parameters

Figure 6.2: Solver methodology adapted from [30].

During the iterative process, we must write the source strength vector, qj , in terms of τ , so
we can later determine τ at the time step k by invoking the Kutta condition. Thus, equation
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(6.26) rewritten as

A(qj)k = Bkτ + Ck, (6.31)

is given in terms of τ as

qj = b1jτ + b2j . (6.32)

Using equation (6.32), we can write the tangential velocity at panel i in terms of τ as

[
(V t)i

]
k
=

N∑
j=1

Atij(qj)k + τk

N∑
j=1

Bt
ij + (V⃗stream · t⃗i)k

+(τw)k · (Bt
i,n+1)k +

k−1∑
m=1

(Cti,m)k(Γm−1 − Γm) i = 1, 2, ..., N

, (6.33)

with qj = b1jτ + b2j . With some algebraic manipulation, the tangential velocities are ex-
pressed as

V t
i = D1iτ +D2i. (6.34)

To solve for τ we now use the Kutta condition, which states that

[
(V t)1

]2
k
−
[
(V t)N

]2
k
= 2ℓ

τk − τk−1

tk − tk−1
. (6.35)

Using equation (6.34) we obtain

(D11τ +D21)
2 − (D1Nτ +D2N )

2 = 2ℓ
τ − τk−1

∆t
, (6.36)

D121τ
2 + 2D11D21τ +D221 −D12Nτ

2 − 2D1ND2Nτ −D22N =
2ℓ

∆t
τ + 2ℓ

τk−1

∆t
, (6.37)

and finally,

(D121 −D12N )τ
2 +

(
2D11D21 − 2D1ND2N − 2ℓ

∆t

)
τ +D221 −D22N − 2ℓ

τk−1

∆t
= 0. (6.38)
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After convergence, the velocities at the center of all core vortices are given in components as

(uh)k =

N∑
j=1

(Axhj)k(qj)k + τk

N∑
j=1

(Bx
hj)k + (V⃗∞ · i⃗)k + (τw)k · (Bx

h,n+1)k

+
k−1∑

m=1,m ̸=h
(Cxh,m)k(Γm−1 − Γm) i = 1, 2, ..., N

, (6.39)

and

(vh)k =
N∑
j=1

(Ayhj)k(qj)k + τk

N∑
j=1

(By
hj)k + (V⃗∞ · j⃗)k + (τw)k · (By

h,n+1)k

+

k−1∑
m=1,m ̸=h

(Cyh,m)k(Γm−1 − Γm) i = 1, 2, ..., N

. (6.40)

Equations (6.39) and (6.40) may be use to calculate (uw)k and (vw)k when the subscript h is
replaced with n+ 1.

6.3 Pressure Distribution and Force Calculation

This subsection concerns the calculation of the pressure distribution Cp which is later used
to calculate lift and drag coefficients, as well as the pitching moment coefficient.

The pressure coefficient is given by

Cp =
p− p∞
1

2
ρU2

∞

, (6.41)

which can be rewritten as

Cp =

(
Vstream
V∞

)2

−
(
V

V∞

)2

− 2

V 2
∞

∂ϕ

∂t
, (6.42)

where

V 2 = (V t)2 + (V n)2, (6.43)

is the total velocity concerning the airfoil-fixed coordinate system. Then, using a backward
finite-difference approximation, the pressure coefficient at the i-th panel control point is
given by

[(Cp)i]k =
[(Vstream)i]

2
k

V 2
∞

−
[Vi]

2
k

V 2
∞

− 2

V 2
∞

(ϕi)k − (ϕi)k−1

tk − tk−1
. (6.44)
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At each control point, the velocity potential is calculated by integrating the velocity field from
infinity to the leading edge and then from the leading edge to each panel control point. Here,
infinity is considered to be at ten chord lengths where induced velocities by singularities can
be neglected. Thus, the velocity field is integrated on a straight line from infinity to the lead-
ing edge with the U∞ direction, which then continues along the airfoil surface. This line is
discretized into z panels, where the tangential velocities are evaluated. Here, only the veloc-
ity contribution due to singularities should be considered. Thus, the tangential velocities at
panel f are given by

[(V t
ϕ)f ]k =

N∑
j=1

(Atfj)k(qj)k + τk

N∑
j=1

(Bt
fj)k + (τw)k · (Bt

f,n+1)k

+
k−1∑
m=1

(Ctf,m)k(Γm−1 − Γm) f = 1, 2, ..., z

, (6.45)

where the influence coefficients (Atf,j)k, (Bt
f,j)k, (Bt

f,n+1)k and (Ctf,m)k are calculated as be-
forewith their subscripts adequately replaced. Moreover, cos θi should bemodified to− cosα
and sin θi to − sinα.

The velocity potential at the airfoil leading edge, ϕl.e., is the sum of the induced velocity at
each panel f multiplied by their length, expressed as

(ϕl.e.)k =
z∑

f=1

[(V t
ϕ)f ]k

√
(xf+1 − xf )2 + (yf+1 − yf )2. (6.46)

For the line integral over the airfoil surface, the tangential component of the induced velocity
at the i-th panel control point is

[
(V t
ϕ)i
]
k
=

N∑
j=1

(Atij)k(qj)k + τk

N∑
j=1

(Bt
ij)k + (τw)k · (Bt

i,n+1)k+

k−1∑
m=1

(Cti,m)k(Γm−1 − Γm) i = 1, 2, ..., N

. (6.47)

The velocity potential at i-th boundary point is obtained by

(ϕnode i) = (ϕl.e.)k −
il.e.−1∑
j=i

[(V t
ϕ)j ]k

√
(xj+1 − xj)2 + (yj+1 − yj)2, (6.48)

if 1 ≤ i ≤ il.e. and

(ϕnode i) = (ϕl.e.)k +
i−1∑
j=il.e.

[(V t
ϕ)j ]k

√
(xj+1 − xj)2 + (yj+1 − yj)2, (6.49)
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if il.e. ≤ i ≤ N + 1 and then, the velocity potential is obtained at the i-th panel control point
using

(ϕi)k =
1

2
[(ϕnode i)k + (ϕnode i+1)k]. (6.50)

By integrating the pressure distribution, forces are obtained in the airfoil-coordinate system
using equations (6.51) and (6.52).

Cx = −
N∑
i=1

(Cp)i(yi+1 − yi), (6.51)

and

Cy =
N∑
i=1

(Cp)i(xi+1 − xi). (6.52)

The pitching moment coefficient can also be computed with

Cm = −
N∑
i=1

(Cp)i [(xi+1 − xi)xmi + (yi+1 − yi)ymi ] . (6.53)

Lift and drag coefficients are then calculated by rotating Cx and Cy so that drag and lift are
along and perpendicular to the free stream velocity, respectively, as

Cd = Cx cosα+ Cy sinα, (6.54)

and

Cl = Cy cosα− Cx sinα. (6.55)

Although this is a simpler model when compared to CFD, it still presents a considerable chal-
lenge regarding storage and computation time. As one can see, themodel uses a large amount
of influence coefficients that quickly reach large dimensions. As N increases, the number of
influence coefficients growsN2, and for each time step increment, 2N +NTS2 influence co-
efficients are added. To alleviate the computation time, an option was introduced in the code
that removes wake vortices older than a certain period. We do this while being clearly aware
that such action violates the unchangeability of the flow field’s total circulation. However,
as will be shown ahead, the removal of vortices past a certain distance from the airfoil will
have a negligible influence on the aerodynamic coefficients, meaning that we can sacrifice
the total circulation for compute efficiency.

As mentioned before, the airfoil needs to be discretized into panels. For the present study,
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the airfoil is divided intoN segments using cosine-based spacing, as illustrated in Figure 6.3.

x/c

y/c

Figure 6.3: Cosine-based spacing.

One aspect of the proposed NACA0012-IK30 airfoil is the fact that it has two discontinuities
on its surface, which presents a clear challenge to the panel method. Without any consider-
ation, if we deflect the frontal part some control points may overlap or grossly misrepresent
our geometry. To tackle this limitation, we use an optimized sigmoid that provides a smooth
transition using 5%of the airfoil chord to create a continuous deformation. The deformation
strategy used to dynamically deflect the leading edge is presented in Figure 6.4.

0.25 0.5 0.75 1

0.275c 0.325c

pivot

Aβ

1 + e117.7(x/c−0.3)

x/c

Aβ

Figure 6.4: Deformation strategy for the leading-edge deflection.

To guarantee that the numerical solution is independent of the number of panels and time
steps per period, a brief study is conducted considering the

Re = 1× 104, h = 0.25, k = 4.0 and Aβ = 0◦

condition. The results are presented in Figure 6.5, showing the desired mesh and time step
independence. For the study, wewill be using themiddle condition (N+NTS) whereN = 200

and NTS = 200.

0.25 0.50 0.75 1.00

1
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t/T

CPP

0.25 0.50 0.75 1.00

5
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t/T

CPR
N/2 + NTS/2

N + NTS

2N + 2NTS

Figure 6.5: Influence of number of panels and time steps per period.

Considering the same condition, a similar study is made regarding the number of vortices
that are kept in the wake as a way to improve computational efficiency. Based on the results
presented in Figure 6.6, we see that we canmaintain only the vortices created in the last four
periods without affecting the propulsive coefficients. This assumption holds out throughout
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the study since this was the condition with the higher effective angle of attack and where
vortices were closer to the airfoil. One should be aware and be always on notice that four
periods may not be enough in other conditions.
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Figure 6.6: Influence of the number of vortices in the wake.

As a final validation step, the present methodology is contrasted with results published by
Jones and Platzer [25]. The comparison is shown in Figure 6.7 using the propulsive power
coefficient for plunging (left) and pitching (right) motions, proving the correct implementa-
tion of the unsteady panel method.
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Figure 6.7: Validation using data published by Jones and Platzer [25].
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Chapter 7

Optimization

“I always believed that constraints enable great engineering.”

Johny Srouji

This chapter builds upon the previous numerical and experimental methodologies and con-
nects them to a central part of the study: the optimization of the NACA0012-IK30 both as an
airfoil and a wing. The first section will look into the numerical optimization framework of
the airfoil as a propulsor, meaning that we will be focused on the improvement of its propul-
sive capabilities, mainly thrust generation and propulsive efficiency. Contrarily, the second
section presents an optimization methodology that is used at a higher Reynolds number. In
these conditions, the optimization is conducted experimentally, and its objective is the im-
provement of the drag and lift coefficients of a NACA0012-IK30 wing.

7.1 Optimization of the NACA0012-IK30 as a propulsor

As mentioned before, the NACA0012-IK30 has a dynamically activated leading edge, which
has the potential to improve the propulsive performance. Finding the adequate leading-edge
pitching amplitudemay be obtained by studying the influence of the leading-edge kinematics
on the propulsive performance parametrically. However, parametric studies cannot guaran-
tee that an optimal value will be achieved, and for that, optimizationmethods should be used.
In this section, the optimal leading-edge pitching amplitude is found using a gradient-based
algorithm that suggests a newer amplitude after each oscillation cycle until convergence is
verified.

The optimization process is based on the gradient ascent, in which a certain number of iter-
ations/steps in the gradient direction leads to a desired maximum of a function. Mathemat-
ically, it is expressed as

An+1
β = Anβ ± γn

dF
dAβ

, (7.1)

where F is the objective function that we are looking tomaximize, γn is the optimization step
size, n represents the current iteration, and n+ 1 is the next one. The objective function, F ,
in the present work, is defined as

F = φCPP + (1− φ)η, (7.2)
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where φ is a variable that weighs between themaximization of thrust or propulsive efficiency.
Unfortunately, the values of F are not known since we do not know its dependence on Aβ .
This means that the gradient cannot be obtained analytically, thus a backward-finite differ-
ence is used to estimate∇F , as

∇F =
dF
dAβ

≈ φ
CPP

n − CPP
n−1

Anβ −An−1
β

+ (1− φ)
ηnt − ηn−1

t

Anβ −An−1
β

. (7.3)

Using equations (7.1) and (7.3), the new leading-edge pitching amplitude value is expressed
by the following recurrence relation

An+1
β = Anβ ± γn

(
φ
CPP

n − CPP
n−1

Anβ −An−1
β

+ (1− φ)
ηnt − ηn−1

t

Anβ −An−1
β

)
. (7.4)

The optimization step size, γn is also an important parameter that dictates the convergence
rate to the desiredmaximum. For the step size calculator, weuse theBarzilai-Borweinmethod
[195], which is adapted to the present work as

γn =

∣∣∣∣∣(Anβ −An−1
β )

(
dF
dAβ

n

− dF
dAβ

n−1
)∣∣∣∣∣∣∣∣∣∣ dFdAβ

n

− dF
dAβ

n−1
∣∣∣∣∣
2 . (7.5)

However, while there is a step size suggestion, the change in the pitching amplitude is limited
to 1◦. This limiter reduces existing transients between consecutive periods, which allows for
a Aβ adjustment after each period. Hence, the recurrent equation (7.1) is rewritten as

An+1
β = Anβ ±max

(
γn

dF
dAβ

, 1◦
)
. (7.6)

The motion of the airfoil parts is achieved by using user-defined functions (UDFs) that are
linked to ANSYS Fluent. In these C-programmed codes, equations that govern the airfoil
kinematics are implemented. Additionally, in the subroutine that controls the kinematics of
the leading edge, a sequence of instructions is developed to conduct the optimization study
of the airfoil pitching amplitude.

The overall procedure for the optimization starts by providing an initial guess that is com-
municated to ANSYS Fluent. During the simulation and at every time step, two data files
(kinematics and forces report) are created, which are later used to calculate the propulsive
indicators and provide a new leading-edge pitching amplitude. The mean values using the
last period, are reported at every optimization step into a data file with some additional infor-
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mation. After each oscillation cycle, the optimization kicks in, suggesting a new pitching am-
plitude depending on the objective function. A pitching amplitude is considered converged
when ∣∣∣An+1

β −Anβ

∣∣∣∣∣∣Anβ∣∣∣ (7.7)

is kept under 1%for five consecutive periods. The optimization framework is shown inFigure
7.1.

UDF

Initial Guess

ANSYS
Fluent

Kinematics

Force Data

*Calculate
Propulsive
Indicators
*Calculate
new Aβ

*Next
Iteration

Results

Figure 7.1: Optimization Framework.

Figure 7.2 provides a more visual way to illustrate a hypothetical run of the implemented
optimization setup.

1

An−2
β An−1

β An
β

t/T

Aβ

Figure 7.2: Strategy applied for the optimal search of F using Aβ .

7.2 Optimization of the NACA0012-IK30Wing

For the optimization at higherReynolds numbers, the framework is drastically changed. First
of all, instead of optimizing the leading edge position numerically, we will optimize it exper-
imentally, meaning that a new real-time optimization (RTO) framework is developed and
implemented to accomplish such a task. Furthermore, at higher Reynolds numbers, oscillat-
ing airfoils have significant difficulty regarding thrust production since considerable frequen-
cies or amplitudes are required to pass through the drag-to-thrust transition. Hence, under
these conditions, the NACA0012-IK30 will be used for dynamic stall mitigation purposes by
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exploring its potential at high angles of attack.

This section describes anRTO strategy for finding optimalΩ values considering aNACA0012-
IK30wing. This strategy uses a gradient-based andmodel-free optimization algorithm,which
looks at reducing drag and improving the lift coefficients by employing the following func-
tion:

F = φ(−CD) + (1− φ)CL, (7.8)

where φ is a weighting factor.

However, one should consider that in a real-time optimization, the experimental setup is
susceptible to vibrations, inevitably yielding noisy measurements. This noisy data creates an
enormous challenge to gradient-based methods, especially gradient evaluation.

The effect of the vibrations and other turbulent-flow-associated effects in the measurements
of F can be reduced by considering a moving average of equation (7.8). Therefore, this work
follows a stochasticmethodology capable of overcoming this issue while following a gradient-
based approach by considering the following objective function:

O =
1

j

n∑
i=n−j+1

φ(−CDi) + (1− φ)CLi , (7.9)

which uses the last j data points. Although forcemeasurements ofOwere not conventionally
filtered, themoving average effectively acts as a low-pass filter; therefore, j should be chosen
to avoid a considerable phase lag between F and O. The objective function, O, should be
maximized in this proposal. In this way, the solution of this optimization problem is given
by

argmax
Ω∈[−40◦,40◦]

O, (7.10)

with theΩ constraints indicating the maximum leading-edge deflection relative to the ψ part.

Sincewe are using a gradient approach, the search for a leading-edge position thatmaximizes
O follows the recursive equation

Ωt+1 = Ωt + γ
dO
dΩ , (7.11)

where γ is the optimization step size and t indicates the time instant. The previous equation
can be rewritten as

∆Ω = γ
dO
dΩ , (7.12)

where∆Ω = Ωt+1−Ωt. Equation (7.12) resembles a P-controller (Proportional Gain Control),
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where∆Ω is the control output u(t), γ is the proportional gain and dO/dΩ is the error.

This work extends this understanding to a broader expression considering the I- and D-
controller (Integral andDerivativeGainControls). This approachpromotes flexibility for this
proposal since the integral gain can account for past datawhile the derivative gain can capture
the tendency of the present information. Therefore, the proposal follows a PID-controller
framework.

It is well-known that the general control output u(t) of a PID controller is given by

u(t) = Kpe(t) +Ki

ˆ t

0
e(t)dt+Kd

de(t)
dt , (7.13)

where Kp, Ki, and Kd are the proportional, integral, and derivative terms. Alternatively,
equation (7.13) is rewritten in the following form

u(t) = Kp

(
e(t) +

1

Ti

ˆ t

0
e(t)dt+ Td

de(t)
dt

)
, (7.14)

where Ti and Td are the integral and derivative times.

Considering the proposal, the error value is given by

e(t) =
dO
dΩ , (7.15)

and the controller output is used as

Ωt+1 = Ωt + u(t). (7.16)

Krishnamoorthy andSkogestad [196] presented a recent and thorough reviewof real-time op-
timization as a feedback control problem. They enumerated several strategies to estimate the
gradient, considering model-based andmodel-free methods. Among the strategies consider-
ing model-based methods, there are gradient estimation strategies based on transient mea-
surements, the fast Fourier transform (FFT), the Kalman filter, and the least-squares prob-
lem. The present work proposes a novel approach using regression techniques and transient
measurements. The gradient estimation includes two parts indicated by the superscripts: (1)
derived using regression techniques and (2) derived using transient measurements.

Asmentioned before, the gradient cannot be directly estimatedwith real-time data due to the
presence of noise. Considering this limitation, our proposal first uses an online local linear
modeling strategy based on the method proposed by Hunnekens et al. [197], who exploit a
moving linear regression to estimate the gradient.

In this way, as we run the optimization process, we save the last q ordered pairs (Ω,O) and
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for each time step, we use all gathered data to calculate the following linear regression

Ô(1) = ε1Ω
∗ + ε0, (7.17)

where the hatˆand the upper-index (1) indicates an estimated value of O using regression
techniques, ε0, ε1 are the linear-regressionparameters obtainedusing the least squaresmethod,
and Ω∗ is a perturbed version of Ω to avoid ill-conditioned problems. Using this approach,
one can easily obtain an estimate of the gradient given by

dÔ(1)

dΩ∗ = ε1. (7.18)

One particular problem with this formulation is the fact that if the last q values of Ω are very
close or even the same, the calculation of ε1 can easily become a badly or an ill-conditioned
problem, compromising the gradient evaluation. One simple way to mitigate this problem
is to randomly perturb each Ω before they enter the regression block. The aforementioned
modification, Ω∗, is given by

Ω∗ = Ω+ U(−Υ,Υ), (7.19)

where U(−Υ,Υ) represents a random number generated by a uniform distribution with val-
ues between −Υ and Υ. The Υ value must be chosen to avoid overdamping the gradient
evaluation.

Although it is a fairly simple way to estimate the gradient, this dither-free extremum-seeking
control approach must be used cautiously since a local model, obtained by evaluating the
last q ordered pairs, offers only an approximate representation of the vicinity ofO for a given
Ω. This behavior yields a non-trivial relation between the controller gains (Kp,Kp/Ti,KpTd)
and q. Moreover, q must be chosen carefully since a low number of ordered pairs can lead to
a noisy gradient estimation. In contrast, toomany points will misrepresent the local gradient
with data outside the vicinity of Ωt. One can find further information on these approaches’
intricacies and the differences between the dynamic and static map settings at Hunnekens et
al. [197].

While themethodproposed byHunnekens et al. [197] is central to the currentRTOmethodol-
ogy, we propose an extension by implementing the concept of spatialmemory using transient
measurements. The method has a temporary memory of the last ωq seconds when using a
moving linear regression of the previous q data points, where ω is the data acquisition fre-
quency. This means that after ωq seconds, the measurement system retains no information
in the Ω domain.

To implement some level of spatial memory, real-timemeasurements ofO are used to create
a static map between the input, Ω, and the objective function. As illustrated in Figure 7.3,
this is accomplished by the vector −→O which has eighty-one elements, effectively dividing the
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Ω space from −40◦ to 40◦ with 1◦ intervals.

−→
Ω −40 −39 · · · k − 2 k − 1 k k + 1 k + 2 · · · 39 40

−→
O O−40 O−39 · · · Ok−2 Ok−1 Ok Ok+1 Ok+2 · · · O39 O40

Ω

O

Figure 7.3: Static map from transient measurements.

The static map is built by initializing the vector O⃗ with a large negative value when the op-
timization starts. As the algorithm runs, the term Ok of the vector O⃗ is constantly updated
with transient measurements according to,

Ok =

Oprevious if ⌊Ωt⌉ ̸= k

0.5
(
Oactual +Oprevious

)
if ⌊Ωt⌉ = k

, (7.20)

which is evaluated recursively at every time step updating the static map.

A limitation of this approach is the fact that to create the static map accurately, the Ω pertur-
bations must occur at a relatively slow rate to guarantee that the entries (Ω,O) are a viable
representation of the steady-state case. In the present study, this is achieved by limiting Ω̇,
which is accomplished by saturating the PID output. Since the output was severely saturated,
there was no need to implement the derivative part of the controller, which is commonly used
to dampen the controller response.

This static map is used for obtaining the gradient estimation using transient measurements,
computed as

dÔ(2)

dΩ =


Ot−max O⃗

Ωt−argmax O⃗
if Ωt > argmax O⃗

max O⃗−Ot
argmax O⃗−Ωt

if Ωt < argmax O⃗

0 if Ωt = argmax O⃗

, (7.21)

which directly connects the current system state to the max O⃗.

This approach takes into account recent transient measurements as illustrated in Figure 7.4.
This figure shows the gradient estimation strategies proposed byHunnekens et al. [197] (left)
and the ones proposed in this work (right).

With this framework, the gradient evaluation using both the moving linear regression and
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d ˆO(1)
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dΩ∗

d ˆO(2)

dΩ

Ωt−q Ωt Ω

O

Figure 7.4: Optimization framework proposed by Hunnekens et al. [197] (left) and the extension proposed in
the present work (right).

the static map maximum is achieved by

dO
dΩ ≈ 1

2

(
dÔ(1)

dΩ∗ +
dÔ(2)

dΩ

)
, (7.22)

which as seen in Figure 7.4, will act against the delay introduced by using older data to esti-
mate the true gradient.

Figure 7.5 illustrates the optimization algorithm with a pseudocode that combines the gradi-
ent estimations derived by the moving linear regression strategies and the static map.

NACA0012-IK30
Wing

O

Ω

PID
Controller

Moving Linear

Regression, O(1)

q

Static Map,

O(2)

Gradient Estimator

d ˆO(2)

dΩ

d ˆO(1)

dΩ∗

while RTO is activated do
Update the delay vector with the latest measurement [Z−1

t , Z−1
t−1, Z

−1
t−2, . . . , Z

−1
t−q].

Update the static map, O(2), using equation (7.20).
Compute the moving linear regression of the delay vector, ˆO(1), using equation (7.17).
Determine first gradient estimation, ε1, using equation (7.18).
Locate the max and argmax of the static map.
Compute the second gradient estimation based on the staticmap, using equation (7.21).
Determine the final gradient estimate with equation (7.22).
Feed the gradient estimate to the PID controller, obtaining u as seen in equation (7.14).
Update the leading edge deflection using equation (7.16).

end while

Figure 7.5: RTO Formulation.

Regarding the initial values of the PID gains, we derived them using the Ziegler-Nichols tun-
ing method [198]. Further adjustments were made to achieve an acceptable response, where
the maximum is reached somewhat quickly. All parameters used for the optimization using
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the local linear static model are presented in Table 7.1. These were tested and calibrated
when analyzing the NACA0012-IK30 at Re = 3.0× 105 and ψ = 30◦.

Table 7.1: Parameters for the optimization of the NACA0012-IK30 wing.

Simulink Model Clock ωSimulink 1 kHz
Moving Average Window j 1000 samples (1 s)

Proportional Gain Kp 1.000
Integral Gain Ki 0.100 (Ti = 10 s)
Derivative Gain Kd 0.000 (Td = 0 s)

Maximum Ω deflection maxΩ ±40◦

Maximum Ω̇ max Ω̇ ±2 ◦ s−1

Anti-windup Scheme - Clamping
Delay Vector Size q 5000 samples (5 s)

Random Perturbation Parameter Υ 0.1◦
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Chapter 8

Propulsive Enhancement

“The pursuit of perfection often impedes improvement.”

George Will

This chapter explores the operation of the NACA0012-IK30 airfoil at the lower Reynolds
number spectrum. At first, flow visualization tests are performed, where we study the broad
influence of the movable leading edge on the flow field. Then, the same conditions are repro-
duced numerically, where we explore the propulsive capabilities of the airfoil under various
oscillation conditions. This phase focuses on the influence of the dynamic activation of the
leading edge on the propulsive parameters. Furthermore, using the optimization methodol-
ogy defined before, we compare the proposed geometry with traditional flapping, concluding
that the NACA0012-IK30 airfoil can provide meaningful improvements over conventional
flapping.

8.1 Flow Visualization

In this section, all experimental data regarding the flow visualization of the IK30mechanism
is presented, with a special focus on the influence of the dynamic leading edge on flow sep-
aration. The Reynolds number, reduced frequency, nondimensional amplitude, nondimen-
sional velocity, and leading-edge pitching amplitude are selected as the governing parame-
ters of the flow field. But before moving to the flow visualization results, there is the need to
ensure that the kinematics prescribed to the plunging and pitching motors closely follow the
sinusoidal wave shown in Chapter 4.

The kinematics validation of the plunging motor is made by operating the motor at its max-
imum amplitude, A = 0.1m, with a frequency of 1Hz. The experimental validation of the
plunging motion is achieved by tracking the airfoil’s trailing edge using the high-speed cam-
era, as illustrated in Figure 8.1.

Trailing-edge tracking is made using the Photron FASTCAMViewer 4, which offers amanual
tracking feature and a calibration tool that converts pixels into length. In the experimental
validation, the calibration is achieved using a known reference (ruler) from which we can ob-
tain that a pixel is approximately 3.4×10−4m. In Figure 8.2, the experimentalmeasurements
are plotted against the desired sinusoidal wave.
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y

Figure 8.1: Tracking methodology for plunging validation.
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Figure 8.2: Plunging motion validation. Measurements are estimated to have an uncertainty of 3.45× 10−4m.

Likewise, the pitching motion is also verified, in this case with a pitching frequency of 1Hz
and an angular amplitudeAβ of 20◦. Differently from the plungingmotion, we track the lead-
ing edge position. Then, the dimensions a and b are calculated, which are used to determine
the leading-edge angle of attack, β, as illustrated in Figure 8.3.

β

b

a

Figure 8.3: Tracking methodology for pitching validation.

In Figure 8.4, experimental measurements are plotted against the desired sinusoidal profile.

Following the kinematics validation, we nowmove to the analysis of the flow fields surround-
ing the airfoil. As mentioned in the methodology, images are obtained in a Lagrangian per-
spective where the camera is attached to the support that holds the wing. In the images, an
array of LEDs that illuminates the smoke is visible.
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Figure 8.4: Pitching motion validation. Measurements are estimated to have an uncertainty no more than
6.56× 10−4 degrees.

Data is obtained for a Reynolds number of 1.0× 104, at two different nondimensional ampli-
tudes, 0.25 and 0.50. At the lower nondimensional amplitude, the reduced frequency is set
to 1.0, 2.0, and 4.0, while for the highest, the reduced frequencies tested are 0.5, 1.0, and 2.0,
as shown in Figure 8.5. This results on a nondimensional velocity, kh, between 0.25 and 1.00

(Strouhal number between 0.080 and 0.318). This corresponds to a maximum effective angle
of attack between 14.1◦ and 45.0◦ when no leading edge deflection is considered.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.25

0.50
Motor Limits

kh = 0.25 kh = 0.50 kh = 1.00

k

h

Figure 8.5: Tested conditions in the k − h domain. Values are calculated based on pressure of 930hPa and a
temperature of 18.0 ◦C.

Each (k, h) combination is tested with three leading-edge pitching amplitudes, being these
Aβ = 0◦, 10◦ and 20◦. Before moving further, let us revisit the kinematics that will be used
throughout this study. The plunging motion is given by

y = A sin(2πft), (8.1)

while the pitching leading edge is controlled as

β = Aβ sin(2πft+ ϕ), (8.2)

where the phase angle, ϕ, is set at 90◦. Such value causes the leading edge to be maximally
deflected when the airfoil experiences maximum plunging velocity, providing the highest
effective angle of attack reduction possible. Concerning the back part, it is always fixed at
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ψ = 0◦.

With Aβ = 0◦, the airfoil oscillates as a conventional plunging airfoil, but when we change
the leading-edge pitching amplitude, the airfoil actively changes its curvature andmaximum
airfoil thickness position. Figure 8.6 shows such effect, where them and p parameters, used
to quantify the airfoil camber and maximum thickness position in the 4-digit series of NACA
airfoils, are plotted against t/T .

0.0 0.2 0.4 0.6 0.8 1.0
−0.05

0.00

0.05

0.10

t/T

m

0.0 0.2 0.4 0.6 0.8 1.0
0.25

0.30

0.35

t/T

p

Aβ = 0◦

Aβ = 10◦

Aβ = 20◦

Figure 8.6: Geometric characteristics of NACA0012-IK30.

Consequently, by changing the curvature, we are directly changing the effective angle of at-
tack. In the particular case of thisNACA0012-IK30 configuration, deflecting the leading edge
down to−10.0◦ or−20.0◦ reduces the effective angle of attack of the airfoil by approximately
3.0◦ and 6.0◦, respectively.

The flow visualization results shown ahead as sequences of images have a template presented
in Figure 8.7. On the bottom, the t/T and the effective angle of attack are displayed, while
on the top left corner, the Π symbol can be ⊥,⊤, ↑, ↓, meaning the lower, upper, ascending
and descending positions, respectively. The oscillation period starts when the airfoil is at its
lowest position (⊥).

Image
t/T

Π

αeff

Figure 8.7: Flow visualization results template.

Although images give a good overall idea of the aerodynamic phenomena, videos are available
at https://www.earc96.com/PhD for a deeper understanding of the results discussion.
Moreover, sequences of images are presented in Appendix A1 for further examination.

Flow visualization tests are carried out with a pressure and temperature of 930(1)hPa and
18.0(1) ◦C, respectively. The Reynolds number is set constant toRe = 1.0× 104, which in the
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literature is at the lower spectrum of the Reynolds number.

The figures shown in the following subsections have the airfoil positioned at the center of the
frame, placed at about 2 cm from the wind tunnel exit. All images have the air flowing from
right to left.

8.1.1 Flow fields with h = 0.25

This subsection concerns the flow fields at the lowest nondimensional amplitude tested (h =

0.25). The following images present three different reduced frequencies, each considering
three separate leading-edge pitching amplitudes.

This first condition (Figure 8.8) is one of the slower oscillating cases (k = 1.0), with a nondi-
mensional velocity of 0.25. Because of this, no extreme flow separation is observed or even
expected. However, during descent, there is a small region of separated flow. Yet, it can
not be concluded unequivocally from images where this region starts, but it most certainly
originates at the gap dividing the leading edge and the ψ part.

t/T = 0.844

↓

αeff = +11.7◦

Figure 8.8: Flow visualization at Re = 1.0× 104, h = 0.25, k = 1.0 and Aβ = 0◦ at t/T = 0.844.

With the leading-edge pitching amplitude set to 10◦ (Figure 8.9), the flow dynamics barely
change compared to the previous case. However, it is now clear that the flow separation
during descent starts at the airfoil gap, extending downstream to the trailing edge. This flow
separation can have a harmful influence since it creates a low-pressure zone located beyond
the maximum thickness position, which does not have enough kinetic energy to reattach.

t/T = 0.812

↓

αeff = +10.3◦

Separated flow

Figure 8.9: Flow visualization at Re = 1.0× 104, h = 0.25, k = 1.0 and Aβ = 10◦ at t/T = 0.812.

A leading-edge pitching amplitude of 20◦ (Figure 8.10) presents a new aerodynamic phe-
nomenon that was not seen in this (k, h) condition. The difference resides at the top position,
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where the flow separates due to the higher leading-edge pitching velocity. Furthermore, dur-
ing the descent, the flow detaches right at the start of the ψ part, caused by the excessive
camber of the airfoil. This event is typically not desired, as a separated flow region after the
maximum thickness region may increase drag. This is a huge alert, reminding us that the
leading-edge activation must be used wisely to avoid any aerodynamic performance degra-
dation.

t/T = 0.458

↑

αeff = −2.17◦

ẏβ̇

Figure 8.10: Flow visualization at Re = 1.0× 104, h = 0.25, k = 1.0 and Aβ = 20◦ at t/T = 0.458.

Flow separation becomesmore evident when increasing the reduced frequency to 2.0 (Figure
8.11). During descent, the flow becomes separated at the leading edge, forming for a brief
moment a leading-edge vortex that quickly disperses andmoves towards the back part of the
airfoil.

t/T = 0.716

↓

αeff = +26.0◦ t/T = 0.896

↓

αeff = +16.9◦

Figure 8.11: Flow visualization at Re = 1.0× 104, h = 0.25, k = 2.0 and Aβ = 0◦ at t/T = 0.458 and 0.896.

With Aβ = 10◦ (Figure 8.12), the flow dynamics change slightly. Flow still separates at the
leading edge, but the detachment process is not as pronounced as in the plunging-only lead-
ing edge. Furthermore, the size of the region of the separated flow is slightly smaller when
compared to the right image of Figure 8.11.

At themaximum tested leading-edge pitching amplitude (Figure 8.13), separation is reduced
to a level where only a small zone of separated flow is seen at the leading edge, meaning that
the intense adverse pressure gradient is no longer present. Massive flow separation is only
present at the maximum thickness position where the airfoil has its maximum curvature.

At the highest reduced frequency tested, k = 4 (Figure 8.14), the aerodynamic phenomena
surrounding the airfoil present some extreme features. The flow is detached from the airfoil
for the whole period. During the descent, there is LEV formation of considerable size, while
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t/T = 0.799

↓

αeff = +22.6◦

Figure 8.12: Flow visualization at Re = 1.0× 104, h = 0.25, k = 2.0 and Aβ = 10◦ at t/T = 0.799.

t/T = 0.760

↓

αeff = +20.57◦ t/T = 0.887

↓

αeff = +14.2◦

Figure 8.13: Flow visualization at Re = 1.0× 104, h = 0.25, k = 2.0 and Aβ = 20◦ at t/T = 0.760 and 0.887.

in the ascending phase, it is convected and dissipated. Due to the wide lens, we can also
see the formation of the TEV behind the airfoil, with the typically mushroom-like structure
indicating thrust production.

t/T = 0.851

↓

αeff = +38.8◦

Figure 8.14: Flow visualization at Re = 1.0× 104, h = 0.25, k = 4.0 and Aβ = 0◦ at t/T = 0.851.

Deflecting the leading edge at 10◦ (Figure 8.15), flow separation is slightly alleviated. LEV
formation is still present, although it breaks down when arriving at the lowest position.

WhenAβ =20◦ (Figure 8.16), the stall is reduced considerably. However, flow separation still
appears at the leading edge, quickly moving towards the trailing edge. Thus, the separated
flow region is convected downstream, clearing the airfoil-upper surface during the ascending
phase, where almost no separated flow is observed.

8.1.2 Flow fields with h = 0.50

In this subsection, the first condition (Figure 8.17) represents the condition with the slower
oscillating velocity at this nondimensional amplitude (k = 0.5). Even with a slower motion,
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t/T = 0.886

↓

αeff = +31.3◦

Figure 8.15: Flow visualization at Re = 1.0× 104, h = 0.25, k = 4.0 and Aβ = 10◦ at t/T = 0.886.

t/T = 0.903

↓

αeff = +26.4◦

Figure 8.16: Flow visualization at Re = 1.0× 104, h = 0.25, k = 4.0 and Aβ = 20◦ at t/T = 0.903.

there is the possibility of flow separation. In fact, during the descending phase, the airfoil
becomes stalled, with flow separation starting right at the leading edge.

t/T = 0.854

↓

αeff = +11.2◦

Figure 8.17: Flow visualization at Re = 1.0× 104, h = 0.50, k = 0.5 and Aβ = 0◦ at t/T = 0.854.

With a leading-edge pitching amplitude of 10◦ (Figure 8.18), the aerodynamic effects do not
change considerably. The main difference is the flow separation starting point, which now
starts at the back part and seems to be less intense. Like the conditions observed in the last
subsection, this could indicate an increase in the overall drag production.

At themaximum leading-edge pitching amplitude (Figure 8.19), there is one significant effect
to be examined. When the airfoil gets to the top position, the leading edge presents flow
separationwith a positive angle of attack. This comes as a consequence of excessive deflection
of the leading edge which could not change the angle of attack quick enough to avoid flow
separation. This condition, where clear flow separation occurs on the upper surface of the
β part inevitably increases drag. During the descending phase, flow separation starts at the
gap, as seen in other conditions.
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t/T = 0.790

↓

αeff = +10.7◦

Figure 8.18: Flow visualization at Re = 1.0× 104, h = 0.50, k = 0.5 and Aβ = 10◦ at t/T = 0.790.

t/T = 0.362

↑

αeff = −6.23◦

ẏβ̇

Separated flow

Figure 8.19: Flow visualization at Re = 1.0× 104, h = 0.50, k = 0.5 and Aβ = 20◦ at t/T = 0.362.

Increasing the reduced frequency to 1.0 (Figure 8.20), one can only expect the occurrence
of stronger flow separation. This is corroborated by the existence of a leading-edge vortex,
seen during the descent phase. However, it quickly dissipates and detaches from the airfoil’s
upper surface. At the ascending stage, flow quickly attaches to the airfoil.

t/T = 0.698

↓

αeff = +25.3◦ t/T = 0.803

↓

αeff = +25.3◦

Figure 8.20: Flow visualization at Re = 1.0× 104, h = 0.50, k = 1.0 and Aβ = 0◦ at t/T = 0.698.

Setting the leading-edge pitching amplitude to 10◦ (Figure 8.21), as seen in other cases, re-
duces the strength of flow separation. Even with the leading edge deflecting, the flow still de-
taches at the leading edge, although at amuch lower intensity compared to the non-deflecting
case.

With Aβ = 20◦ (Figure 8.22) the flow does not separate at the leading edge anymore. How-
ever, the airfoil curvature close to the pivot of the leading edge does not assist in maintaining
the flow attached to the back part, forming a notable region of separated flow.

When the reduced frequency is set to 2.0 (Figure 8.23), the aerodynamic phenomena sur-
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t/T = 0.771

↑

αeff = +23.4◦

Figure 8.21: Flow visualization at Re = 1.0× 104, h = 0.50, k = 1.0 and Aβ = 10◦ at t/T = 0.771.

t/T = 0.864

↑

αeff = +16.2◦

Figure 8.22: Flow visualization at Re = 1.0× 104, h = 0.50, k = 1.0 and Aβ = 20◦ at t/T = 0.864.

rounding the airfoil become severe. The flow remains detached at the airfoil for the majority
of the period, with a clear LEV structure appearing during descent. This LEV structure is
massive, with its diameter approximately the same size as the chord length. During the as-
cending phase, the LEV is convected downstream and mixed up with the wake.

t/T = 0.860

↓

αeff = +37.6◦ t/T = 1.105

↑

αeff = −31.5◦

Figure 8.23: Flow visualization at Re = 1.0× 104, h = 0.50, k = 2.0 and Aβ = 0◦ at t/T = 0.860 and 1.105.

WithAβ =10◦ (Figure 8.24), the leading-edge vortex is still distinguishable, but its formation
occurs later during descent. Whenwe compared the region of separated flow at this condition
to the non-deflecting leading-edge case, the LEV has its size reduced by approximately 50%.

The leading edge pitching at the maximum amplitude (Figure 8.25) further changes the dy-
namics of the LEV. In this condition, we cannot identify an obvious LEV structure but rather
an intense region of detached flow. Moreover, the reduction of separated flow, compared to
the nondeflecting leading edge, represents roughly a 75% decrease.

To summarize the influence of the leading-edge pitching amplitude, Figure 8.26 shows the
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t/T = 0.847

↓

αeff = +36.9◦

Figure 8.24: Flow visualization at Re = 1.0× 104, h = 0.50, k = 2.0 and Aβ = 10◦ at t/T = 0.847.

t/T = 0.862

↓

αeff = +32.8◦

Figure 8.25: Flow visualization at Re = 1.0× 104, h = 0.50, k = 2.0 and Aβ = 20◦ at t/T = 0.862.

conditions with the higher nondimensional velocity for the two nondimensional amplitudes
where massive flow separation was observed. In these images, we see that the leading-edge
pitching amplitude has a crucial impact on the leading-edge vortex size. The LEV has itsmax-
imum size for the plunging-only cases, which is reduced as the pitching amplitude increases.
It is clear that increasing the leading edge deflection and lowering the effective angle of attack
of the β part delivers a reduction of the strength of the local adverse pressure gradient.

However, it is noteworthy that flow visualization cannot give reliable insight regarding force
generation, although some conditions observed in this analysis may be good indicators, for
instance, of drag production. Hence, it is relevant to correlate force generation with force
data to verify, for example, if the LEV reduction is beneficial since there are authors, for in-
stance, Gao et al. [75] who identified the leading-edge vortex as a thrust booster for plunging
airfoils.

In the following section, the conditions tested experimentally will be reproduced numerically
using a bidimensional CFD approach to study the aerodynamic and propulsive characteris-
tics of the proposed geometry, while correlating themwith the flow features observed. More-
over, the NACA012-IK30 airfoil will be compared with what is commonly seen in the field of
unsteady aerodynamics so we can verify its potential.

8.2 Numerical Validation

Before advancing to the numerical results, we first conduct the numerical validation, which
consists of two separate tasks: a mesh sensitivity study and a comparison with published
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k = 4.0 and h = 0.25

Aβ = 0.00◦

Aβ = 10.0◦

Aβ = 20.0◦

k = 2.0 and h = 0.50

Aβ = 0.00◦

Aβ = 10.0◦

Aβ = 20.0◦

Figure 8.26: Comparison of leading-edge vortex size at t/T = 1.000.

data in the literature. As a complement, a qualitative comparison is made between flow visu-
alization data and those obtained carrying out CFD simulations.

Figure 8.27 shows the propulsive power and required power coefficients over time at the
lowest Reynolds number, with h = 0.50, k = 1.00 and Aβ = 5.0◦. In this condition, the SST
k−ω is coupledwith the Intermittency Transitionmodel, and as required, themesh elements
close to the walls are designed to have a y+ of approximately 1. First, the mesh sensitivity
study consisted of creating a grid that fulfilled themesh requiredwith one hundred time steps
per period. Then, the number of elements was duplicated and quadrupled with the number
of time steps per period following the same logic, creating two more meshes with finer time
steps. As seen in the aforementioned figure, no considerable differences are seen, indicating
that mesh and time step independence were achieved. The propulsive and required power
was used as the main focus of this validation, as they will be needed as propulsive indicators.

As seen in Figure 8.27, no considerable differences occurred, indicating that mesh and time
step independencewere achieved. Additionally, the presentmethodology is compared against
numerical data of a plunging NACA0012 [63], as shown in Figure 8.28. Themean propulsive
and required power coefficients are used to verify the reliability of the CFD results at such a
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Re = 1.0× 104, h = 0.50, k = 1.00 and Aβ = 5.0◦

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
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2N + T/200

4N + T/400

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.5

1.0

t/T

CPR 1N + T/100

2N + T/200

4N + T/400

Figure 8.27: Mesh sensitivity analysis (plots are downsampled by a factor of five).

low Reynolds state. Computations are conducted atRe = 2.0×104, h = 0.175 and a Strouhal
number, St, between 0.1 and 0.4. Here, the Strouhal number is related to the nondimensional
velocity, kh, as kh = πSt.
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0.5

1.0

1.5
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2.0
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Heathcote
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Fluent
Present

Figure 8.28: Numerical validation using data from [63] (NS and Fluent) and Heathcote et al. [37].

As aforesaid, a qualitative comparison of flow visualization data is made with numerical flow
fields. Flow separation is analyzed by comparing the images obtained experimentally and the
total pressure contours fromCFDcomputations. The total pressure is used since in separated
regions it presents lower values due to associated losses. As this is a qualitative evaluation
with a focus on the flow field surrounding the flapping airfoils, the colormap of the images
presented on the right is not shown. However, it is important to know that the colormap
limits are not the same for different images, meaning that comparisons between different
conditions can lead to erroneous conclusions. Hence, the analysis will be exclusively focused
on the gradients of the total pressure.

The experimental and numerical flow fields are compared at t/T = 0.75 and 1.00, as effects
during the ascending phase are the same, but symmetrical, to what is observed during the
descending phase. These time instants are chosen to evaluate when the airfoil is at its max-
imum effective angle of attack (t/T = 0.75) and when it is inverting its plunging direction
(t/T = 1.00), which gives a good idea of the overall flow separation phenomena occurring dur-
ing the period. While five leading-edge pitching amplitudes were simulated, only the three
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tested experimentally (Aβ = 5, 10 and 10◦) are shown. Furthermore, for the two plunging
amplitudes, only the lowest and highest reduced frequencies are presented.

8.2.1 Comparisons for h = 0.25 and k = 1.0 (Figure 8.29)

The first comparison ismade for the lower nondimensional amplitude and reduced frequency.
When the leading edge is not pitching, there is no significant separation even when the airfoil
is at its maximum effective angle of attack (t/T = 0.75). From the CFD simulations, we can
see a low-pressure zone at the leading edge, which creates a suction force pointing forward
in the chordwise direction, resembling a thrust regime. At t/T = 1.00, the airfoil has a vortex
being convected on the upper surface that is similar to what is seen on the experimental data,
although the latter presents flow separation extending to the trailing edge.

With the leading-edge pitching at 10◦, the lowest pressure value is still at the frontal part of
the airfoil, with the low-pressure region now extending downstream, beyond the maximum
thickness position. Experimental tests show a small region of separated flow at the ψ part of
the airfoil, which is also visible in the numerical-obtained flow field (green region). The now-
existing curvature due to leading-edge rotation propitiates flow separation, and the existing
discontinuity between the two parts seems to further intensify the phenomenon. This results
in the flow separation detected close to the trailing edge at t/T = 1.00, which was expected as
the deflection of the leading edge caused the low-pressure zone tomove downstream. Overall,
CFD computations agree with experimental data, showing less separate flow compared to
when the leading edge is only plunging.

At the maximum leading-edge pitching amplitude (Aβ = 20◦), the lowest pressure zone is no
longer located at the leading edge, being formed after themaximumairfoil thickness position
(blue region). Experimental data agrees, which shows amore visible flow separation starting
at the airfoil discontinuity and moving downstream. As the lowest pressure zone is located
on the ψ part, pressure drag will inevitably increase. The results are similar with Aβ = 10◦

with only a slight increase in the region of separated flow.

8.2.2 Comparisons for h = 0.25 and k = 4.0 (Figure 8.30)

Keeping the same nondimensional amplitude but increasing the reduced frequency to its
maximum value of 4, creates a more prominent flow separation, as expected by the increase
of the overall effective angle of attack. With a plunging-only leading edge, there is a stronger
and more concentrated vortex at the front seen both experimentally and numerically. At the
end of the period (t/T = 1.00), the leading-edge vortex seen during descent continues to
grow, creating a noticeable low-pressure zone. On the lower surface, there is a low-pressure
zone (green region), illustrating the remains of the LEV formed during the ascending phase.

By deflecting the leading edge, the frontal part of the airfoil experiences a lower effective an-
gle of attack, which reduces the intensity of flow detachment. This is verified at Aβ = 10◦

by the slightly smaller vorticity region in experimental data and numerical simulations. Al-

136



though difficult to observe, there is a low-pressure zone being formed at the discontinuity
that will grow and be convected. With the dynamic deflection of the leading edge, the LEV
seen at t/T = 1.00 in the CFD computations has its size reduced, which is also verified exper-
imentally. However, due to the additional curvature, the small low-pressure zone identified
before has grown and is roughly in the middle of the ψ part.

A similar result is seen at Aβ = 20◦, although experimentally, differences at t/T = 0.75 are
minimal when compared to when the leading edge pitches at 10◦. Overall, the LEV structures
are reduced by approximately 50% when compared to the no-pitching case. Furthermore,
the leading-edge vortex is further reduced, although the low-pressure region (pink region)
seen at the back part increases, almost suggesting that the LEV is feeding this vortex formed
downstream.

8.2.3 Comparisons for h = 0.50 and k = 0.5 (Figure 8.31)

In this subsection, the experimental-numerical comparison for the highest nondimensional
amplitude is made for the lowest reduced frequency. This condition, in terms of the effective
angle of attack, is equal to the first one analyzed at the lowest amplitude, as they have the
same nondimensional velocity. However, the phenomena seen are quite different, indicating
that the effective angle of attackmay be an unreliable parameter when it comes to identifying
flow structures and features.

Right at the first condition, where no flow separation was seen with h = 0.25 at t/T = 0.75,
we notice a low-pressure zone already at the airfoil maximum thickness position, with a red
region downstream denouncing a higher pressure zone. At the end of the period, the flow
separation grows bigger, creating a large wake region.

WithAβ = 10◦, flow separation exists but is now located close to the trailing edge, suggesting
that it was transported quickly on the airfoil’s surface. However, at t/T = 1.00, the flow fields
are fairly similar to what was seen in the previous condition.

By increasing the leading-edge pitching amplitude to 20◦, the region of separated flow ob-
tained numerically recedes close to where it was in the no-pitching case, which differs from
what is seen experimentally, where flow separation seems to extend up to the trailing edge.
At the end of the period, the flow field is similar, although being slightly smaller compared
to the previous cases.

8.2.4 Comparisons for h = 0.50 and k = 2.0 (Figure 8.32)

At the highest reduced frequency for a nondimensional amplitude of 0.50, flow features be-
come more prominent in the flow field, suggesting that a higher nondimensional amplitude
creates larger length-scale structures. Similarly to what was seen in h = 0.25 and k = 4.0

condition, which has the same nondimensional velocity and thus the same maximum effec-
tive angle of attack, there is LEV formation as denounced by the concentrated lower pressure
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zone seen during descent.

With a plunging-only leading edge, the LEV is visible during descent. Such phenomenon is
seen both numerically and experimentally, although smoke density makes it hard to identify
the vortical structure accurately. At the end of the period, the LEV has grown to a consider-
able size.

During descent, as the leading-edge pitching amplitude increases up to 20◦, the leading-edge
vortex size decreases as expected by the decrease in the effective angle of attack of the β
part. However, as seen in h = 0.25 and k = 4.00, a low-pressure zone appears beyond the
maximum airfoil thickness position. At this nondimensional amplitude, this region is much
more visible. One could argue, based on these images, that the LEV is being transformed
into this vortical region as the leading-edge pitching amplitude increases.

Experimentally, we see leading-edge vortices with approximately the chord size, although
their shape is slightly different depending on the leading-edge pitching amplitude. Flow
fields obtained numerically give a clearer idea of the influence ofAβ in which higher pitching
amplitudes change the LEV from a circular form to a more oval shape that stays closer to the
airfoil.

Area left intentionally blank.
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8.3 Propulsive Performance

Although some of the CFD results seen in the section before are slightly different from those
obtained experimental, mainly the tardiness of predicting some of the flow separation, the
overall performance of the established CFD methodology predicts the flow field characteris-
tics fairly accurately.

Based onwhat is considered a valid numerical validation, we canmove toward the analysis of
the propulsive performance of the NACA0012-IK30 airfoil for the 30 cases simulated. The
propulsive performance is evaluated using three parameters: the mean propulsive power,
the mean required power, and the propulsive efficiency.

The analysis consists of discussing these three propulsive indicators for the two nondimen-
sional amplitudes. In each graph, all nondimensional velocities are plotted, as a function of
the leading-edge pitching amplitude. Compared to the conditions tested experimentally, two
additional leading-edge pitching amplitudes are tested: 5◦ and 15◦.

In Figure 8.33, themean propulsive power coefficient is plotted for the three nondimensional
velocities considered. Overall, increasing the pitching amplitude is beneficial up to a certain
value where CPP starts decreasing, except when kh = 1.00, a condition where we did not
reach the maximum. Results also show that the slower flapping condition does not benefit
from the dynamic leading edge or presents good propulsive capabilities, being very close to
a drag-producing regime. While both nondimensional amplitudes have fairly similar behav-
ior, with h = 0.50, improvements in terms of magnitude are much more significant. When it
comes to themean propulsive power, improvements of up to 177.4% relative to the plunging-
only case can be achieved. Based on the shape of the graphs we see that, at this nondimen-
sional amplitude, the β amplitudes that generate higher mean propulsive power coefficients
move to the right as the reduced frequency increases. This suggests that kinematics that
generate higher effective angles of attack require higher leading-edge pitching amplitudes to
maximize the mean propulsive power coefficient.
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Figure 8.33: Mean propulsive power coefficient with h = 0.25 (left) and h = 0.50 (right).

When it comes to the mean required power coefficient, shown in Figure 8.34, the influence
of the dynamically activated leading edge is overall beneficial but rather small, except for the
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case with the lower amplitude and highest nondimensional velocity. In this specific case, the
required power decreases linearly as Aβ increases, with a 13.0% reduction compared to the
plunging-only leading edge.
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Figure 8.34: Mean required power coefficient with h = 0.25 (left) and h = 0.50 (right).

Combining the two propulsive coefficients results in the propulsive efficiency shown in Fig-
ure 8.35. By basically keeping the mean required power coefficient constant and increas-
ing the propulsive power, there is an inevitable increase in the propulsive efficiency. The
graphs indicate that when the leading edge is deflected, great improvements are achieved for
both nondimensional amplitudes with astonishing increases of up to 229.8%. Overall, higher
propulsive efficiency is seen for the middle nondimensional velocity, although it is not clear
if kh = 1.00 could offer better efficiency at larger pitching amplitudes since no larger values
were studied in this parametric analysis.
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Figure 8.35: Propulsive efficiency with h = 0.25 (left) and h = 0.50 (right).

8.4 Correlation of Propulsive Indicators with Flow Features

The differences observed in the propulsive indicators come from the changes induced in the
flow field surrounding the airfoil by the proposed geometry. To better understand the im-
pact of the dynamically activated leading edge, this section presents several snapshots of the
flapping airfoil at its lowest position (t/T = 1.00), considered a cumulative representation
of what occurred during the period. The grid layout shown in figures 8.36 and 8.37 shows
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the influence of both reduced frequency and leading-edge pitching amplitude for the two
nondimensional amplitudes by using the total pressure contours.

As the reduced frequency increases, the presence of the leading-edge vortex becomes more
evident and moves upstream. This is expected as a higher reduced frequency means that
a critical effective angle of attack that triggers separation is reached quicker, and thus the
LEV formation starts earlier. In a plunging airfoil, the leading-edge vortex only works as
a thrust enhancement feature when located upstream of the maximum thickness position.
Interestingly, the NACA0012-IK30 airfoil follows the same principle even though it cannot
be considered to be a simple plunging airfoil.

For the lower nondimensional amplitude, at the lowest reduced frequency, the deflection of
the leading edge simply moves the LEV downstream with no major differences between the
pitching cases. This is backed up by previous graphs where the mean propulsive power did
not show a significant dependence on the leading-edge pitching amplitude.

However, for the other two reduced frequencies (k = 2.0 and 4.0), there is a stronger de-
pendence on Aβ , which can be correlated to what is seen in the flow field. Starting with
k = 2.0, we see that when increasing the leading-edge pitching amplitude, the LEV present
in Aβ = 0.0◦ becomes smaller and feeds another vortex that appears beyond the maximum
thickness position.

At the same time, looking at the mean propulsive coefficient we see that its concave-shaped
functionmeans that there is an optimal value of pitching amplitude thatmaximizes themean
propulsive power. That value is somewhere between 10◦ and 15◦. When comparing themean
propulsive power coefficient and the flow fields, we see that to obtain good performance one
should reduce the LEV intensity but only up to a certain point.

This result is central to the analysis of this mechanism because it clearly states that we are
not pursuing the total elimination of the LEV, instead, we are looking for a way to exploit its
presence. This means that understanding the LEV dynamics (its position, intensity, and resi-
dence time on the airfoil) is crucial to optimally use the NACA0012-IK30 as a thrust enhance-
mentmechanism. Nonetheless, when the leading edge is pitching at itsmaximumamplitude,
where no LEV is seen, the airfoil can still provide better performance than the plunging-only
leading edge.

The same is seen for k = 4.0, although at Aβ = 20.0◦ there is still a clear leading-edge vortex.
This denounces that the leading-edge pitching amplitude is not able to greatly reduce the
LEV size, the reason why CPP is still increasing at such an angle of attack.

The same effects are seen for the highest nondimensional amplitude (h = 0.50), although
in a more intense way, as one sees by the LEV sizes shown in Figure 8.37. Even though the
nondimensional velocities are kept the same, meaning that the effective angle of attack is the
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same, higher nondimensional amplitudes enlarge the flow-separated zones.

However, even with all these differences, we can conclude that if there is no leading-edge
vortex present, there is no real improvement concerning the thrust performance, making
the NACA0012-IK30 mechanism an LEV exploiting mechanism. Keeping in mind that the
leading-edge vortex will eventually pass the maximum thickness position, one should strive
to find the LEV intensity that enhances thrust, while at the same time, minimizing its influ-
ence when the LEV is at the ψ part, which the proposed geometry showed it can do.

Aβ = 0.00◦ k = 1 Aβ = 0.00◦ k = 2 Aβ = 0.00◦ k = 4

Aβ = 5.00◦ k = 1 Aβ = 5.00◦ k = 2 Aβ = 5.00◦ k = 4

Aβ = 10.0◦ k = 1 Aβ = 10.0◦ k = 2 Aβ = 10.0◦ k = 4

Aβ = 15.0◦ k = 1 Aβ = 15.0◦ k = 2 Aβ = 15.0◦ k = 4

Aβ = 20.0◦ k = 1 Aβ = 20.0◦ k = 2 Aβ = 20.0◦ k = 4

Figure 8.36: Total pressure contour at h = 0.25 at t/T = 1.00.

8.5 Instantaneous Coefficients

While the propulsive parameters and flow fields are important to understanding the overall
performance of flapping airfoils, they fail to explain themost fundamental reasons that justify
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Aβ = 0.00◦ k = 0.5 Aβ = 0.00◦ k = 1.0 Aβ = 0.00◦ k = 2.0

Aβ = 5.00◦ k = 0.5 Aβ = 5.00◦ k = 1.0 Aβ = 5.00◦ k = 2.0

Aβ = 10.0◦ k = 0.5 Aβ = 10.0◦ k = 1.0 Aβ = 10.0◦ k = 2.0

Aβ = 15.0◦ k = 0.5 Aβ = 15.0◦ k = 1.0 Aβ = 15.0◦ k = 2.0

Aβ = 20.0◦ k = 0.5 Aβ = 20.0◦ k = 1.0 Aβ = 20.0◦ k = 2.0

Figure 8.37: Total pressure contour at h = 0.50 at t/T = 1.00.

the changes seen in the propulsive indicators. Thus, this section aims to offer a deeper un-
derstanding of the results presented before by analyzing the propulsive power and required
power coefficients as a function of time. For a brief comparison, CFD results are contrasted
against the ones obtained with the unsteady panel method presented in Chapter 6. This
approach identifies the influence of the NACA0012-IK30 mechanism, more specifically the
time frames that impact the mean coefficients. The following graphs are focused only on the
conditions that show good propulsive characteristics and a clear dependence on the leading-
edge pitching amplitude, kh = 0.50 and 1.00.

In Figure 8.38, the propulsive power is shown as a function of t/T for a nondimensional
velocity of 0.50. To simplify the analysis, only three leading-edge pitching amplitudes are
presented. Deflecting the leading edge improves the propulsive power for the vastmajority of
the oscillating period, with the greatest improvements seenwhen the airfoil has itsmaximum
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effective angle of attack (t/T = 0.25 and t/T = 0.75). However, results also show that the
continuous increase of Aβ may not be beneficial, where the pitching amplitude can lead to
the degradation of the propulsive power, as observed in t/T = 0.50.

Aβ = 0◦ Aβ = 10◦ Aβ = 20◦
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Figure 8.38: CPP as a function of t/T with kh = 0.50 for h = 0.25 (left) and h = 0.50 (right). CFD and UPM
results in black and blue, respectively.

When looking at the UPM results, it is clear that there is an overestimation of the thrust
production, mainly due to the lack of separated flow, as seen ahead. Furthermore, deflecting
the leading edge will lead to a slight thrust decrease that is caused by the reduction of the
suction located at the frontal part of the airfoil, also shown afterward.

At the highest nondimensional velocity, shown in Figure 8.39, propulsive power is highly
favored by the leading-edge pitching amplitude. Once again, bigger improvements are seen
when the airfoil is at its maximum plunging velocity. This coincides with the instant where
the leading edge has its maximum angle of attack, enlarging the frontal area of the airfoil,
which leads to an increase in thrust. This will be presented ahead using the pressure distri-
bution around the airfoil. For the range studied, higher pitching amplitudes lead to higher
propulsive power, although a pitching ceiling similar to the kh = 0.50 case is expected since
excessive deflection presents no real benefit.
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Figure 8.39: CPP as a function of t/T with kh = 1.00 for h = 0.25 (left) and h = 0.50 (right). CFD and UPM
results in black and blue, respectively.

This ceiling was solely not observed due to the relative importance between the plunging and
pitching terms in the effective angle of attack. The reduction in αeff that the leading edge can
provide is limited to 6◦ when the pitching amplitude is set at 20◦. This means that increasing
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the kh reinforces the dominance of plunging over pitching. In fact, if we consider the ratio

arctan(kh)

arctan
(

cβ sinAβ
cβ cosAβ + cψ

) , (8.3)

it shows that the contribution of plunging to the effective angle of attack goes from 4.5 to
7.5 times the pitching contribution when the nondimensional velocity increases from 0.50 to
1.00. This is why we need higher pitching amplitudes at higher nondimensional velocities to
achieve better propulsive power, as we saw in Figure 8.33.

In this condition, it is interesting to see how deflecting the leading edge pushes the CFD
results closer to the inviscid solution. This may be because deflecting the leading edge in real
flow can lead to the minimization of the flow separation, which is a regime where potential
flow truly stands out. Additionally, it isworthmentioning that during the accelerating phases,
0.00 − 0.25 and 0.50 − 0.75, the panel method provides a good approximation, which may
denounce that this is a time window where none or negligible separation is present.

Concerning the required power, it was seen that its mean value decreases with the leading-
edge pitching, although showing an overall small dependence on it, excepting some cases at
the lowest nondimensional amplitude. This is reinforced in Figure 8.40, which shows that
the deflection of the leading edge causes indeed a reduction of power consumption during
the acceleration phases of the period.
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Figure 8.40: CPR as a function of t/T with kh = 0.50 for h = 0.25 (left) and h = 0.50 (right). CFD and UPM
results in black and blue, respectively.

Contrarily to the propulsive power, the panel code provides a very good prediction of the
consumed power for the two amplitudes. Additionally, as in the CFD computations, deflect-
ing the leading edge provides a slight reduction in the required power, due to lowering the
effective angle of attack that consequently reduces lift.

In Figure 8.41, the power consumption for the highest nondimensional velocity is shown.
Overall, the required power coefficient is similar to the previous case, having its biggest re-
duction at t/T = 0.25 and t/T = 0.75, where compared to the baseline case, the airfoil expe-
riences a smaller effective angle of attack. Although this is also verified for h = 0.50, for the
rest of the period, the leading-edge deflection slightly increases power consumption, counter-
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acting those gains. This is why some of the cases analyzed in the mean power consumption
are almost independent of the pitching amplitude.
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Figure 8.41: CPR as a function of t/T with kh = 1.00 for h = 0.25 (left) and h = 0.50 (right). CFD and UPM
results in black and blue, respectively.

Once again, the panel code provides an adequate approximation, being a very interesting
result since this is a condition where severe flow separation is present, and still, the potential
flow approach can predict quite accurately the lifting forces, and thus consumed power.

To better understand the impact of the dynamically activated leading edge, some snapshots of
the numerical flow field are presented, together with the airfoil pressure distribution. Also, a
brief comparison is made between the CFD results and the pressure distribution obtained by
the unsteady panel method. The flow fields are shown only for h = 0.50 at t/T = 0.75, where
satisfactory propulsive improvements were seen for kh = 0.50 and 1.00. Flow visualization
data is also provided for additional comparisons.

In Figure 8.42, the condition h = 0.50 and kh = 0.50 is presented. The influence of the mov-
able leading edge on the flow field is clear, especially regarding the dynamics of the leading-
edge vortex and the pressure distribution around the airfoil. By increasing the leading-edge
pitching amplitude, the suction peak located at the front decreases. Not only that, a low-
pressure zone located beyond the maximum thickness position grows in intensity. For Aβ =

20◦, its intensity approaches the suction level present at the leading edge, but interestingly,
it does not reduce propulsion as seen in Figure 8.38 (right). This can only be justified by the
enlarged frontal area provided by the leading-edge deflection, which increases the horizontal
component of the aerodynamic force (resultant force) of the airfoil.

Regarding the panel method results, as expected, it presents an extremely high suction peak
at the leading edge, which cannot be sustained in real flow, confirmed by the presence of
a leading-edge vortex in the numerical flow field. Additionally, it is also seen that a low-
pressure zone is present at the back part, where CFD shows a bump in the pressure coef-
ficient. Interestingly enough, the panel code also has this Cp prominence, although for a
much different reason. Due to the leading-edge deflection, the whole airfoil presents a dy-
namic curvature close to the pivot point (0.3c). With this curvature, a low-pressure zone is
needed around the pivot to guarantee that the air remains attached to the surface. This is
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the reason why the UPM presents this Cp bump and not because of highly nonlinear effects
such as vortex shedding. Also worth mentioning is the fact that, as the leading-edge pitch-
ing amplitude increases, the UPM starts offering a better aerodynamic representation of the
pressure distribution, especially at the frontal part. This may be attributed to the absence of
extreme flow separation.
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Figure 8.42: Flow fields with h = 0.50 and kh = 0.50 at t/T = 0.75. CFD and UPM results in black and blue,
respectively.

In Figure 8.43, the same plunging amplitude is consideredwhile the nondimensional velocity
is increased to 1.00. Results are similar to kh = 0.50 but effects are magnified, as expected by
the higher effective angle of attack imposed by the larger nondimensional velocity. However,
contrary to the previous case, the suction peak is not greatly influenced by the leading-edge
deflection, reinforcing the fact that propulsive augmentationmainly comes from the increase
in the frontal area created by the pitching of the frontal part. Unlike the previous case, the
leading-edge pitching amplitudes considered could not mitigate LEV formation. For that,
a higher Aβ needs to be considered. Moreover, the small influence that the leading-edge
pitching amplitude has on the pressure distribution shows once again that the plunging com-
ponent dominates the effective angle of attack.

Concerning the UPM results, similar effects are observed. Results show the same limitations
that arise from a potential flow approach, but some regions of the airfoil, for instance, the
lower surface, are well represented by its solution.

The presence of the leading-edge vortex is justified by a strong adverse pressure gradient
located right at the leading edge, which is seen in the pressure distribution graphs close to
x/c = 0.00, where there is a rapid increase in pressure. This pressure gradient at the leading
edge can be greatly alleviated using the leading-edge deflection, as verified in Figure 8.42
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Figure 8.43: Flow fields with h = 0.50 and kh = 1.00 at t/T = 0.75. CFD and UPM results in black and blue,
respectively.

when Aβ = 20◦. However, it comes at the expense of enlarging the suction at the back part
of the airfoil. Meanwhile, the vortex size is not controlled by the existing pressure gradient,
instead, it is governed by the angular deviation between the shear layer that appears following
separation and the leading-edge chord direction, as illustrated in Figure 8.44

(LEV region) (LEV region)

Figure 8.44: The growing mechanism of the leading-edge vortex. The shear layer is illustrated as the dashed
line.

Figure 8.45 summarizes the influence of the pitching amplitude in the leading-edge vortex
size and its intensity at the highest nondimensional amplitude and velocity. Here, the frames
are taken at the end of the oscillation period (t/T = 1.00) when the LEV is fully developed,
presenting a cumulative representation of what occurred during the full period.

Although the size of the leading-edge vortex is reduced considerably, up to 50%asmentioned
before, its intensity stays fairly unchanged, judging by similar pressure distributions. This
was also observed during the descending phase, shown in Figure 8.43. However, it is worth
mentioning that this is a plunging-dominated condition where the suction remains some-
what unaffected until a critical pitching amplitude is reached, from there on, the suction
starts shrinking, as seen in Figure 8.42. Once again, the panel method adequately produces
good results for the regions where the flow stays attached.
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Figure 8.45: Flow fields with h = 0.50 and kh = 1.00 at t/T = 1.00. CFD and UPM results in black and blue,
respectively.

Based on what was shown in this section, we must now present a summary of the results and
draw the main conclusions of the proposed leading-edge mechanism at a Reynolds number
of 1 × 104. In general, as we have seen with the mean propulsive coefficients, the dynamic
leading edge offers good improvements mainly by exploiting the LEV presence. However, in
some particular cases, theNACA0012-IK30mechanism creates unsatisfactory results, where
additional flow separation can increase drag and/or lift production.

However, when it comes to explaining thrust improvements, basing it only on the commonly
used concept of mitigation of flow separation is not only simplistic but incorrect. The pro-
posed mechanism shows that instead of mitigating flow separation, we should find ways to
exploit the leading-edge vortex.

Hence, the main advantage of the NACA0012-IK30 airfoil comes from considering that the
lower pressure linked to the flow separation zone may be used as a thrust-enhancing mech-
anism. By deflecting the leading edge, one can increase the frontal area of the airfoil, and
when a low-pressure zone appears at the leading edge, increases the thrust force. However,
as seen in the cases with lower reduced frequencies where flow separation is less intense, the
mechanism is not adequate since the deflection of the leading edge at such conditions creates
two main problems: it reduces the pressure differential at the leading edge, which is respon-
sible for thrust enhancement, and increases flow separation beyond the maximum thickness
position which may lead to higher drag.

Since the NACA0012-IK30 mechanism was demonstrated to be a good way to improve the
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propulsive capabilities of oscillating airfoils, a question thatmay arise is how its performance
can be compared to conventional flapping, where thewhole airfoil is pitching andnot only the
leading edge. The following section will focus on that comparison by understanding whether
or not the leading edge has the primary role when it comes to thrust improvements.

8.6 NACA0012-IK30 Vs Conventional Flapping

Comparing the NACA0012-IK30 mechanism with conventional flapping requires setting a
base of conditions and understanding the limitations to make this a valid comparison. An
obvious difference is the fact that conventional flapping airfoils do not present a dynamic
curvature, as the NACA0012-IK30 does, which will undoubtedly change how the flow passes
over the airfoil. But we will leave out the geometrical differences and will only compare the
two situations in terms of kinematics.

So to make a valid comparison, the effective angle of attack of both configurations must be
the same. As the plunging parameters are kept equal for the two configurations, to achieve
the same effective angle of attack, what we need to do in practice is match the angle of attack
waveform. The geometrical solution for such a problem at a given instant is shown in Figure
8.46.

y

x

Figure 8.46: NACA0012-IK30 airfoil Vs Conventional Flapping.

In conventional flapping, as with the NACA0012-IK30, pitching is obtained by following a
sinusoidal wave generally expressed as

Aα sin(2πft). (8.4)

As these two flapping modes have different expressions for their angle of attack, then the
question becomes: what is the value ofAα that approximatesα(t) for the two configurations?
It turns out that Aα can take the maximum angle of attack value of the NACA0012-IK30 for
a given Aβ . Hence Aα may be calculated as

Aα = arctan
(

cβ sinAβ
cβ cosAβ + cψ

)
, (8.5)
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making the approximation

Aα sin(2πft) ≈ arctan
(

cβ sin(Aβ sin(2πft))
cβ cos(Aβ sin(2πft)) + cψ

)
, (8.6)

valid as seen in Figure 8.47, where the left-hand side and right-hand side of equation (8.6)
are plotted for a leading-edge pitching amplitude of 20◦.
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Figure 8.47: Effective angle of attack of NACA0012-IK30 airfoil Vs Conventional Flapping.

Based on this framework, we now compare the two flapping modes for the conditions shown
in the previous sections. The comparison is made simple by only considering the mean
propulsive coefficients and propulsive efficiency since comparing the instantaneous coeffi-
cients would create lots of graphs with unwanted complexity. Furthermore, the mean co-
efficients offer central knowledge when studying the propulsive performance of oscillating
airfoils.

Unlike previous sections, the two nondimensional amplitudes are shown side by side. In-
stead of using the reduced frequency, we now use the kh (the nondimensional velocity) to
facilitate the comparison. In Figure 8.48, the mean propulsive power coefficient is shown
as a function of the airfoil pitching amplitude with (P) and (C) representing the proposed
geometry and conventional flapping, respectively.

Overall, without focusing on the nondimensional amplitude, the NACA0012-IK30 airfoil of-
fers more propulsive power when compared to conventional flapping except at lower nondi-
mensional velocities. However, in these low oscillating conditions, the improvements of con-
ventional flapping are negligible. Furthermore, higher increases are seen for the highest am-
plitude.

The main difference between the two ways of flapping occurs at k = 0.50 where after reach-
ing its maximum, CPP starts decreasing, while conventional flapping is still increasing. This
is not observed at k = 1.00, suggesting that the range of pitching amplitudes where the
NACA0012-IK30 airfoil offers greater performance over conventional flapping depends on
the pitching amplitude and the k − h combination.

When it comes to power consumption, shown in Figure 8.49, conventional flapping con-
sumes less power, except when kh = 1.00 at the lowest nondimensional amplitude. This
condition may appear counterintuitive as the leading edge and back parts individually have
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Figure 8.48: Mean propulsive power coefficient for h = 0.25 (left) and h = 0.50 (right).

a lower effective angle of attack, which in general, should reduce power consumption.
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Figure 8.49: Mean required power coefficient for h = 0.25 (left) and h = 0.50 (right).

Propulsive efficiency follows a different behavior when compared to the other propulsive
indicators (propulsive and required power), as shown in Figure 8.50. With kh = 0.25, con-
ventional flapping is superior as it can provide better thrust production at a lower power
demand, although at the lowest amplitude, it shows a dip close to Aα = 4.5◦. With h = 0.50

we see two branches where one increases continually and the other, the NACA0012-IK30,
has its efficiency quickly degraded.

Results seen at kh = 0.50 become different as the NACA0012-IK30 airfoil now offers better
propulsive efficiency for the range studied, although the trends observed indicate that con-
ventional flapping will surpass the IK30 after 6◦. With kh = 1.00, the proposed airfoil has
better propulsive efficiency with no clear sign of performance degradation in the vicinity of
Aα = 6◦.

This analysis aimed to answer the question raised in the previous section ofwhether or not the
proposed mechanism could offer improved propulsive performance. This was an important
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Figure 8.50: Propulsive efficiency for h = 0.25 (left) and h = 0.50 (right).

question since there is interest in comparing it with conventional flapping, which is the norm
in the majority of research.

In short, both theNACA0012-IK30 and conventional flapping have advantages anddisadvan-
tages that are highly dependent on the prescribed kinematics. Overall, at the lower nondi-
mensional velocity tested, conventional flapping is preferable while at the highest, the pro-
posed geometry works best. At the intermediate nondimensional velocity (kh = 0.50), the
NACA0012-IK30 airfoil offers superior propulsive performance, but results indicate that for
higher pitching amplitudes (higher than 6◦), it will not be desirable when compared to con-
ventional flapping.

By comparing the two flapping modes in terms of kinematics, we are indirectly studying the
influence of an underlying curvature variable, which is key to understanding the results pre-
sented. The vast majority of published work is focused on symmetrical airfoils, and the ones
that consider camber do not study itper se. As seen in this analysis, it is an important parame-
ter to be considered, especially when it varies over time. Nonetheless, the proposed geometry
is simply a particular and non-optimized solution to change the airfoil camber, which on one
hand can offer superior performance but at the same time, can quickly degrade it.

One could argue that the range studied in this section is rather small as the pitching am-
plitude of the airfoils is kept under 10◦. As observed, data shows that the NACA0012-IK30
airfoil, for some conditions, is an excellent alternative to conventional flapping, but its over-
all performance in higher angles of attack is not captured. This is the purpose of the next
section, where a wider study is presented.

8.7 Optimal Study of the NACA0012-IK30 Airfoil

In this section, we will extend the comparison initiated in the previous study, and extend it
to higher angles of attack. However, the comparison will not be conducted parametrically
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but optimally, using the methodology defined in chapter 7.

TheReynolds number is kept at 1.0×104, but only the highest nondimensional amplitude, h =

0.5, is tested. An additional reduced frequency (k = 1.5) is added to this study. Moreover, as
stated in the optimizationmethodology, the change in the leading-edge pitching amplitude is
limited to 1◦ after each iteration. This limiter reduces existing transients between consecutive
periods, which allows for a Aα adjustment after each period.

8.7.1 Optimization of CPP

The first part of the optimization process is focused on maximizing the propulsive power,
meaning that φ = 1 in equation (7.2). Moreover, for the specific case of the proposed flap-
ping, where the IK30 mechanism is considered, it is important to mention that we use the
leading-edge pitching amplitude and not the global airfoil pitching amplitude, as in standard
flapping.

In Figure 8.51, the mean propulsive power is shown as a function of the airfoil pitching am-
plitude, with each data point representing an iteration step. Additionally, a parametric study
(P) for the highest nondimensional velocity, where higher transients are expected, shows that
the limiter mentioned above works appropriately.
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kh = 1.00 (S)
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Figure 8.51: CPP as a function of Aα during the optimization of the propulsive power (φ = 1.0). Standard
flapping is represented by (S).

The mean propulsive power increases with the nondimensional velocity regardless of the
flapping mode. Moreover, for each kh, there is a pitching amplitude that maximizes thrust.
These are global maximums since null or excessive deflection holds no real benefit. At the
lowest nondimensional velocity, kh = 0.25, both flapping methodologies offer no significant
advantage. As verified in the parametric study, this is a slow flapping condition causing the
airfoil to be very close to the drag-producing regime. However, for kh greater than 0.5, the
pitching amplitude influences the mean propulsive power. Results show that by only de-
flecting the leading edge, much higher propulsive power is achieved compared to standard
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flapping, considering the same angle of attack. Comparing peak performance, the proposed
mechanism can offer an increase of up to 38%at amuch lower pitching amplitude. Moreover,
as kh increases, the Aβ that maximizes the propulsive power also increases for both ways of
flapping, though this growth is thought to be asymptotic.

To understand the thrust enhancement mechanism for the two flapping modes, we provide
some snapshots of the total pressure field plus the pressure coefficient of the airfoil surface.
The total pressure is only used as a qualitative parameter to identify flow-separated regions.
In Figure 8.52, the CPP optimization process is shown for kh = 1.00 at two instants, t/T =

0.75 and t/T = 1.00. Other kh conditions are similar, although effects are scaled down.

Analyzing the images of both flapping configurations, although having broadly different ge-
ometries, they present the same flow patterns. At the beginning of the optimization process
(0.00% of maxF ), the flow separates right at the leading edge during the descent, creating
a massive separated region at the end of the period. As the optimization process progresses,
we observe that the LEV has its size reduced, although not being completely cleared. This
indicates that the maximization of the propulsive power is accomplished together with the
presence of the LEV. One could expect such a result since the LEV is a low-pressure region
that effectively works as a suction force in the β part. An additional result that differentiates
the two modes is that the proposed flapping creates an additional vortex at the ψ part, close
to the pivot point, which is enlarged as the leading-edge pitching amplitude increases. As will
be seen ahead, this vortex will be the main reason why the required power increases when
compared to standard flapping.

In Figure 8.53, five snapshots of the descending phase (the ascending phase is similar but
symmetrical) are shown at maximum CPP . The pressure coefficient at the airfoil surface is
also provided for both standard and proposed flapping. As seen in Figure 8.52, the maxi-
mization of the propulsive power requires the presence of a LEV, which being a low-pressure
zone, acts as a thrust booster for both flapping modes. As the airfoil accelerates downwards
(t/T = 0.625), a suction zone appears on the frontal part of the upper surface, which has a
peak right at the leading edge. Following this peak is an adverse pressure gradient that is the
cause of the flow separation and subsequent LEV formation.

Furthermore, for the proposed flapping, we see an additional adverse pressure gradient ap-
pearing at the pivot point due to the dynamic curvature of theNACA0012-IK30, which results
in flow separating at two different places, as captured at t/T = 0.75. Looking atCp, although
the suction zone at the β part is similar for both flapping modes, the ψ part of the proposed
flapping presents an additional suction zone that majorly contributes to lift, leading to an
increase in consumed power. As the airfoil continues its descent, these low-pressure zones
are diluted until reaching the bottom position, where the pressure distribution is virtually
the same for both flapping configurations.

In addition to the pressure distribution, we also present the propulsive coefficients over time
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NACA0012-IK30 Standard Flapping

Aα = 0.00◦ (0.00%) Aα = 0.00◦ (0.00%)

Aα = 2.00◦ (≈ 25.0%) Aα = 4.00◦ (≈ 25.0%)

Aα = 4.00◦ (≈ 50.0%) Aα = 9.00◦ (≈ 50.0%)

Aα = 7.00◦ (≈ 75.0%) Aα = 13.0◦ (≈ 75.0%)

Aα ≈ 8.80◦ (100%) Aα ≈ 17.6◦ (100%)

t/T = 0.75 t/T = 1.00 t/T = 0.75 t/T = 1.00

Figure 8.52: Optimization progress with φ = 1.0.

to comprehend why the proposed flapping offers more thrust and the contributions of each
airfoil part in these coefficients. In Figure 8.54, theCPP decomposition is provided, wherewe
see that the leading edge is the main contributor, with the proposed geometry providing an
approximate 50% increase compared to standard flapping while at peak performance. The
ψ part is similar to conventional flapping, offering a slight improvement.

It is worth stopping here and questioning how the proposed flapping methodology outper-
forms conventional flapping regarding thrust production. The root cause of such improve-
ments is uncovered by revisiting the distribution of the pressure coefficient and by looking at
the overall frontal area of the airfoil during the oscillation cycle (Figure 8.53). As one can see,
while both flapping modes have similar pressure coefficient distributions, the frontal part in
the proposed flapping has a larger deflection than in the standard configuration. This larger
deflection combinedwith the suction peak located at the leading edge, increases the resultant
force in the streamwise direction, in this case thrust. This is how conventional flapping can
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Figure 8.53: Pressure distribution for the two flapping modes at maximum propulsive power.
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Figure 8.54: Propulsive power coefficient decomposition when φ = 1.0.

be surpassed by the IK30 mechanism.

Contrary to CPP , the consumed power by the β part of the airfoil for both flapping configura-
tions is nearly the same as observed in Figure 8.55. However, when looking at the ψ part, it
is clear that standard flapping consumes considerably less power, mainly because it does not
have that vortex seen in the proposed configuration that is responsible for a higher lift and
thus, more required power.
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Figure 8.55: Required power coefficient decomposition when φ = 1.0.

This is why the two flapping modes present very different power requirements at maximum
propulsive power. In Figure 8.56, the mean propulsive power coefficient is shown as a func-
tion of the mean required power coefficient.

The IK30 mechanism, while providing more thrust, consumes more power than standard
flapping. Considering kh = 1.00, when at peak propulsive power, the proposed geometry
requires up to 36% more power than the conventional way of flapping. At lower nondimen-
sional velocities, it goes down to 27% if we neglect the smallest kh.

Beforemoving to the optimization of propulsive efficiency, it is vital to remember that we are
maximizing the propulsive power while maintaining the phase angle constant at 90◦. By do-
ing this, we are looking exclusively at the influence of the pitching amplitude, by restricting
the known influence that the phase angle has on thrust production. The impact of the lat-
ter is a crucial matter for future research. However, this limitation does not interfere when
we are looking for the optimization of the propulsive efficiency, which is known to reach its
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Figure 8.56: CPP as a function of CPR during the optimization of the propulsive power (φ = 1.0). Standard
flapping is represented by (S).

maximum when the phase angle is 90◦.

8.7.2 Optimization of η

The optimization methodology is extended to the propulsive efficiency (φ = 0.0) in Figure
8.57. Higher efficiency is achieved by standard flapping mainly due to the lower power de-
mand it requires. At kh = 0.25, efficiency is pretty low for both flapping modes, mainly due
to the insignificant propulsive power generated. For other nondimensional velocities, the
pitching component offers noticeable enhancements, with conventional flapping achieving
propulsive efficiencies close to 60%. Maximumefficiency is achieved for kh = 0.75 regardless
of flappingmethodology, showing that, unlike propulsive power, efficiency does not increase
continuously with kh.
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Figure 8.57: η as a function of Aα during the optimization of the propulsive efficiency (φ = 0.0). Standard
flapping is represented by (S).

While standard flapping offers better efficiency, the IK30mechanism offers a unique feature.
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The pitching amplitude that maximizes the mean propulsive power also offers near-optimal
propulsive efficiency, making this a central outcome of the present study. The justification
for such a feature is the fact that the power consumed by proposed flapping does not vary as
much as standard flapping when the leading edge pitching amplitude changes. This means
that if CPR is kept fairly constant, when we maximize for CPP we will also be finding an effi-
ciencymaximum, as one can see by the propulsive efficiency definition. This is not achievable
with conventional flapping airfoils. On the one hand, plunging airfoils present good thrust
production, but propulsive efficiency typically takes a hit, while on the other hand, flapping,
where plunging and pitching are combined, offers better efficiency at the expense of lower
thrust [77].

Figure 8.61 shows the efficiency as a function of the mean propulsive power. In standard
flapping, the airfoil passes through maximum thrust generation, sacrificing it to reach op-
timal efficiency, as one can see by the curved paths created during optimization. In con-
trast, the proposed airfoil reaches optimal propulsive efficiency following a linear path in
the CPP direction. Moreover, when we look at the same propulsive efficiency envelope, the
IK30 mechanism offers much-improved thrust performance, rendering standard flapping
for these regimes impractical.
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Figure 8.58: η as a function of CPP during the optimization of the propulsive efficiency (φ = 0.0). Standard
flapping is represented by (S).

To supplement these graphs, Figure 8.59 shows the total pressure contour during the opti-
mization progress of η, similar to what was presented for the mean propulsive power. An
overall look at the snapshots leads to the primary conclusion that optimizing propulsive ef-
ficiency requires the nearly complete removal of the leading-edge vortex, regardless of flap-
ping mode. This is verified halfway down (t/T = 0.50), where the LEV becomes smaller and
smaller until its formation is minimal. Still, there is a suction zone that then separates and
creates a slight separation region beyond the pivot point (t/T = 1.00).

In Figure 8.60, a closer view of the descent phase is given together with the pressure coeffi-
cient distribution for the two flappingmodes. In the first half of the descent (t/T = 0.625), the
flow on the upperside remains attached with the proposed flapping having two clear suction
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Aα = 0.00◦ (0.00%) Aα = 0.00◦ (0.00%)

Aα = 2.40◦ (≈ 25.0%) Aα = 6.93◦ (≈ 25.0%)
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Aα ≈ 9.60◦ (100%) Aα ≈ 27.7◦ (100%)

t/T = 0.75 t/T = 1.00 t/T = 0.75 t/T = 1.00

Figure 8.59: Optimization progress with φ = 0.0.

zones. These two regions then become separated (t/T = 0.75) judging by the interruption
of the adverse pressure gradient seen at t/T = 0.625. In contrast, conventional flapping still
has the flow attached but not for long since at t/T = 0.875, its adverse pressure gradient
is also affected. The pressure distribution graphs reaffirm that the proposed geometry can
provide more thrust but consume more power.

This is corroborated by Figure 8.61, where the proposed flapping offers more propulsive
power, with the major contributor being the β part. In contrast, thrust in conventional flap-
ping is greatly influenced by the ψ part.

However, as seen before, the higher thrust comes at the cost of higher power consumption,
where the proposed flapping can require two times more energy, as shown in Figure 8.62.
Nonetheless, as we saw in Figure 8.58, although conventional flapping achieves significant
propulsive efficiencies with low power demand, it sacrifices the propulsive power to achieve
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Figure 8.60: Pressure distribution for the two flapping modes at maximum propulsive efficiency (φ = 0.0).
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Figure 8.61: Propulsive power coefficient decomposition when φ = 0.0.

it.
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Figure 8.62: Required power coefficient decomposition when φ = 0.0.

This marks the end of the studies where the proposed geometry is used as a propulsor. All
data shown here may be found at https://www.earc96.com/PhD and is openly acces-
sible, editable, and may be shared by anyone. Additional information can be found in the
database, for instance, uncertainties and other propulsive and kinematic variables, which
were not included in the current manuscript.

The next chapter will present the results where the IK30 mechanism is used to mainly miti-
gate the adverse effects of dynamic stall, at a much higher Reynolds number.
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Chapter 9

Dynamic Stall Mitigation

“Development is an endurance exercise with incremental improvements.”

Sri Mulyani Indrawati

In this chapter, wemove to a higher Reynolds number regimewhere aNACA0012-IK30wing
is used as a stall mitigation system. Unlike chapter 8, the proposed geometry is no longer
considered a propulsive device, as the allowable kinematics could not induce the required
momentum excess in the wake. The forces and moments acting on the wing are obtained for
different static and dynamic configurations. Also in the chapter are CFD results for static
conditions where the influence of the leading edge position on the overall wing performance
is analyzed.

9.1 Static Force Measurements

Forcemeasurements are conducted using a blowerwind tunnel with an open test section, at a
Reynolds number of 2.0×105. The primary reason for such a configurationwas to remove any
wall effects that could appear during oscillations. In fact, considering an angle of attack of 20◦

would result in a blockage ratio close to 14%. However, this decision leads to the inevitable
emergence of three-dimensional effects, which creates a considerable difference when com-
pared to bidimensional wind tunnel experiments. Overall, 3D effects reduce lift, increase
drag, and delay wing stall. Nonetheless, the effectiveness of the proposed mechanism is not
questionable as will be shown in force and stall visualization data.

9.1.1 Flap Configuration

Before exploring the dynamic conditions (plunging and pitching), the NACA0012-IK30wing
is tested under several static conditions using three basic configurations.

The first configuration considers a plain flap with the leading edge fixed at β = 0◦. Then, the
angle of attack of the back part, ψ, is varied between 0◦ and 30◦, as shown in Figure 9.1.

In Figure 9.2, the drag and lift coefficients of the flap configuration are plotted against the
angle of attack, as is the standard NACA0012 (Ω = 0◦). In addition, for a quick comparison,
the bidimensional lift is also shown. By deflecting just the back part, there is slightly more
drag compared to the standard configuration, however, with the plus of having more lift.
Something worth mentioning is that although the back part moves as a plain flap, it does not
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Figure 9.1: Flap configuration for steady tests.

behave as one. The deflection of a plain flap translates the lift curve upwards, which is not
seen in the present case, where only the lift slope is changed.
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Figure 9.2: Drag and lift coefficients as a function of α. The NACA0012 bidimensional lift was obtain from
[199].

Concerning the moment coefficient (Figure 9.3), the main difference is centered around the
intensity of the pitch-upmoment, which ismuch less intense when compared to the standard
configuration. The moment is measured at 30% of the chord for all tests, coinciding with the
leading edge pivot point.
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Figure 9.3: Moment coefficient (0.3c) as a function of α.

After hitting the maximum at around 15◦, the moment coefficient decreases due to the onset
of flow separation. If we reexamine the lift coefficient, that coincides with the interruption
of the linear region. Moreover, the stall phenomenon is much less abrupt when compared
to the 2D case. To better understand the relationship between the aerodynamic coefficients
and the onset of flow separation, a sequence of images is shown where a series of tufts were
attached to the wing. Images are the result of the image processing methodology explained
in section 4.3.

In Figure 9.4 the upper surface from ψ = 10◦ (α = 7.00◦) to ψ = 30◦ (α = 21.1◦) is shown. In
the following images, the horizontal black lines show the wing’s center. The results indicate
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that until α = 14.0◦, the flow remains attached with a particularity: a spanwise pressure
gradient is present and becomes stronger with the angle of attack. This is verified by the tips
of the tufts which are pushed toward the center of the wing.

When α = 15.4◦, it is clear that tufts are shuddering more than in previous conditions, mean-
ing the onset of flow separation occurred. It is also clear that the stall begins at the wing’s
center as the outer tufts still stick to the surface. From here on, the continuous increase of ψ
leads to the magnification of flow separation phenomena. Interestingly enough, when α =

21.1◦, the twomost outer strings that are closer to the trailing edge still indicate that the flow
at that region is not fully detached.

10.0◦ 12.0◦ 14.0◦ 16.0◦ 18.0◦ 20.0◦

20.0◦ 22.0◦ 24.0◦ 26.0◦ 28.0◦ 30.0◦

Figure 9.4: Stall visualization at the upper surface for the flap configuration. Values indicate the ψ angle.

9.1.2 Fixed Leading-Edge Configuration

The second configuration considers a fixed leading-edge position relative to the back part,
which means that we are intrinsically studying the effects of wing curvature. The angular
deviation between the two parts is calculated as

Ω = β − ψ, (9.1)

with the present study considering three conditions: 0◦, −10◦ and −20◦, with all configura-
tions having the leading edge pointing downwardswhen the backpart is at 0◦. The parametric
study is conducted by varying ψ from 0◦ to 30◦, as illustrated in Figure 9.5.

By looking at the aerodynamics of this configuration, it immediately resembles a leading-
edge flap, where the frontal area of the airfoil is deflected. As shown in Figure 9.6, while drag
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Figure 9.5: Fixed leading-edge configuration for steady tests.

is overall the same for all leading-edge deflections, lift goes up for the same angle of attack,
and the onset of the stall is delayed, being pushed towards higher angles of attack.
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Figure 9.6: Drag and lift coefficients as a function of α.

Regarding the moment coefficient, shown in Figure 9.7, we see that the primary effect of
the leading-edge deflection is increasing the nose-down moment intensity, as one could ex-
pect when deflecting the frontal back downwards. Also, the stall onset delay is visible on the
moment coefficient by looking at the angle of attack where CM reaches its maximum. This
maximum occurs at the angle of attack where the flow starts to separate.
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Figure 9.7: Moment coefficient as a function of α.

As shown in the flap configuration, a series of images are provided to visualize how the flow
behaves at the wing surface, adding a new level of knowledge regarding the behavior of the
aerodynamic coefficients. In Figure 9.8, when Ω = 0◦, the flow remains attached until 16◦,
which agrees with F/T data where stall occurs in the vicinity of 15◦.

With Ω = −10◦ (Figure 9.9), the onset of the stall is pushed for higher angles of attack, start-
ing somewhere between 18◦ and 20◦. However, it is important to mention that the way stall
occurs is different. In the first case, when Ω = 0◦ (conventional NACA0012), flow separa-
tion affects the whole wing surface, judging by the oscillations of both the upstream and
downstream tufts. With the frontal deflection, we observe that flow separation now starts
downstream, clearly identified when ψ = 20◦.
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10.0◦ 12.0◦ 14.0◦ 16.0◦ 18.0◦ 20.0◦

Figure 9.8: Stall visualization at the upper side considering Ω = 0◦. Values indicate ψ values.

10.0◦ 12.0◦ 14.0◦ 16.0◦ 18.0◦ 20.0◦

Figure 9.9: Stall visualization at the upper side considering Ω = −10◦. Values indicate ψ values.

The same effect is seen in Figure 9.10, where Ω = −20◦. When ψ = 22◦, the flow is already
separated at theψ part, while the tufts placed at the frontal part still do not present a consider-
ably high standard deviation. When the angle of attack is further increased, flow separation
grows, especially at the central section of the wing.

10.0◦ 12.0◦ 14.0◦ 16.0◦ 18.0◦ 20.0◦ 22.0◦ 24.0◦

Figure 9.10: Stall visualization at the upper side considering Ω = −20◦. Values indicate ψ values.

9.1.3 Variable Leading-Edge Configuration

In the third configuration chosen for the static tests, the back part is fixed, while we change
the leading-edge angle of attack. Its value is then changed from β = ψ down to 0◦, as shown
in Figure 9.11.

While in the second configuration, we were studying the curvature induced by the frontal
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β

Figure 9.11: Variable leading-edge configuration for steady tests.

deflection, in this particular configuration, we are directly observing the influence of leading-
edge deflection on the overall performance of the wing. Figure 9.12 shows the lift and drag
coefficients plotted against the leading-edge angle of attack for five different ψ. Withψ =10◦,
it is clear that the leading-edge deflection holds no real influence. Increasing ψ to 15◦ results
in a slight modification in the aerodynamic coefficients, in particular when β is reduced by
5◦. A small reduction in drag accompanied by a lift increase is observed, but after that angle
of attack, no significant changes are obtained. For ψ higher than 15◦, decreasing the leading-
edge angle of attack leads to a drag reduction until it reaches a plateau. At the same time,
lift increases with the β reduction. However, continuously lowering the leading-edge angle
of attack can lead to lift degradation, as observed by the subtle reduction at ψ = 25◦ that
becomes more evident for ψ = 30◦.
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Figure 9.12: Drag and lift coefficients as a function of β.

Regarding the moment coefficient, shown in Figure 9.13, we see that it is considerably influ-
enced by the leading-edge position. With ψ = 10◦, the deflection of the leading edge reduced
the pitch-up moment that the wing experiences, without affecting drag or lift, as seen before.
However, at 15◦ and more evidently at 20◦, decreasing the leading-edge angle of attack leads
to an increase in the pitch-up tendency until β is close to 12◦ from where the pitch-up mo-
ment starts declining. Similar trends are observed with ψ = 25◦ and 30◦ but with a visible
plateau at higher leading-edge angles of attack. This tendency, where theCM first intensifies
its nose-up moment and then has its value lowered as β decreases, is a consequence of the
reattachment of the flow.

In Figure 9.14, the ψ = 20◦ case is selected to show the influence of themovable leading edge,
although the effects of the other conditions are somewhat similar. Here, we can split the
snapshots at β = 10◦. Starting at β = 20◦, the airfoil is fully stalled, with the tufts vibrating
rapidly. By deflecting the leading edge down to 10◦, the flow starts to attach from the outer
areas of the wing to the central section and from the leading edge to the ψ part, which leads
to a reduction in drag and an increase in the lift as seen before. Furthermore, the pitch-
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Figure 9.13: Moment coefficient as a function of β.

up tendency of the wing increases, as one could expect. This trend is then inverted as β
continues its way down to 0◦, with the flow becoming fully attached. The lift continues to
increase, although very slowly, and drag stays virtually constant.

20.0◦ 18.0◦ 16.0◦ 14.0◦ 12.0◦ 10.0◦

10.0◦ 8.00◦ 6.00◦ 4.00◦ 2.00◦ 0.00◦

Figure 9.14: Stall visualization at the upper side considering the leading-edge flap configuration. Values
indicate β values.

9.2 CFD Computations

To comprehend the influence of the leading edge deflection on the aerodynamic coefficients,
a small set of cases is simulated using CFD. The main objective of such simulations is to
have direct access to the pressure distribution and understand how the pressure distribution
is altered. These simulations include two groups: the first one contains the results of the
NACA0012-IK30 airfoil used as a conventional NACA0012 airfoil meaning that α is varied
without modifying Ω, while the second one, fixes the ψ at 15◦ and changes Ω.

The first configuration has the purpose of analyzing the pressure distribution but also val-
idating the numerical setup by comparing it with the experimental data. Simulations are
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conducted only up to 15◦ where no extreme flow separation is detected. This decision was
made to keep the methodology framework fairly simple so we would not need to extend the
computations to a transient formulation. Furthermore, we will only be looking at steady
conditions due to restricted computational power.

Beforemoving to the results, we first conduct some early testing regarding the computational
mesh and setup. A brief mesh sensitivity study, illustrated in Figure 9.15, is done at Re =

2× 105 and at the maximum angle of attack, α = 15◦, to assure that the results would be grid
independent. These graphs contain the pressure distribution at the wing center section and
were obtained using the interpolation feature available within Tecplot software. The three
meshes used for the sensitivity study were created based on an element size factor of 3

√
2,

with the mesh used for final simulations (Basic) having approximately 5 million elements.
Moreover, due to the SST k − ω turbulence model, all meshes were designed to keep the
y+ parameter ideally close to 1, although values up to 5 were admissible. This was achieved
with preliminary computations to determine the correct element size that would respect the
model imposition.

0.2 0.4 0.6 0.8 1.0

−3.0

−2.0

−1.0

1.0

x/c

Cp Coarse
Basic
Fine

Figure 9.15: Mesh sensitivity study. Pressure coefficient at the wing center section.

Although a slight discrepancy close to the pivot point may be observed, the overall pressure
distribution is fairly the same for all meshes considered. Further analysis of the pressure
coefficient will be made below, using the pressure coefficient contour over the wing surface.
Before that, further validation tests are conducted by comparing the aerodynamic coefficients
obtained by CFD and experiments to ensure that the numerical formulation offers a good
enough approximation of the experimental setup.

Starting with Figure 9.16, we have the drag (left) and lift (right) coefficients as a function of α.
In these graphs, computational results are plotted against experimental data. For the range
selected for CFD computations, we observe a good agreement between the two coefficients
and data sets. However, one can see a disparity that starts at around 12.5◦ and indicates an
overestimation of lift, which often occurs where conventional turbulence modeling is late to
estimate the onset of stall [200]. However, these differences can go further than turbulence
modeling since many flow parameters were not available, and geometrical aspects, such as
the servo motor hub in the experimental tests, were not considered in the CFD model.
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Figure 9.16: Drag and lift coefficients as a function of α.

An additional comparison is made using the pitching moment, as presented in Figure 9.17.
This is an important parameter that conveys force information together with where it is ap-
plied. Although indirectly, this coefficient provides insightful information regarding the loca-
tion of the suction peak region. Once again, CFD computations overall agree with experimen-
tal data, although overestimating the peak pitching moment due to the delay in predicting
the onset of stall.
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Figure 9.17: Moment coefficient as a function of α.

Let us now look at theCFD results. We startwith theNACA0012 configuration, here shown in
Figure 9.18, where the angle of attack is variedwhile keepingΩ =0◦, meaning that there is no
leading edge deflection relative to theψ part. In the following figures, the pressure coefficient
contour is shown on the suction side (left column) and pressure side (right column) of the
wing.

Starting with the first row, where α = 0◦ is presented, no differences are seen between the
two sides, as expected. The stagnation region is located right at the leading edge, with the
peak suction forming on the β part.

When increasing the angle of attack to 5◦, the pressure differential becomes visible, from
which three main effects should be analyzed. The first point is recognizing that there is a
pressure gradient not only in the flow-wise direction but also in the wing span direction,
where

∂Cp
∂z

< 0, (9.2)

going from the wing center section to its tips. This is a consequence of the experimental rig
three three-dimensionality, which cannot prevent pressure from leaking towards the wing
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tips, as in a 2D approach. Three dimensionality also leads to totally different stall character-
istics, since the whole wing will not enter the stall at the same time, as confirmed by the stall
visualization tests. This is obvious when looking at the contour plots (figures 9.18 and 9.19),
as the wing center section will experience the intensest adverse pressure gradient and thus
reach maxCL first.

The second point to be noted is the fact that the suction peak becomes more intense and
moves upstream towards the leading edge. As commonly known, this provides a lift increase
with an increase in the nose-up pitching moment, a trend that stops as soon as the airfoil
enters the stall region.

The final aspect to be analyzed, which is specific to the wing under study, is the pressure
discontinuity seen where the wing was divided. This effect was also visible in Figure 9.15
at around x/c = 0.30 where we observe that at the suction side, a small adverse pressure
gradient is formed while at the pressure side, a favorable pressure gradient appears. These
two effects combined will inevitably contribute to a small drag increase, although being an
acceptable trade-off for the simpler design.

For theα =10◦ and 15◦, the results show similar effects, with the suctionpeakbecomingmore
intense and moving even further upstream. Although not simulated, going further than 15◦

will lead to the suction region burst, creating complex shear layer structures between the at-
tached flow at the extremities and the stalled region at the center, as verified experimentally.

The other configuration simulated was the fixed ψ, at 15◦, with variable β. In Figure 9.19, the
contour plots are shown for β = 15◦, 12.5◦, 10◦ and 7.5◦.

Results start at ψ = 15◦ with Ω = 0◦, condition shown on the first row. The suction peak is
located right at the leading edge, with the pressure discontinuity being visible on both sides of
the wing, as discussed before. When lowering the leading edge to β = 12.5◦, two important
effects appear. The first one to be noted is the reduction of the maximum −Cp intensity,
which is justified by a lower leading edge angle of attack. The other difference relative to the
first row is the appearance of a stronger secondary suction region formed right at the start
of the ψ part. This is the result of the curvature induced by the β change where the pressure
becomes smaller.

These effects become even more visible when β = 10◦ and 7.5◦ with the upstream suction
region donating its intensity to the one close to x/c = 0.30. Regarding the pressure side of
the airfoil, it remains fairly constant for all conditions. This pressure migration is responsi-
ble for the reduction of nose-up moment observed in force data while keeping the lift force
fairly constant (revisit Figures 9.6 and 9.7). It is important to remember that these were only
verified for experiments where the flow is fully attached.

These effects will be crucial for interpreting the dynamic tests presented in the following
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CpSuction side (↑) Pressure side (↓)

CpSuction side (↑) Pressure side (↓)

CpSuction side (↑) Pressure side (↓)

Figure 9.18: NACA0012-IK30 airfoil Re = 2× 105.

sections, in particular, the lift and pitching moment variations.

9.3 Optimization of the NACA0012-IK30Wing

Yet, before moving to the dynamic cases, the NACA0012-IK30 wing is coupled with the opti-
mizationmethodology described in Chapter 7 to truly reveal the efficacy of amovable leading
edge.

The optimization consists of studying the NACA0012-IK30 wing at a Reynolds number of
Re = 3.0 × 105 with five different ψ, 10◦, 15◦, 20◦, 25◦ and 30◦. Based on the objective func-
tion, O, the real-time optimization will look into the minimization of drag (φ = 1) and the
maximization of lift (φ = 0). Additionally, the influence of the leading edge position on the
moment coefficient and aerodynamic efficiency, CL/CD, are presented.

The optimization process starts with the airfoil at α = ψ, meaning that there is no leading
edge deflection (Ω = 0◦). Then, it runs for 60 s, implying thatmaxO is expected to be reached
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Figure 9.19: NACA0012-IK30 airfoil with movable leading edge Re = 2× 105.

in under one minute, although it is typically quicker, as seen in the results. Force measure-
ments start at t = −5 s but the optimization only starts when t = 0 s. The first 5 s are used as
a reference to calculate relative improvements.

The analysis starts by presenting the real-time minimization of drag, shown in Figure 9.20.
The drag coefficient and the airfoil angle of attack are plotted side by side as a function of
time for the five ψ cases.
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Figure 9.20: RTO of drag: Drag coefficient (left) and wing’s angle of attack (right)
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Starting with ψ = 10◦, the optimization results in a constant drag coefficient over time, in-
dicating that the search was initiated closer to the minimum. At α = 10◦, the airfoil is not
expected to experience significant flow separation, a condition in which moving the leading
edge does not bring any considerable benefit. This changes with ψ = 15◦, where the op-
timization process finds a lower drag condition. Yet, the reduction is not as significant as
in the following conditions. When ψ is set at 20◦, the wing is already undergoing extensive
stall. In these conditions, the movable leading edge shows its real potential. The real-time
optimization provides a substantial reduction in drag, bringing the wing to the drag level
experienced when at α = 15◦ and Ω = 0◦.

These improvements happen due to the following physical phenomena. When ψ = 20◦, as
mentioned above, the wing is at its stall region, meaning that the airflow on its surface was
subjected to an adverse pressure gradient strong enough to reverse the flow direction. With
ψ = 15◦, the effects were not as visible since a substantial stall had not been reached yet. As
soon as the RTO starts, and the downward motion of the leading edge is detected as advan-
tageous, the suction peak and adverse pressure gradient start becoming less intense. It is
important to highlight that lowering β yields changes in the wing’s curvature and angle of
attack. All these combined lead to the flow becoming more attached, reducing the wake and
therefore, reducing drag.

With ψ = 25◦ and 30◦, identical effects are identified, with the latter case being able to go
down as close as to when the airfoil is at 20◦ with no leading edge deflection. Looking at the
evolution of the wing angle of attack, it is clear that the leading edge position converges to
an interval rather than to a definite value. This is justified firstly by the noisy measurements
that induce oscillations to the gradient estimate, but also due to the existence of drag buckets
in the β domain, as will be seen when plotting CD against the leading edge angle of attack.

Regarding the optimization of the lift coefficient, presented in Figure 9.21, the movable lead-
ing edge shows its prospect of improving lift generation when the airfoil is in a deep stall.
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Figure 9.21: RTO of lift: Lift coefficient (left) and wing’s angle of attack (right).

Similarly to the drag minimization, when ψ = 10◦, deflecting the leading edge holds no con-
siderable effect. The same is seen with ψ = 15◦, and although the angle of attack changes
over time for these two cases, as seen on the right graph, the lift coefficient remains fairly
constant. For the next three conditions (ψ = 20◦, 25◦ and 30◦) the wing starts the optimiza-
tion with similar lift coefficients which indicates that the onset of the stall is somewhere close
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to 15◦. However, they branch out into various lift coefficients that result from the flow reat-
taching to the wing, since the adverse pressure gradient located at the frontal part becomes
less and less intense as the leading edge droops. Once again, a singular angle of attack can-
not be reached as the gradient estimation is bumpy, but the control is still strong enough to
keep the wing at a high lift level. This lift increase, accompanied by a drag reduction, is a typ-
ical characteristic of mitigating or recovering from a stall. As seen ahead, these two effects
combined will offer a noticeable aerodynamic efficiency boost.

In contrast to the previous graph, Figure 9.22 shows the optimizationprocess’s history against
the leading-edge attack angle, β, for both CD and CL. These graphs show the point cloud
measured during the RTO together with the static map built during the optimization for all
ψ cases. Looking at ψ = 10◦, both drag and lift coefficients start at flat and wide regions
where the gradient is close to zero. The fluctuations during the gradient estimation process
make the leading edge search away from β = 10◦ but have shown no influence in the gradi-
ent, indicating that we started very close to minimal drag andmaximum lift coefficients. The
same is seen for the lift coefficient when ψ = 15◦ but not for drag. As observed on the left
graph, the overall airfoil benefits from a β reduction, indicating that some flow separation
is present and that lowering the leading edge may reduce or eliminate it. For the last three
cases, ψ = 20◦, 25◦ and 30◦, a similar behavior is seen. The drag coefficient starts relatively
high, as expected in these angles of attack, and starts decreasing as β drops. In these cases,
somewhere between 8◦ and 13◦, a rapid drag reduction is observed, which canmainly be justi-
fied by a significant flow reattachment on the wing surface. The lift does not exhibit the same
behavior on the right graph, growing steadily as the leading edge pitches down. Similarly to
the drag coefficient, the optimization finds a wide region of maximum lift instead of a single
point.
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Figure 9.22: Drag minimization (left) and lift maximization (right) in the β domain.

To summarize the optimization results, Figure 9.23 presents the relative improvements ob-
tained from the RTO implementation. Both graphs present the wing with no leading edge
deflection (Ω = 0◦) and the optimal leading edge position found for both drag and lift. The
calculations were made by averaging the first and last five seconds and calculating their rel-
ative variation. Regarding drag generation, it is observed that by just deflecting the leading
edge, great improvements can be achieved with drag reductions that can go near 47%. Its
true potential is seen at higher angles of attackwhere extreme flow separation is present. This
is also verified for lift production, which sees its maximum gain at ψ = 30◦ with an increase
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of 45%. Additionally, something unique is the fact that it is not only capable of enhancing
lift but also delaying the onset of stall. When looking at the Ω = 0◦ curve, where there is
no leading edge deflection, the onset of stall starts around α = 15◦ where a stagnation is
seen in the lift coefficient rise. By using the optimal leading edge position, the onset of the
stall is pushed to higher angles of attack while providingmuch higher lift coefficients, adding
enormous flexibility to this modified NACA0012 wing.
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Figure 9.23: Improvements of drag minimization (left) and lift maximization (right).

Even though the optimization was focused on drag and lift forces, it is also important to
analyze how other parameters are affected by the moving leading edge. Figure 9.24 shows
the moment coefficient and aerodynamic efficiency as a function of β using data from both
the drag minimization and maximization of CL.

Looking at the moment coefficient for the ψ = 10◦, we observe that moving the leading edge
has a linear influence on the pitching moment, which does not occur for the other cases.
With ψ = 15◦, a nonlinear behavior is detected close to β = 15◦ where the moment slightly
increases as the leading-edge pitches down. Revisiting Figure 9.22, this slight increase was
accompanied by a reduction in drag. This becomes muchmore evident when ψ = 20◦, where
reducing the leading edge angle of attack increases the moment initially. This increase is
justified by a flow reattachment, which inevitably reduces drag and increases lift, ending up
pushing the center of pressure forward and increasing the nose-up tendency. However, as
the leading edge continues to go down, the center of pressure will travel downstream since
the suction zone located at the leading edge will lose its density. This leads to the pitching
moment reduction when β is less than 10◦. With ψ = 25◦ and 30◦, the effects are similar, but
the data shows an interesting particularity. In these cases, it is clear that before there is an
increase in the moment as β goes down, the wing has a flat region where the moment is not
affected even with drag and lift changing. This indicates that the wing’s aerodynamic center
is very close to the pivot point, where the sensors are positioned.

Concerning aerodynamic efficiency, regardless of the ψ condition, the influence of the lead-
ing edge angle of attack is the same, offering considerable improvements relative to the Ω =

0◦ configuration. As expected, increasing ψ decreases the lift-to-drag ratio, yet the graph
indicates that using the leading edge angle of attack as a variable can mitigate its effects. In-
deed, one can achieve higher aerodynamic efficiency than a lower ψ case with the advantage
of producing more lift. For instance, the wing at ψ = 20◦ with optimal β produces more lift
with similar efficiency compared to when the wing is at ψ = 10◦ and Ω = 0◦. This is the true
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versatility of the proposed NACA0012-IK30 geometry.
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Figure 9.24: Moment coefficient at 0.3c (left) and aerodynamic efficiency (right)

9.4 NACA0012-IK30Wing Under Ramps

After studying the wing under static conditions and optimizing it for minimal drag and max-
imum lift, the NACA0012-IK30 wing is subjected to a series of dynamic tests, starting with
ramps. This section is focused exclusively on pitching ramps with constant Ω, following the
sigmoid-based kinematics defined in subsection 4.2.6.

In Figure 9.25, all pitching ramp conditions tested are shown. The software limit is computed
based on a Reynolds number of 2×105 with a pressure of 915hPa and a temperature of 25 ◦C.
These values were chosen as the typical air properties at the LABDIN laboratory (EESC-USP)
during experimental tests.
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Figure 9.25: Tested conditions in the k −Aψ domain. Values are calculated based on pressure of 915hPa and a
temperature of 25.0 ◦C.

Before moving to the results, it is worth taking a pause and analyzing the filtering process of
raw data, especially in dynamic cases. In Figure 9.26, the discrete Fourier transform (DFT)
of (raw) CL is shown for four static conditions with different α, all with Ω = 0◦. Frequencies
higher than 100Hz are not shown as they are quite small.

This graph is shown to have a better grasp regarding several phenomena present in the force
data. As observed in the graph, there is a range of frequencies between approximately 5Hz
and 40Hz which provide, in this case, a contribution to the lift coefficient. These frequen-
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Figure 9.26: Frequency spectrum of CL for four angles of attack with Re = 2× 105.

cies are mainly the result of turbulent-induced effects exerted on the structure coupled with
vortex-shedding phenomena. Since these effects are not central to the present study, the
designed Butterworth filter uses a cutoff frequency of 5Hz to filter raw data. This value is
chosen carefully, so it does not affect or remove the frequency spectrum dominated by the
motion frequencies tested. Nevertheless, future work shall look into the frequency domain
and how it changes with the leading edge mechanism.

Let us now focus on the results by observing Figure 9.27, where the results are shown for all
ramp conditions. The three aerodynamic coefficients are plotted against the nondimensional
time, t∗, defined as time, t, divided by 15 s, which is the duration of the ramps experiments.
Graphs are centered at t∗ = 0.33, which coincides with the inflection point of the ramps.

When looking at all the graphs simultaneously, the first obvious conclusion is that for the
ramps tests, the reduced frequency does not greatly influence the results, as the amplitude
does. With Aψ = 10◦ the ramps elevate the drag of Ω = 0◦ and −10◦. On the other side, the
Ω =−20◦ has its drag slightly reduced, with an abrupt spike when the wing is at itsmaximum
angular velocity.

With a ramp amplitude of Aψ = 15◦, the advantages of deflecting the β part start appearing.
With no leading edge deflection, the wing produces slightly more drag compared to the other
cases, yet not considerable. Similarly to what was observed in the static cases, having the
β part deflected lowers the overall angle of attack of the wing, which can reduce drag. This
becomes even clearer with Aψ = 20◦, where Ω = 0◦ leads to approximately double the drag
relative to the Ω = −10◦ and −20◦ conditions.

Regarding lift, for a ramp amplitude of 10◦, the wing with no leading edge deflection has
slightly more lift. Once again, the reduced frequency presents no considerable effect on the
aerodynamics of the wing. With Aψ = 15◦, the ramp elevates all configurations to a similar
lift level with no visible differences. The main disparity appears when ψ goes up to 20◦, in
which the conditions where the leading edge is deflected downwards produce more lift due
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to themitigation of a possible stall. For this ramp amplitude, something worthmentioning is
the fact that theΩ = 0◦ case reaches a lift coefficient close to 0.6 but quickly crashes below 0.5,
something that becomesmore visible at the higher reduced frequencies. This occurs because
the airfoil moves faster than the shedding process of the leading-edge vortex, thus enjoying
the presence of a low-pressure zone.

Concerning the moment coefficient, we see that decreasing Ω intensifies the nose-down ten-
dency, something well known where the leading edge is deflected as a flap. For the ramp am-
plitudes of 10◦ and 15◦ the effects and magnitudes of CM are quite similar, with the ramp in-
creasing the nose-up tendency. For the highest ramp amplitude, we have two distinct results.
When Ω = 0◦, we follow the whole process of going through the onset of stall, in which the
nose-up tendency intensifies as the angle of attack increases up to the angle when it quickly
drops. This quick drop in pitching moment occurs together with the aforementioned lift
crash, a result of the dissolution of the suction zone located at the β part. By deflecting the
leading edge with Ω = −10◦ or −20◦, all stall effects are delayed, where no pitching moment
drop is observed, drag is kept at a lower level and no lift crash is detected.

Area left intentionally blank.
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Figure 9.27: Aerodynamic coefficients for all pitching ramps with Re = 2.0× 105.
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9.5 NACA0012-IK30Wing Under Plunging

After exploring the aerodynamic characteristics of the NACA0012-IK30wing under different
static and ramp cases, we now move to the study of periodic conditions, starting with the
investigation of plunging kinematics. The wing is tested considering a Reynolds number of
2.0× 105 never exceeding a maximum plunging velocity of 2πfA = 0.7ms−1 dictated by the
software limitations.

In Figure 9.28, the plunging motor limit is presented based on a representative pressure of
915hPa and temperature of 25.0 ◦C. Air properties were slightly different during testing, al-
though the motor curve stayed virtually the same. The warning sign indicates a condition
that the stepper failed to execute, due to lack of available torque. Two nondimensional am-
plitudes are considered (0.25& 0.50), eachwith the nondimensional velocities of 0.0125, 0.025
and 0.0375. Based on these three nondimensional velocities, one can easily calculate the ef-
fective angle of attack over time as

αeff = arctan(kh sin(2πft)) + α(β, ψ, t), (9.3)

where the first term represents the plunging contribution to the effective angle of attack.
Looking exclusively at this term and using the values prescribed for the study, we see that
the plunging motion adds by itself up to 0.72◦, 1.43◦ and 2.15◦ for the three kh, respectively.

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0.25

0.50

!△
Re = 200000

Software limit

k

h

Figure 9.28: Tested conditions in the k − h domain. Values are calculated based on pressure of 915hPa and a
temperature of 25.0 ◦C.

As explained before, the plunging motion considers a wing with the back part fixed at an
angle of attack, ψ, and a pitching leading edge that never surpassesψ. This condition ensures
that we do not exceed the angle of attack more than ψ, which would inevitably degrade the
aerodynamic performance. Such kinematics are accomplished by the plunging sinusoidal
wave

y(t) = A sin (2πft) , (9.4)
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and the pitching waveform prescribed to the leading edge given by

β = β +Aβ sin (2πft+ ϕ) , (9.5)

where ϕ is fixed at 90◦. To ensure that β ≤ ψ throughout the period, we use the

β = ψ −Aβ (9.6)

constraint. Figure 9.29 illustrates some snapshots of the prescribed kinematics for the plung-
ing cases.
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Figure 9.29: Plunging kinematics.

Each data point in the graph of Figure 9.28 is tested for ψ = 10◦, 15◦ and 20◦. In all these
conditions, the pure plunging condition (β = ψ and β̇ = 0) is considered and taken as a
reference. For the dynamic actuation of the leading edge, we have

• Aβ = 5.0◦ for ψ = 10◦,

• Aβ = 7.5◦ for ψ = 15◦, and

• Aβ = 5.0◦ and 10◦ for ψ = 20◦.

In this section, only the cases with a nondimensional amplitude of 0.50 are presented since
the h = 0.25 conditions present very similar results and conclusions. If you want to have
access to the results concerning the lowest nondimensional amplitude, please see Appendix
A2.

9.5.1 Plunging with ψ = 10◦

The first case of this section considers the ψ part set at 10◦, shown in Figure 9.30. The fol-
lowing graphs show the aerodynamic coefficients as a function of the t/T and αeff for two
leading-edge pitching amplitudes and reduced frequencies, corresponding to the three nondi-
mensional velocities considered. Throughout the study, the moment coefficient is calculated
at 30% of the chord, coinciding with the pivot point where the F/T sensors are located.

Starting with the drag coefficient, we see that activating the leading edge has a rather small
effect, regardless of the reduced frequency. The reduction comes primarily from lowering
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pressure drag at the frontal part of the wing and not from mitigating flow separation. No
massive flow separation is expected as the maximum effective angle of attack experienced
during the oscillation does not come near the static stall angle (around 15◦, as seen in Figure
9.2).

Concerning lift, it remains fairly independent regardless ofAβ . This implies that the same lift
coefficient can be obtained at a lower effective angle of attack, as observed. But once again,
in terms of lift gain and drag reduction, we see that deflecting the leading edge when ψ =

10◦ does not produce a significant difference. This result indicates that when flow separation
is nonexistent, no considerable gains in either lift or drag are expected when pitching the
leading edge.

However, when it comes to the moment coefficient, we see a considerable reduction in its
mean value while activating the leading edge. Since drag and lift stay nearly the same, the
reduction of the pitching moment can only be caused by the shift of the pressure center. The
change in the pressure center is dictated by the location of the suction peak zone: when the
leading edge has no pitching, the suction zone stays closer to the leading edge of the wing,
while when the β part drops down, this low-pressure zone moves downstream closer to the
pivot point, thus reducing the pitching moment. This is an interesting result that can offer
some real-world applications, for instance, reducingmoment loads in oscillating rotor blades
without compromising the aerodynamic performance in terms of drag and lift.

All the aforementioned effects are quantified in Table 9.1, where we observe the relative
changes of the mean aerodynamic coefficients, considering Aβ = 0◦ as the reference case.
The mean aerodynamic coefficients are used as they are useful indicators that govern the
real-world operation and performance of systems that use flapping airfoils. Results reinforce
the fact that, at this ψ configuration, drag slightly improves, lift is kept nearly constant while
the pitching moment sees noticeable reductions of almost 70%.

Table 9.1: Overview of plunging improvements for ψ = 10◦ considering Aβ = 0◦ the reference.

ψ Aβ k ∆CD (%) ∆CL (%) ∆CM (%)
10◦ 5◦ 0.025 −5.5% −0.1% −68.4%
10◦ 5◦ 0.050 −6.9% −0.4% −67.2%
10◦ 5◦ 0.075 −6.8% −1.3% −64.1%

9.5.2 Plunging with ψ = 15◦

With the back part fixed at 15◦, illustrated in Figure 9.31, we now have some differences
compared to the previous ψ case. The discrepancies come from the fact that when the wing
is placed at 15◦, it is right at the limit where the stall begins. As expected, when adding the
plunging motion to the equation, the wing will transit to a deeper stall region due to the
increase in the effective angle of attack created by the vertical motion. Again, the reduced
frequency does not change the overall effects but slightly intensifies them because a higher k
will lead to the experience of a higher effective angle of attack.
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Regarding drag, it is clear that having a pitching leading edge offers good improvements,
especially during the descending phase, which by lowering the leading edge, the wing dis-
tances itself from the onset stall region. This is seen in the graphs where the aerodynamic
coefficients are plotted against αeff. In the present case, we now see the true potential of the
proposed airfoil, for instance, there are phases of the period where the Aα = 7.5◦ condition
provides an almost 50% reduction compared to the reference case.

Concerning lift, the leading edge deflection also offers some improvements, although not as
considerable. Still, the wing can achieve a slightly higher lift coefficient, which appears as
a result of flow reattachment created by the dynamic leading edge. This is corroborated by
graphs where the lift is a function of αeff, which have a similar or slightly higher lift with a
lower effective angle of attack.

Contrarily to the previous condition, here the moment coefficient does not present major
differences aside from the initial and final phases of the period, where the lower angle of
attack of the leading edge reduces the nose-up tendency by shifting the suction peak zone.

In Table 9.2, we corroborate the previous analysis by seeing respectful drag and pitching
moment reductions while the lift is not considerably affected by the pitching leading edge.

Table 9.2: Overview of plunging improvements for ψ = 15◦ considering Aβ = 0◦ the reference.

ψ Aβ k ∆CD (%) ∆CL (%) ∆CM (%)
15◦ 7.5◦ 0.025 −37.8% 4.5% −20.1%
15◦ 7.5◦ 0.050 −40.3% 5.0% −20.9%
15◦ 7.5◦ 0.075 −45.3% 4.1% −14.1%

9.5.3 Plunging with ψ = 20◦

Withψ =20◦, thewing is at an angle of attackwhere it is now fully stalled, and for this specific
condition, three leading-edge pitching amplitudes are considered. In the presence of a stall,
the movable leading edge truly shows its potential, presenting an enormous impact on the
aerodynamic performance, as shown in Figure 9.32.

Looking at the drag coefficient, we see that regardless of reduced frequency, the plunging-
only condition produces a substantial amount of drag. With a leading-edge pitching ampli-
tude of Aβ = 5◦, a considerable drag reduction is obtained, going further when Aβ = 10◦ is
imposed. Aswe saw previously in the stall visualization tests, more specifically in Figure 9.14,
deflecting the leading edge can fully reattach the flow to the wing, which leads to a drastic
reduction of pressure drag created by the wake.

These improvements are also observed in the lift, where the pitching leading edge increases
lift production, being a clear indication that the stall phenomenon is being relieved. The
mean lift goes up when Aβ = 5◦ and 10◦ with instantaneous values being even larger.

When combining drag, lift, and the alleviation of stall, the moment coefficient becomes very
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different from the conditions analyzed before, where the flow was for the most part attached
to the wing. The difference here resides in the fact that activating the leading edge now does
not reduce the nose-up tendency of the airfoil, instead, it increases it. This is justified by the
flow reattachment, which gradually makes the pressure center move upstream and farther
from the location where the moment is measured.

With the resurgence and migration of the suction zone, the pitching moment, in particular
the nose-up tendency, sees increases that go up to 59%, as seen in Table 9.3. This may be
seen as a disadvantageous, yet, such effect comes as a byproduct created by the flow reattach-
ment that, on the other hand, provides good lift increases coupled with a considerable drag
reduction, in some cases more than 50%.

Table 9.3: Overview of plunging improvements for ψ = 20◦ considering Aβ = 0◦ the reference.

ψ Aβ k ∆CD (%) ∆CL (%) ∆CM (%)
20◦ 5◦ 0.025 −22.8% 10.4% 54.5%
20◦ 10◦ 0.025 −47.5% 14.7% 58.7%
20◦ 5◦ 0.050 −19.7% 9.1% 38.5%
20◦ 10◦ 0.050 −49.3% 14.9% 57.0%
20◦ 5◦ 0.075 −21.3% 8.5% 39.9%
20◦ 10◦ 0.075 −53.6% 14.6% 57.1%

Area left intentionally blank.
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Figure 9.30: Aerodynamic coefficients with h = 0.50 and ψ = 10◦ (ψ̇ = 0).
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Figure 9.31: Aerodynamic coefficients with h = 0.50 and ψ = 15◦ (ψ̇ = 0).
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Figure 9.32: Aerodynamic coefficients with h = 0.50 and ψ = 20◦ (ψ̇ = 0).
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9.6 NACA0012-IK30Wing Under Pitching

Following the plunging conditions, thewing is tested under pitching considering two arrange-
ments. As noted before, the difference in resolution between the pitching (stepper) and servo
motors creates a wobbling effect that renders their simultaneous use impractical. Therefore
we only consider the activation of each motor separately.

9.6.1 Movable Leading-Edge

In this subsection, the wing is fixed with the same ψ = 10◦, 15◦ and 20◦ as we saw in the
previous section but now, we only pitch the leading edge, removing any plunging effects seen
before. In Figure 9.33, the conditions considered for this study are presented.
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For all ψ’s

Figure 9.33: Tested conditions in the k −Aβ domain. Values are calculated based on pressure of 915hPa and a
temperature of 25.0 ◦C.

The leading edge follows similar kinematics as before defined as

β = β +Aβ sin (2πft) , (9.7)

and to once again ensure that β ≤ ψ throughout the period, we use the

β = ψ −Aβ (9.8)

constraint. This means that the leading edge is kept between ψ − 2Aβ and ψ, as illustrated
in Figure 9.34. This pitching mode will present strong similarities with the plunging cases
since it has the same leading-edge kinematics without the plunging component, which did
not induce considerable changes in the effective angle of attack.

The first condition illustrated in Figure 9.35 fixed the ψ part at 10◦ with two leading-edge
pitching amplitudes: 0◦ and 5◦. The conditions whereAβ = 0◦, for the present and following
conditions, are represented by a single point in the graphs where the independent variable
is αeff, indicating mean aerodynamic coefficients, as these are static conditions.

As one can verify, the activation of the leading edge when ψ = 10◦ has a small to no im-
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Figure 9.34: Pitching leading edge with fixed ψ.

pact on both drag and lift. Even though it can reduce the effective angle of attack, these
two coefficients are kept nearly constant. The same cannot be said of the moment coeffi-
cient, which reduces its nose-up tendency as the effective angle of attack decreases. Similar
to what was observed before, this is caused by themigration of the suction zone downstream,
which moves the pressure center closer to the location where the moment is measured. The
reduced frequency does not hold any noticeable differences.

We see all these effects summarized in Table 9.4, where the relative changes of the mean
aerodynamic coefficients are presented. Deflecting the leading edge, which reduces the angle
of attack, leads to a small lift reduction, a modest improvement of drag, and a considerable
pitching moment alleviation.

Table 9.4: Overview of pitching improvements for ψ = 10◦ considering Aβ = 0◦ the reference.

ψ Aβ k ∆CD (%) ∆CL (%) ∆CM (%)
10◦ 5◦ 0.025 −5.2% −1.6% −74.6%
10◦ 5◦ 0.050 −7.0% −2.9% −73.0%
10◦ 5◦ 0.100 −6.9% −2.4% −75.8%

With ψ = 15◦, shown in Figure 9.36, effects stay virtually the same, with drag and lift being
slightly affected by the leading edge motion and the moment following the same tendency as
before. This is an interesting condition that can be compared with the analogous plunging
case presented in Figure 9.31. The small yet strong enough contribution of the plunging
motion pushed the wing into the stall region, whose contribution is not present here, making
this condition very similar to when ψ = 10◦.

Nevertheless, Table 9.5 shows that even if this condition cannot reach the improvements of
the homologous plunging case, we still accomplish a drag reduction up 20%, a slight lift boost
and a useful pitching moment reduction.

Table 9.5: Overview of pitching improvements for ψ = 15◦ considering Aβ = 0◦ the reference.

ψ Aβ k ∆CD (%) ∆CL (%) ∆CM (%)
15◦ 7.5◦ 0.025 −16.0% 2.7% −52.4%
15◦ 7.5◦ 0.050 −19.8% 2.1% −52.4%
15◦ 7.5◦ 0.100 −19.1% 3.0% −49.2%

Results are radically changed when the wing is at ψ = 20◦, as shown in Figure 9.37, where
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three leading-edge pitching amplitudes are analyzed. Concerning the drag coefficient, we see
that it is very much improved by lowering the leading edge for Aα = 5◦ and 10◦ with both
amplitudes being able to achieve an identical minimum drag level. Nevertheless, whenAα =

10◦, the wing stays at a lower drag level for a larger fraction of the period, thus offering a
better result. As soon as the leading edge approaches ψ, the performance quickly degrades,
a synonym for the onset of dynamic stall.

Regarding lift, not only does the bigger leading-edge pitching amplitude provide more force
for a higher percentage of the period, but it also offers it at a lower angle of attack. Here,
the reduced frequency plays a role in expanding the distance between the lift levels during
descending and ascending phases of the period.

The moment coefficient has a similar behavior seen before regarding the reattachment of
the flow to the wing surface. As the effective angle of attack decreases, the flow reattaches,
judging by the drag reduction and lift increase, which moves the pressure center upstream
and intensifies the nose-up tendency of the wing. When the effective angle of attack goes up
again, this tendency disappears as the airfoil enters its stall phase again.

All of this is quantified in Table 9.6 where appreciable lift enhancements are obtained to-
gether with considerable drag improvements, especially for the highest leading edge pitch-
ing amplitude. Nevertheless, as seen before, this comes with the cost of a higher nose-up
pitching moment.

Table 9.6: Overview of pitching improvements for ψ = 20◦ considering Aβ = 0◦ the reference.

ψ Aβ k ∆CD (%) ∆CL (%) ∆CM (%)
20◦ 5◦ 0.025 −26.6% 8.4% 55.2%
20◦ 10◦ 0.025 −48.5% 12.0% 54.9%
20◦ 5◦ 0.050 −30.5% 8.1% 63.4%
20◦ 10◦ 0.050 −52.3% 12.1% 62.7%
20◦ 5◦ 0.100 −28.2% 8.2% 61.1%
20◦ 10◦ 0.100 −48.4% 12.1% 59.1%

Area left intentionally blank.
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Figure 9.35: Aerodynamic coefficients with ψ = 10◦ (ψ̇ = 0).
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Aβ = 0◦ Aβ = 7.5◦
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Figure 9.36: Aerodynamic coefficients with ψ = 15◦ (ψ̇ = 0).
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Figure 9.37: Aerodynamic coefficients with ψ = 20◦ (ψ̇ = 0).
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9.6.2 Pitching with Constant Ω

The second pitching mode uses the NACA0012-IK30 with the leading edge fixed as a flap.
Three positions are considered: Ω = 0◦,−10◦ and−20◦. Then, the angle of attack of the back
part is changed sinusoidally as

ψ = Aψ +Aψ sin(2πft), (9.9)

in which the ψ part oscillates between 0◦ and 2Aψ and, consequently, the leading edge be-
tween Ω and Ω+ 2Aψ, as illustrated in Figure 9.38.

↓
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Figure 9.38: Pitching kinematics with fixed Ω.

While the previous pitching mode focused on the dynamic curvature of the wing and its im-
pact on the aerodynamic performance, here we will focus our attention on the airfoil fixed
curvature created by a fixed leading edge deflection relative to the ψ part. The study of this
pitching mode considers three kAψ curves, each with three pitching amplitudes, Aψ = 5◦,
7.5◦ and 10◦. These are shown in Figure 9.39 considering the same air properties as before.
The software limit is also presented, where a maximum pitching velocity of 140.625◦ was ad-
missible.
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Re = 200000
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k

Aψ

Figure 9.39: Tested conditions in the k −Aψ domain. Values are calculated based on pressure of 915hPa and a
temperature of 25.0 ◦C.

Beginning at the lowest pitching amplitude, Aψ = 5◦, shown in Figure 9.40, we observe that
drag is kept lower with the no-flap and Ω = −10◦ configurations. With Ω = −20◦, where the
leading edge angle of attack is higher than the pitching amplitude, we see a degradation of
performance, especially when the airfoil is at t/T = 0.25.
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The deflection of the β part is also nonbeneficial for lift, which as expected, has its value
reduced with the drooping of the leading edge by the overall reduction of the wing’s angle
of attack. Nevertheless, the curvature of the wing provides an advantage, since it provides
more lift for the same angle of attack but does not improve the maximum angle of attack.

Additionally, the highest reduced frequency creates a very small region of negative lift at
lower effective angles of attack for Ω = 0◦ and amplifies the negative area for the other two
configurations, something witnessed for the other pitching amplitudes too. This is likely due
to the intensification of the existent lag between kinematics and aerodynamics that becomes
more evident as k increases.

The moment coefficient is one of the aerodynamic coefficients that are more affected due to
the great influence that the β deflection has on the suction peak location. As observed, when
Ω is reduced, the curve corresponding to Ω = 0◦ is translated downwards. This means that
there is an intensification of the nose-down tendency of the wing, which can be considered a
disadvantage.

Table 9.7 illustrates all thesemisfortuneswhere drag goes up and lift goes down considerably,
as is the pitching moment. It is worth mentioning that these significant reductions in the
pitching moment (much higher than 100%) come from the fact that the Ω deflection shifts
the moment from a nose-up to a nose-down tendency.

Table 9.7: Overview of pitching improvements for Aψ = 5◦ considering Ω = 0◦ the reference.

Aψ Ω k ∆CD (%) ∆CL (%) ∆CM (%)
5◦ −10◦ 0.100 3.0% −24.9% −173.5%
5◦ −10◦ 0.200 2.6% −22.3% −162.5%
5◦ −10◦ 0.300 1.5% −19.9% −168.7%
5◦ −20◦ 0.100 28.6% −41.7% −330.5%
5◦ −20◦ 0.200 26.7% −44.1% −306.4%
5◦ −20◦ 0.300 27.2% −47.4% −317.0%

Similar effects are verified whenAψ = 7.5◦ (Figure 9.41), but there are slight differences that
should be addressed, mainly because we are now closer to the stall region of the wing. The
obvious difference is the fact that now the larger pitching amplitude offers higher lift and
more drag while maintaining a similar moment coefficient when Aψ = 5◦. Furthermore, we
now see an almost independence of lift when Ω = −10◦, something that cannot be said for
drag. With k = 0.067 and Ω = 0◦, a subtle difference is observed when the wing is close to its
maximum effective angle of attack, αeff = 15◦ (t/T = 0.75), where a rapid increase in drag
and a tiny reduction in both lift and moment are noticed, indicating that the wing is on the
brink of stall. This phenomenon vanishes at the other reduced frequencies where kinematics
start dominating the flow field.

All of this is shown in Table 9.8 where we now have the Ω = −10◦ case providing fair drag
improvements with no major differences in lift. As in the previously pitching amplitude, the
highest leading-edge deflection still degrades the aerodynamic performance.

203



Table 9.8: Overview of pitching improvements for Aψ = 7.5◦ considering Ω = 0◦ the reference.

Aψ Ω k ∆CD (%) ∆CL (%) ∆CM (%)
7.5◦ −10◦ 0.067 −4.9% 0.2% −122.6%
7.5◦ −10◦ 0.133 −7.0% −0.7% −118.9%
7.5◦ −10◦ 0.200 −8.1% 2.3% −111.3%
7.5◦ −20◦ 0.067 12.7% −10.9% −242.5%
7.5◦ −20◦ 0.133 8.4% −16.3% −234.2%
7.5◦ −20◦ 0.200 10.7% −12.8% −227.1%

With Aψ = 10◦, shown in Figure 9.42, the presence of stall becomes inevitable when Ω is
fixed at zero degrees. There is an evident and quick increase in drag when the wing passes
the αeff = 15◦ threshold together with a lift decline as the wing reaches its maximum angle
of attack. These effects are echoed in the pitching moment, which displays a sharp decline
at the onset of the stall. Once again, at the higher reduced frequency, these impacts in the
aerodynamics coefficients are smoothed out by kinematics. All these effects caused by the
occurrence of stall, are circumvented when we deflect the leading-edge flap, which offers
more lift and similar drag for an equal angle of attack while removing unwanted fluctuations
in the pitching moment. Once again, when the dynamic stall is present, the deflection of the
leading edge truly shines, showing that it can attack the main fronts of the dynamic stall.

This is upheld by the mean relative changes shown in Table 9.9, where drag is reduced down
to 45%, lift can be slightly higher for the Ω = −10◦ configuration, and the pitching moment
is reduced but much less aggressively.

Table 9.9: Overview of pitching improvements for Aψ = 10◦ considering Ω = 0◦ the reference.

Aψ Ω k ∆CD (%) ∆CL (%) ∆CM (%)
10◦ −10◦ 0.050 −45.0% 6.1% −76.3%
10◦ −10◦ 0.100 −41.4% 5.5% −78.3%
10◦ −10◦ 0.150 −42.7% 2.8% −81.9%
10◦ −20◦ 0.050 −28.0% −1.5% −211.2%
10◦ −20◦ 0.100 −27.6% −2.8% −205.6%
10◦ −20◦ 0.150 −24.8% −2.1% −208.8%

This marks the end of the exposition and analysis of the results. All data presented here may
be found at https://www.earc96.com/PhD and is openly accessible, editable, and may
be shared by anyone. Additional information can be found in the database, for instance, un-
certainties and other kinematic variables, which were not included in the currentmanuscript
for simplicity.

The next and final chapter will provide an overview of the entire project and migrate the
discussion of the results to a more futuristic perspective. Several hypotheses will be raised,
together with suggestions given on how to approach and explore such opportunities.

Area left intentionally blank.
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Figure 9.40: Aerodynamic coefficients with Aψ = 5◦ at different leading edge positions.
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Figure 9.41: Aerodynamic coefficients with Aψ = 7.5◦ at different leading edge positions.
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Figure 9.42: Aerodynamic coefficients with Aψ = 10◦ at different leading edge positions.
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Chapter 10

Conclusions & Future Research

“Humans fly commercially or recreationally, but animals fly professionally.”

McMasters & Henderson

In this last chapter, we will look at an overview of the work where we revisit some of themost
important outcomes, identify a few of the project’s shortcomings, and suggest improved in-
vestigation paths for future analysis of the proposed NACA0012-IK30 airfoil. More than
promoting the accomplishments, this chapter has the necessary mission of being not a clos-
ing chapter but a starting point for the scientific community that wishes to explore innova-
tive geometries in unsteady airfoils. This thesis has made significant contributions to the
field through several publications in international conferences and peer-reviewed journals,
demonstrating the research’s impact and relevance in advancing knowledge within the disci-
pline [68–70, 201–216].

The project had the primordial objective of proposing a straightforward yet innovative bio-
inspired geometry, which could offer propulsive enhancements at the lower Reynolds region
and bring some stall mitigation capabilities for the higher Reynolds spectrum. Just by exam-
ining the last two chapters, it is unambiguous that the study achieved its purpose, yet some
particularities still need to be addressed. Let us start by revisiting the lower Reynolds region
presented in Chapter 8, where the proposed airfoil acted as a propulsive device.

10.1 Propulsive Capabilities of the NACA0012-IK30 Airfoil

The study opens up with a series of flow visualization tests designed to explore the influence
that a pitching leading edge has on the flow field surrounding a flapping airfoil. Tests consid-
ered a Reynolds number of 1.0 × 104 which allowed the flapping airfoil to experience really
high effective angles of attack, well beyond the static stall angle.

Results showed that the leading edge has an enormous impact on the flow field phenomena,
especially on the leading-edge vortex size. Furthermore, it was also seen that the deflection of
the leading edge should be used but always keeping in mind the effective angle of attack cre-
ated due to the plunging motion. This is central to mitigating unwanted flow separation that
degrades thrust production, which was observed in some conditions where flow separation
occurs due to excessive leading-edge deflection.
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While flow visualization tests provided a great starting point to discuss the effectiveness of
a movable leading edge, only the propulsive analysis of the airfoil could dictate the true en-
hancements that it could provide. Since force measurements were not available, a numer-
ical setup was prepared to reproduce the experimental conditions. The results turned out
to be quite impressive: by just deflecting the leading edge, the propulsive power could be
raised 177.4%, and the propulsive efficiency easily doubled. Later on, such improvements
were correlated with the flow features where it is concluded that without the presence of the
leading-edge vortex, the NACA0012-IK30 does not have a clear path to improve the propul-
sive power. This implies that the proposed geometry is effectively a LEV exploiting system,
from which it can extract additional thrust that would otherwise be lost to lift generation.
This is why curvature, in this case time-varying curvature, is a key parameter to improve
thrust production.

After proving that the proposed airfoil could indeed improve the propulsive capabilities of
oscillating airfoils, one should ask the question of how this flapping mode compares to con-
ventional flapping widely reported in the literature. That question was answered by imple-
menting an optimization method coupled with the CFD software and the results were clear:
while the proposed flapping consumedmore power, it provided more thrust at a much lower
angle of attack, again illustrating the importance of dynamic curvature. Furthermore, while
standard flapping offered better efficiency, the NACA0012-IK30 mechanism presented a
unique feature: the pitching amplitude that maximized the propulsive power also offered
near-optimal propulsive efficiency which is not achievable with conventional flapping air-
foils. This is a major improvement over conventional flapping since the proposed geometry
can get around the problem of sacrificing efficiency for thrust production, as standard flap-
ping does.

10.2 What is next for the NACA0012-IK30 airfoil as a propul-
sion device?

Based on the results, no major question can be raised about the efficacy of the proposed
airfoil in the context of enhancing flapping propulsion. However, one should recognize that
the analysis domain selected for the study is still small and that somuch needs to be explored.

In fact, when looking at the NACA0012-IK30 airfoil, from the four degrees of freedom, x, y,
β and ψ, only two, y and β were investigated. Instead of looking at this as a limitation, this
should serve as a motivation to keep opening new doors that can improve the already high
enhancements achieved.

Hence, from the several kinematics that can be applied, special attention should be made
regarding the activation of ψ, where we could explore the simultaneous use of β and ψ. This
would extend the dynamic curvature concept of the airfoil and create newer ways to manipu-
late the effective angle of attack, pushing the design closer to a bird’s wing. All of this can be
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accomplished by expanding the optimization algorithm to include additional variables, for
instance, the ψ pitching amplitude and phase angle, ϕ. The results will unlock newer opera-
tional states whichwill exploit even further the presence of a leading-edge vortex by changing
ψ.

However, achieving improvements without any visible path for real-world applications limits
the motivation and true success of designing an innovative system. Hence, an important
question emerges:

Can the NACA0012-IK30 design be used in a future propulsion system?

The improvements presented by this project suggest that the proposed design should at a
minimum provide some inspiration for newer propulsive systems. However, to accurately
address this question we need to divide the answer into the two most common applications:
micro-aerial vehicle design and naval engineering.

When it comes to MAV flight, the proposed geometry is extremely far from the demanding
requirements of micro-aerial vehicle design. The required miniaturization of the suggested
airfoil is a muchmore complex problem that will involve, apart from aerodynamics, material
science, and innovative control systems. Even if the system, as presented in the document,
cannot be implemented right away, it can still provide useful insights and stimulate the study
of dynamic curvature and active wing deformation.

Ironically, the NACA0012-IK30 airfoil is much closer to a real-world application in the realm
of naval engineering where it could be a replacement for traditional propellers. In such an
application, the suggested airfoil and its paraphernalia could be easily scaled up and incor-
porated, for example in a ship, without profound modifications.

Although the study was conducted in the air, we see major advantages when discussing its
hypothetical operation in water, mainly due to the lack of rigid weight requirements needed
for aeronautical applications. This means that there is a higher leverage regarding, for in-
stance, the choosing of the chord length, c, which plays a particularly important role in the
reduced frequency, and consequently in thrust generation.

Hence, as a final remark, it is recommended that the attention be directed to the investigation
of the hydrodynamic performance of the geometry by exploring it, either parametrically or
optimally. Modifications to the geometry must be encouraged, where the airfoil could be
updated with newer morphing structures, which could be subjected to kinematics similar to
the major locomotion methods used by fish.
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10.3 Dynamic Stall Mitigation using a NACA0012-IK30Wing

After exploring the propulsive capabilities of the NACA0012-IK30 airfoil, we transitioned
to a higher Reynolds number regime where the movable leading edge was used as a stall
mitigation system. Let us revisit Chapter 9 and recapitulate its main outcomes.

The proposed airfoil was built into a 2.5 aspect ratio wing that was tested under various con-
ditions. The first phase of studies examined static cases where three configurations were
considered. These were focused on understanding the use of the back part as a plain trailing-
edge flap, how the leading edge performs while acting as a leading-edge flap, and finally,
understanding how dropping the leading edge improves the aerodynamic performance.

Results show unequivocally that the proposed geometry is operationally flexible to provide
drag, lift, and moment enhancements relative to the traditional NACA0012 airfoil. All im-
provements were validated by a brief stall visualization study in which we saw that deflecting
the leading edge does mitigate aerodynamic stall in a significant way. CFD computations
are also carried out to understand how the pressure distribution changes when dropping the
leading edge.

After finishing the static conditions, a question emerged: how could we push the NACA0012-
IK30 wing to the limit and what could we really extract from it? The question was answered
by implementing an innovative real-time optimization that could findminimal drag andmax-
imum lift. Impressive results were obtained, where drag was improved up to 47% and lift,
up to 45%. Furthermore, the optimal states found by the RTOmethodology delayed the stall
angle by more than 10◦.

The static conditions end with the optimization study, followed by the dynamic cases, which
start with pitching ramps where the leading edge was fixed as a flap. The ramps showed the
smooth transition between the two states and provided an initial view of how the wing enters
the stall region and how the leading edge deflection can delay such a phenomenon. Moreover,
it shows how to use Ω without sacrificing aerodynamic performance.

Ramps were followed by the plunging conditions where the wing has a fixed mean angle of
attack while dynamically activating the leading edge according to the effective angle of attack
induced by the plunging motion. Results show that when the wing does not experience dy-
namic stall in plunging, drag and lift are kept almost the same, while the pitching moment
is improved by reducing the nose-up tendency of the wing. Contrarily, when the wing ex-
periences extensive dynamic stall, the movable leading edge can provide more than a 50%
reduction in drag, a respectful increase in lift but with the side effect of intensifying the nose-
up moment.

The study finishes with the pitching cases which are divided into two phases: the first phase
fixes the airfoil at a mean angle of attack and moves the leading edge while the second phase
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fixes Ω and then the whole airfoil is subjected to pitching. The first configuration resembles
the plunging cases but without the plunging contribution, which leads to similar outcomes.
The second pitching configuration shows the importance of having an adequate leading-edge
deflection and helps us understand when we may be causing the wrong interaction between
kinematics and aerodynamics. This was clear in the results where having a leading edge flap
could mitigate the adverse effects of dynamic stall at higher pitching amplitudes but quickly
degrade the aerodynamic performance at lower angles of attack.

10.4 What is next for the NACA0012-IK30 airfoil as a stall
mitigation device?

One thing is clear: the NACA0012-IK30 airfoil is a remarkable system to delay, mitigate, or
even suppress the aerodynamic stall and its adverse effects. However, we must recognize
that the analysis of this system is still in its infancy phase and that so much remains to be
explored and uncovered.

Looking retrospectively at the results, one thing that comes to mind is that the results are
as good as the prescribed kinematics. This means that while the system showed its effec-
tiveness in mitigating dynamic stall with rather decent improvements, without exploring the
kinematics domain, we will not reach new highs in terms of performance.

One could propose an extensive parametric study where a deeper analysis of the motion pa-
rameters was made. Instead, let us go right to the nuclear option and extract everything
we can get from the NACA0012-IK30 airfoil, by extending the real-time optimization to the
dynamic cases.

In retrospect, and starting with the plunging conditions, one of the shortcomings was impos-
ing the condition

β ≤ ψ → β = ψ −Aβ , (10.1)

which deviated the attention from studying β individually. If we had studied plunging with
a constant Ω, the results would have been even higher than the ones presented in this docu-
ment.

Hence, to optimally use the leading edge while the airfoil experiences plunging, we may still
apply the kinematics used, where

y = A sin(2πft) (10.2)

with

ψ = ψ (10.3)
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and

β = β +Aβ sin(2πft+ ϕ) (10.4)

but treat β and Aβ as dynamic variables that need to be optimized. The phase angle ϕ can
also be used for the optimization, especially if there is considerable lag between kinematics
and dominant aerodynamic effects. This was not observed in the conditions allowed by the
experimental setup, as seen by the small influence that the reduced frequency had on the
results.

Concerning the optimization framework, it could follow a real-time and periodic optimiza-
tion where the recurrent expression

−→x k+1 = −→x k ± γk∇O(−→x k) (10.5)

could be called after each period, where−→x is the vector of variables used for optimization and
O is the objective function which in the context of unsteady airfoils and dynamic stall could
be themean period drag and lift coefficients. For the specific case of the plunging conditions,
the control variables could be written as

−→x =
[
β Aβ

]T
. (10.6)

The same strategy can be extended for the pitching cases, where we can apply the waveform

ψ = ψ +Aψ sin(2πft) (10.7)

to the back part while the leading edge is subjected to the waveform shown in equation (10.4)
with the same state vector of equation (10.6) for optimal search. It is important to mention
that the experimental rig presented in this study would need to be updated for such an opti-
mization study since the simultaneous control of ψ andΩwas unusable. This would result in
the better use of the leading edge, in which we could exploit the improvements of deflecting
it at higher angles of attack without sacrificing performance at the lower angles.

With these optimal studies, we can truly unlock what the NACA0012-IK30 airfoil can pro-
vide regarding dynamic stall improvements. However, it is important to keep in mind that
this is a first-generation design which has its challenges and limitations. Moving away from
kinematics, questions about the geometry still remain unanswered:

What is the influence of the pivot point?

What about other airfoils and wing geometries?

Should we be worried about the airfoil surface discontinuity?
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Could the second-generation design be a continuous morphing structure?

And can these systems be easily applicable in the context of rotor blade dynamics?

These and other questionsmust be asked incessantly sowe keep pushing the goal post further
and further, where we truly obtain operational flexible and robust systems that can meet the
challenges of dynamic stall.
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Appendixes

Appendix A1 - Flow Visualization

Images start on the next page.

Videos may be found at https://www.earc96.com/PhD.
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Figure 10.1: Flow visualization at Re = 1.0× 104, h = 0.25 and k = 1.0.
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Figure 10.2: Flow visualization at Re = 1.0× 104, h = 0.25 and k = 1.0.
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Figure 10.3: Flow visualization at Re = 1.0× 104, h = 0.25 and k = 2.0.
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Figure 10.4: Flow visualization at Re = 1.0× 104, h = 0.25 and k = 2.0.
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Figure 10.5: Flow visualization at Re = 1.0× 104, h = 0.25 and k = 4.0.
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Figure 10.6: Flow visualization at Re = 1.0× 104, h = 0.25 and k = 4.0.
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Figure 10.7: Flow visualization at Re = 1.0× 104, h = 0.50 and k = 0.5.
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Figure 10.8: Flow visualization at Re = 1.0× 104, h = 0.50 and k = 0.5.
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Figure 10.9: Flow visualization at Re = 1.0× 104, h = 0.50 and k = 1.0.
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Figure 10.10: Flow visualization at Re = 1.0× 104, h = 0.50 and k = 1.0.
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Figure 10.11: Flow visualization at Re = 1.0× 104, h = 0.50 and k = 2.0.
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Figure 10.12: Flow visualization at Re = 1.0× 104, h = 0.50 and k = 2.0.
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Appendix A2 - Plunging Results

Graphs start on the next page.

Appendix containing the dynamic stallmitigation tests of plunging cases considering a nondi-
mensional amplitude of 0.25. Data may be found at https://www.earc96.com/PhD.
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Figure 10.13: Aerodynamic coefficients with h = 0.25 and ψ = 10◦ (ψ̇ = 0).
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Figure 10.14: Aerodynamic coefficients with h = 0.25 and ψ = 15◦ (ψ̇ = 0).
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Figure 10.15: Aerodynamic coefficients with h = 0.25 and ψ = 20◦ (ψ̇ = 0).
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