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Resumo

Aeroelasticidade é um fendmeno fisico que resulta da interacgao entre forgas aerodinamicas, elasticas
e inerciais. Torna-se importante estuda-la em estruturas aeroespaciais, devido ao seu design leve e
flexivel.

O presente trabalho tem como objectivo estudar o comportamento aeroelastico de uma asa 3D.
Para isso, esta é modelada como viga usando o método dos elementos finitos. A viga unidimensional
coincide com o eixo elastico da asa e contém toda a sua rigidez ao longo do seu comprimento. Assim,
uma nova rotina computacional é criada utilizando o modelo estrutural desenvolvido e integrando um
programa disponivel de andlise aerodinamica, que faz uso do método dos panéis. Ambos os modelos
computacionais sao validados através de resultados publicados. O acoplamento dos dois dominios é
feito usando um esquema de discretizacao temporal adequado, que é escolhido ap6s serem realizadas
uma série de analises computacionais com esquemas temporais diferentes. A rotina computacional é
comparada com resultados estaticos provenientes de um modelo de asa.

Os resultados apresentam-se para uma asa denominada o caso referéncia. E conduzido um es-
tudo paramétrico, cujos resultados sdo comparados com os valores de referéncia. Conclui-se que a
rotina revela bons resultados, tendo em conta as espectativas teéricas. Além disso, uma rotina de
optimizagdo aero-estrutural foi desenvolvida com o objectivo de minimizar a massa total da asa e man-
tendo constante o coeficiente de sustentacdo. Apesar das muitas simplificacdes efectuadas, tanto a
nivel estrutural como aerodinamico, a rotina computacional criada revela ser Util na previsdo do desem-

penho aeroelastico de uma asa nas etapas iniciais de projecto de aeronaves.

Palavras-chave: Aeroelasticidade, Método dos panéis, Método dos elementos finitos, Interacgéo

fluido-estrutura, Métodos de acoplamento, Flutter
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Abstract

Aeroelasticity is a physical phenomenon resulting from the interaction of aerodynamic, elastic and inertial
forces. Itis very important to study aeroelasticity in aircraft structures, due to their lightweight and flexible
design.

The present work aims to study the aeroelastic behavior of a 3D aircraft wing. For that, a beam
representation of the wing structure is developed using the finite-element method. The one-dimensional
beam coincides with the wing elastic axis with the whole rigidity of the wing concentrated along it. There-
fore, a new computational aeroelasticity framework was created using the structural model developed
and integrating an available fluid solver, which uses a panel method to solve the fluid flow. Both the fluid
and structural solvers are validated with published results. The coupling of the two domains is made
using an adequate time discretization scheme, which is chosen after performing several analyses using
different temporal schemes. The framework is validated with available trim results from a wing model.

The results are then presented for a wing denoted as reference case. A parametric study is con-
ducted and its results compared with the reference values. It is concluded that the results show very
good agreement with the theoretical expectations. Moreover, an aero-structural optimization of a wing is
tackled aiming to minimize its total mass while fixing the lift coefficient. Despite the many simplifications
implemented in both the fluid and structural solvers, this framework proves to be useful to predict the

aeroelastic performance of a wing in the early stages of aircraft design.

Keywords: Aeroelasticity, Panel method, Finite element method, Fluid-structure interaction,

Coupling schemes, Flutter
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Chapter 1

Introduction

1.1 Motivation

The science of aeroelasticity is of the most importance in aircraft design. As it will be explained later,
aeroelasticity comprises physical phenomena, occurring on aircraft structures, resulting from the inter-
action of aerodynamic, elastic and inertial forces acting on them.

These effects occur in many types of structures, such as bridges and buildings in free airflow. For
aircraft though, it is extremely important to achieve aeroelastic stability due to its extremely lightweight
design resulting in flexible structures. As a consequence, aeroelastic oscillations and deformations, if
not controlled, can cause severe damage to the aircraft, possibly resulting in catastrophic accidents.

Nowadays, in order to prevent the negative consequences of aeroelasticity and to better understand
and control it, several computational aeroelastic tests can be performed in early stages of aircraft design,

posing as efficient and accurate methods and thus lowering the number of experimental tests needed.

1.2 Historical Perspective

In the early days of aviation, even before the Wright brothers’ first flight, Professor Samuel Langley,
at the Smithsonian Institute, unsuccessfully attempted powered flight in his monoplane, which crashed
into the Potomac river, as shown in Figure 1.1(a). This has become one of the first known aeroelastic
problems that occurred in aviation. According to Garrick and Reed Il [1], the wing collapsed because of
the excessive wing twist caused by high wing camber coupled with low torsional stiffness, which resulted
in structural failure. This problem was mitigated with the development of biplanes over the next years.
The success of the Wright Flyer in late 1903, for example, is due to a consideration of aeroelastic effects.
The Wright brothers developed a wing warping mechanism for lateral control [2], allowing controllability
without the need to alter the local wing camber. Moreover, the brothers corrected the efficiency of
the propeller blades with backward sweep after recognizing an adverse aeroelastic effect [3]. Biplane
designs were dominant for 30 years until the advent of semi-monocoque structures [2].

As stated by Kehoe [4], the first recorded flutter incident was achieved when troubleshooting violent



oscillations occurred on the horizontal tail of the Handley Page 0/400 bomber, as shown in Figure 1.1(b),
at the beginning of World War I. Also, control surface flutter began to appear during that time. The plane
experienced violent in-flight asymmetric torsional oscillation of the fuselage and pitch oscillation due to a
lack of torsional stiffness [1, 2]. It was discovered that the oscillations were self-excited by an interaction

with airflow, and not due to any resonance of vibration sources [1].
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(a) Langley Flyer (b) Handley Page 0/400 bomber

ST =

Figure 1.1: Early aircraft aeroelastic incidents [1].

These two historical failure cases are indicative of the two main aeroelastic problems: static aeroe-
lasticity and dynamic aeroelasticity. These problems will be presented in the next chapter.

New flutter incidences emerged when aircraft could fly with transonic speeds. According to Kehoe [4],
from 1947 to 1956, there were 21 incidences of flutter involving transonic aircraft. Nowadays, supersonic
speeds produced a new type of flutter known as panel flutter, which involves constant amplitude standing
in aircraft skin coverings that can lead to fatigue failure [4].

In order to study and prevent flutter, flight flutter test techniques were developed including structural
excitation systems, instrumentation systems and signal preprocessing. The first formal flight flutter test
was conducted in Germany in 1935, by Von Schlippe [4]. It consisted of structural excitation using a ro-
tating unbalanced weight, measuring the response amplitude and recording it as a function of airspeed.

Over the next years, there were advances in the aerodynamic and structural fields and several com-
putational aeroelastic models were developed. The computer revolution brought new numerical methods
such as panel methods and finite element analysis. The latter has become an important method in de-
sign and optimization of structures in the field of aeroelasticity.

With the development of Unmanned Aerial Vehicles (UAVSs) in the recent years, some of them were
built with the purpose of collecting data of the aeroelastic response in-flight. NASA's Helios prototype,
which is shown in Figure 1.2, and the X-HALE from the University of Michigan are two examples [5].
These are modern High-Altitude Long-Endurance (HALE) aircraft with a very lightweight and flexible

design whose wings may undergo large deformations during normal operating loads.

1.3 Objectives

The initial purpose of this thesis is to study the governing equations of aeroelasticity and review some

of the models and methods currently used in aeroelastic calculations. Two main objectives support this



Figure 1.2: Helios aircraft showing large wing deflection [6].

thesis. The first main objective is to develop a dynamic structural model for the wing, representing it
as an equivalent beam, in order to be used in an aeroelastic framework, applying the finite-element
method and taking into account the mass and stiffness matrices of the system. Moreover, an existing
computational fluid solver will be adapted and integrated in this work. Therefore, a finite element code
was developed to describe an equivalent wing beam model, which can be used in the early stages of
aircraft design.

The second main objective is to benchmark and study several implemented coupling methods, which
are used to couple the fluid and structural domains, concluding about the accuracy, stability and effi-

ciency of those methods.

In general, Figure 1.3 illustrates the major steps conducted in this thesis. The dashed boxes repre-
sent work already done, which was used here. On the other hand, the solid boxes are related to code

developed from scratch, which constitutes the bulk of this work.

Wing
Parametrization

AN

L1 CFDGrd CSD Grid
< . | . Structure Solver
i L Generation X Generation

FSI Algorithms
[ Implementation H Benchmark }

Aeroelastic .
[ Computations H Parametric Study }

Aero-structural
Optimization

Figure 1.3: Flowchart illustrating the steps undertaken in this thesis. Dashed boxes represent work already available.
Solid boxes constitute the bulk of this work and are related to code developed from scratch.



1.4 Thesis Outline

This work is divided into chapters, with a logical sequence ranging from the basic principles of aeroelas-
ticity, through the development and implementation of the computational tool, including an overview and
application of several coupling methods and concluding with the application of the aeroelastic frame-
work developed to several case studies, including a parametric study and a aero-structural optimization
problem.

Chapter 2 presents the subject of aeroelasticity, including definitions of static and dynamic aeroelas-
ticity as well as the mathematical formulation.

In Chapter 3, the computational aerodynamic tool will be selected and explained. The chapter begins
with a theoretical introduction on the basics of fluid dynamics and the potential fluid flow theory, applied
in the computational model. Furthermore, the numerical method applied is presented and its numerical
implementation is summarized.

Chapter 4 presents the theory of the finite-element method using beam elements, which is the basis
of the dynamic structural model. Moreover, the development stages before arriving at the final model
are addressed, as one will enter into the practical development of the program with a description of each
step that was carried out. The chapter ends with a verification and validation of the code, through several
analysis conducted both with the developed program and with a commercial software.

In Chapter 5, the input parameters are specified in order to parametrize the aircraft wing, namely,
the coordinate systems, the wing geometry, the material properties and the internal structure. Further-
more, the mathematical method used to compute structural properties of a plane section of the wing is
reviewed.

Chapter 6 results from a literature review about fluid-structure coupling methods, presenting several
coupling methods with possible enhancements. Moreover, the spatial discretization of the aircraft wing
is detailed, giving special attention to the transferring of the aerodynamic forces into the structural nodes
and the procedure to move the fluid and structural grids is also explained and validated.

The numerical results start in Chapter 7, where several tests are performed with a reference case
wing in order to test the influence of the coupling procedures presented in the previous chapter on the
results. Chapter 8 continues this trend with a parametric study, where several additional analysis are
performed having chosen the best coupling procedure and varying the input parameters from Chapter
5, comparing the results with the reference case.

Finally, Chapter 9 deals with a simple aero-structural optimization of a subsonic wing. A brief ex-
planation is made about the optimization problem and a commercial tool is selected, ending with a
description of the final results.

The thesis ends with a summary of achievements and suggestions of future work in Chapter 10.



Chapter 2

Static and Dynamic Aeroelasticity

In this chapter, special cases of aeroelastic problems will be presented, namely static and dynamic
problems. According to Megson [7], the first may exhibit divergent tendencies leading to failure or, in a
sufficient stiff structure, convergence until a condition of stable equilibrium is achieved. Those aeroelastic
phenomena are known as static divergence and control reversal. On the other hand, dynamic aeroelastic
problems occur due to dynamic loading systems that induce oscillations of structural members, which

may end up causing failure. In this group are, for example, flutter, buffeting and dynamic response.

2.1 Aeroelasticity Background

According to Clark et al. [8], aeroelasticity can be defined in the following manner:

"Aeroelasticity is concerned with those physical phenomena which involve significant mutual interac-
tion among inertial, elastic and aerodynamic forces”.

To better understand and visualize the context of aeroelasticity, Collar [9] proposed a triangle of those

disciplines, presented in Figure 2.1.
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Figure 2.1: Collar diagram, adapted from [8].

This triangle represents the three main disciplines directly related to dynamic aeroelasticity. By
pairing two corners of the triangle, one can identify other important technical fields posing as special

aspects of aeroelasticity. For instance:

* Stability and control (flight mechanics) = inertial forces + aerodynamic forces;



« Structural vibrations = inertial forces + elastic forces;

« Static aeroelasticity = aerodynamic forces + elastic forces.

2.2 Static Aeroelastic Problems

Static or steady state aeroelastic problems involve the interaction of aerodynamic and elastic forces.
In fact, as the wing is flexible, loads cause distortion. Consequently, as the wing incidence angle is
being changed, a redistribution of aerodynamic loads is also occurring. Assuming the centre of twist is
behind the aerodynamic centre, the moment caused by lift force in relation to the twist center gradually
increases as long as the wing incidence also increases, because a change in lift is proportional to a

change in wing incidence. Figure 2.2 illustrates this phenomena.
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Figure 2.2: Aerodynamic loads causing wing twist, increasing wing incidence [7].

If a condition of stable equilibrium is achieved, the torsional moment of aerodynamic forces balances
the torsional rigidity of the wing. That state is reached if the air speed does not surpass a critical value,
that is, the divergence speed [7].

Other important aeroelastic static problem is the control effectiveness and reversal. Like the wing,
vertical and horizontal tails are flexible structures, which can adversely affect the effectiveness of their
control surfaces. Taking in the example of an aileron, the downward deflection causes a change in
lift distribution which makes the wing twist nose down. This phenomena reduces the incidence of the
aileron, thus reducing the increase in lift produced by the aileron deflection and, consequently, the
rolling moment of the aircraft. There is a critical airspeed, the aileron reversal speed [7], at which
the effectiveness of the control surface is completely nullified and does not produce any rolling moment.
Because of this, above this critical speed, to have a positive increment of lift, an upward aileron deflection
is necessary.

The most common divergence problem is the torsional divergence of a wing [7]. Therefore, in the
following section, the mathematical formulation of this problem will be presented. The simplest case of
a 2D wing is considered. As illustrated in Figure 2.3, one will consider a 2D wing with cross-section
area S, chord c and torsional stiffness K who is subject to aerodynamic loads as lift L and wing pitching
moment M, relative to the aerodynamic center [7].

For the wing to be in equilibrium, the moment produced by aerodynamic loads about the elastic center
shall be balanced by the torsional moment of the wing. Therefore, the moment equilibrium equation is
then

My + Lec = K0, (2.1)



Figure 2.3: Representative system of a 2D wing in torsion [7].

where ec is the distance between the aerodynamic and elastic centers of the wing and @ is the elastic

twist of the wing. From steady aerodynamics,

1
L= 5pv2SOL, (2.2)
1
M, = 5pv%*c(,*m : (2.3)
aoC
CL=Cro+ 2(a+0). (2.4)
Jda

In which « is the initial angle of attack of the wing, C, o is the wing lift coefficient at zero angle of attack

and 2¢L is the wing lift curve slope. Substituting in Eq. (2.1), one obtains

1 ocC
ng2S[cCA170 +ecCro+ec 6aL (a+0)]=K90. (2.5)

The angle of twist is then given by

%pV2SC(CM’U +eCro+ eaac;f a)

0= 2.6
K — %pV2Sec—aac;L 26)
The divergence occurs when 6 becomes infinite, with
K= 1;)V%S’@C@. (2.7)
2 Ox

Finally, one can obtain the equation of the divergence speed, given by

2K
V)=, | —/ . 2.8
¢ \/ pSec—aaC;L (@8)

One can conclude that the divergence speed can be increased by stiffening the wing or decreasing the
distance between the aerodynamic and flexural centers. According to [7], the latter constitutes a penalty

to weight and cost so designers opt to not choose that approach.

2.3 Dynamic Aeroelastic Problems

Dynamic aeroelasticity concerns the interaction between inertia, elastic, and unsteady aerodynamic

forces. This dynamic problem differs from static aeroelasticity, since vibration is also involved. The most



important dynamic problems are buffeting and flutter. The latter is considered to be the most dangerous
so its understanding and prevention is a crucial step in structural design.

According to Megson [7], buffeting is a dynamic phenomena that mostly occurs in a tailplane caused
by the airflow coming from the wing wake, which strikes the airplane with a frequency equal to its natural
frequency. Due to that, a resonant oscillation can occur. However, this problem can be alleviated by
proper positioning of the tail and having a clean aerodynamic design.

A formal definition of flutter is the one from Hodges and Pierce [2]:

A dynamic instability of a flight vehicle associated with the interaction of aerodynamic, elastic, and
inertial forces.

In fact, flutter is a self-excited oscillatory instability in which aerodynamic forces couple with the
natural modes of vibration of a elastic body, producing vibrations with increasing amplitude. This phe-
nomenon occurs at a critical or flutter speed, which is the lowest airspeed at which a given structure
oscillates with sustained simple harmonic motion [7].

Above the flutter speed, the vibrations can be potentially destructive depending on how much they
increase. As stated in [2], of the various phenomena categorized as aeroelastic flutter, lifting-surface
flutter is the most usual and most likely to result in structural failure. In this type of flutter, known as
classical flutter, flexural and torsional modes are coupled, as shown in Figure 2.4, and it is associated
with potential flow. Next, the fundamental equations of motion of a linear aerodynamic system will be

presented, as described in Hodges and Pierce [2].
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Figure 2.4: Coupling of bending and torsional oscillations [10].

2.3.1 Equations of Motion of a Linear Aeroelastic System

Consider the rigid and spring-restrained wing model, as shown in Figure 2.5. The plunge displacement h
is measured in point P, while points C, Q and T refer, respe