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Resumo

A adaptacao da morfologia de aeronaves é cada vez mais importante de modo a melhorar
significativamente a sua adaptacao a missao a desempenhar. Aeronaves de envergadura var-
iavel sdo estudadas ha ja bastante tempo e estdo provados os seus beneficios em termos de
eficiéncia e desempenho. No entanto, sdo geometrias estruturalmente complexas e dificeis
de analisar.

Este estudo surge com o intuito de simplificar dita geometria e analisar as deformacoes que
ocorrem numa viga telescopica sujeita a uma carga distribuida ao longo da sua envergadura
e de que forma diferentes tipos de apoios entre os segmentos que a constituem e determi-
nadas diferencas estruturais podem influenciar significativamente, ou nao, essas mesmas
deformacoes.

Nesta dissertacao é assumida uma analise teorica de vigas de Euler-Bernoulli, cuja principal
caracteristica é desprezar as forcas de corte ao longo da envergadura da viga, admitindo que
as seccoes transversais sdo perpendiculares ao eixo neutro antes e apos a deformacao. Esta
teoria € usada devido ao facto de se lidar com pequenas deflex6es e admitindo que a viga nao
diminui as suas dimensdes no eixo longitudinal ap6s a deformacao.

De modo a testar os trés diferentes tipos de mecanismos telescopicos, é importante saber
quais as caracteristicas que sao necessarias para o correto estudo das deformacées. Em
primeiro lugar, os dois segmentos tém diferentes valores de rigidez a flexdao. Em segundo
lugar, os tipos de suporte usados entre os segmentos sao diferentes, sendo para o Caso 1 um
suporte de viga encastrada; para o Caso 2 uma viga em suspensao com um suporte simples;
e para o Caso 3 um viga em suspensao com contacto continuo entre os dois segmentos. Para
a analise analitica e numérica os parametros usados sao o comprimento total da viga (L), os
comprimentos de cada segmento (L, L, e Ls), as razoes entre esses comprimentos e o com-
primento total da viga (K, e K1,,) e arazao entre arigidez a flexao de cada um dos segmentos
(Kgr1). Estes parametros sao usados de modo a obter resultados adimensionalizados.

Procede-se entao a analise analitica e obtencao das equacoes que descrevem o comporta-
mento de deformacao das vigas. Posteriormente, efetuou-se a analise numérica dos mesmos
casos com recurso a ferramentas computacionais de elementos finitos para que se possam
comparar estes resultados com os da analise analitica.

Com isto, pretende-se perceber como é que estes tipos de apoios e alteracoes no tamanho
dos segmentos influenciam as deformacoes e com que veracidade e acuidade tais equacoes
descrevem as mesmas. E também proposta a hipotese de que existe uma margem ideal do
comprimento do segmento telescopico em que a deflexdo da ponta da viga diminui, antes de
voltar a aumentar até ao seu valor maximo.
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Abstract

Aircraft morphology adaptation is a subject that is becoming increasingly more important in
order to significantly improve its adaptation to the mission to perform. Variable wingspan
aircraft have been studied for a while now and its benefits in terms of efficiency and perfor-
mance are well known. However, they have a type of geometry that is structurally complex
and difficult to analyze.

This study appears with the purpose of simplifying said geometry and analyze the displace-
ments that occur on a telescopic beam subjected to a certain load distributed along its span
and in what way different types of supports between its constituent segments and certain
structural differences can influence significantly, or not, such displacements.

In this dissertation it is assumed a theoretical analysis of Euler-Bernoulli beams, whose pri-
mary characteristic is to neglect the shear strains along the beam’s length, admitting that
plane cross-sections are perpendicular to the axis before and after the deformation. This
theory is used due to the fact that this study only deals with small deflections and assuming
that the beam does not decrease its dimensions on the longitudinal axis after the displace-
ments.

To test the three different cases of telescopic beam mechanisms, it is important to know
what characteristics are necessary for a correct study of the displacements. Firstly, the two
different segments have different flexural rigidities. Secondly, the types of supports used
between the segments are different, being for Case 1 a cantilever beam support; for Case
2 a simply supported overhanging telescopic mechanism; and for Case 3 an overhanging
telescopic support with a continuous contact. For both the analytical and numerical analysis,
the parameters used are the total length of the beam (L), each segment’s length (L, L; and
L), the ratios between those lengths and the total length of the beam (K7, and K,,) and the
ratio between the flexural rigidity of the tip and root segments (K z). These parameters are
used in order to obtain non-dimensionalized results.

The analytical analysis is carried out and the equations that describe the deformation be-
havior of the beams are obtained. Posteriorly, the numerical analysis of the same cases is
performed with the aid of finite element analysis computational tools, in order to compare
those results with the former ones.

With this, it is intended to understand how these types of support mechanisms and segment
size alterations influence the deformations and what is the veracity and acuity of the equa-
tions that describe them. It is also proposed the hypothesis that an ideal margin of length of
the telescopic segment exists where the beam’s tip deflection decreases, before it reaches its
maximum value.
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Chapter 1

Introduction

Technology was defined as “a material entity created by the application of mental and phys-
ical effort to nature in order to achieve some value” by Radovan Richta, who also coined the
term “technological evolution” in his first work “Man and Technology in the Revolution of
Our Day” (1963) [1]. In order to achieve this value, Humanity evolves its methods and tools,
seeking the best possible solutions to the obstacles that slowly appear in its way.

Like in all fields of study such as Medicine, Economics, Engineering and Physics, the Aero-
nautics and Aviation industry also feels the need to evolve in order to keep up with modern
society and their demands, whether it is for the comfort of the population or the need to
create a solution for a problem that had not been considered until due time.

One common problem that has been around since the dawn of aviation is the constraints that
every aircraft has according to its task, i.e. different aircraft for different missions. Aerospace
structures are usually designed as "passive” systems, i.e. their topology, geometry and ma-
terial is defined during the development process in order to satisfy a set of different require-
ments with minimum weight [2].

With this in mind, it would be much simpler if we could have some type of aircraft capa-
ble of adaptation mid-flight in order to use the best characteristics in different flight stages,
having a fleet of a single morphing aircraft capable of being utilized on different mission ob-
jectives and flight conditions, as opposed to a fleet of several aircraft types, each designed for
a specific mission objective and function [3].

Being a field of constant change and ever-growing technology, the aviation industry has made
enormous progress in the area of wing design and optimization, resorting to the change of
wing and airfoil shape in order to obtain better performance, such as flight envelope, flight
control and flight range [3]. This alteration of wing and airfoil shape, known as morphing,
will lead to improvements in the performance and efficiency of the aircraft and, according to
Weisshaar [4], is defined as ”a set of technologies that increase a vehicle’s performance by
manipulating certain characteristics to better match the vehicle’s state to the environment
and task at hand”.

Morphing wings are not a novelty in the aeronautical industry. Commercial aircraft already
use geometry changes with the deployment of their flaps and slats to adapt wing morphol-
ogy to certain flight conditions. However, this adaptation does not allow the best geome-



try/performance commitment of the aircraft for each flight condition, as the latter is usually
substandard due to limitations to only a few flight stages and bring smaller benefits compared
to adaptable wing configurations.

In the field of aeronautics, “shape morphing” has been used to identify those aircraft that
undergo certain geometrical changes to enhance or adapt to their mission profiles [5]. Since
there is no compliance on the scope of geometrical changes that are required to place an
aircraft in the "shape morphing” family, a fixed definition of what it means to be a "shape
morphing” aircraft and what changes places them as such, does not yet exist. Ignoring con-
ventional control surfaces which provide discrete geometry changes, such as flaps or slats,
as a type of wing morphing seems to be one of the few agreements amongst the aeronautical
research community so far by not being "powerful” enough to cause significant changes in
aircraft performance at all stages due to their singular functionality nature and they are only
operated for a very short period of time along the flight envelope. In addition, they are only
applied locally along the airframe, and they are designed not to carry the flight loads [5].

Outside this short period of working time, these control surfaces can have a neutral or nega-
tive aerodynamic influence, thus lowering efficiency. Conventional hinged mechanisms are
effective in controlling the airflow, but they are not efficient, as the hinges and other junctions
usually create discontinuities in the surface, resulting in unwanted fluid dynamic phenomena

[6].

According to Reich and Sanders [7], some of the major challenges that need to be addressed in
terms of “shape morphing” are distributed high-power density actuation concepts, structural
mechanization concepts, flexible skins and control law development. These changes must
occur during the entire flight process and adapt for different flight stages in order to provide
the best performance and efficiency.

The differences between the small changes caused by control surfaces such as slats, flaps,
landing gears, etc., and the bigger changes that provide more noticeable performance and
efficiency improvements at all flight stages, makes it possible for us to organize them as Dis-
crete and Continuous Morphing, respectively [8]. Table 1.1 encapsulates the more significant
differences between them:

Table 1.1: Definitions of Discrete and Continuous Morphing. Adapted from R. Ajaj et al. [8].

Discrete Morphing Continuous Morphing
Singular functionality. Multiple functionalities.
Adopted locally on board the aircraft. Adopted all over the body
of the aircraft.
Operated at few points of the flight envelope. Operated continuously along
the flight envelope.
Suppress coupling between the aircraft axis. | Exploit couplings in morphing schedules
and between the aircraft axis.




1.1 Morphing

With wing and airfoil changes becoming one of the most researched and already used forms of
“shape morphing”, we need to understand in what way do these geometry alterations appear
and what benefits we can obtain by using them.

Aircraft wings are usually optimized for a specific design point [2]. This point, chosen in the
design phase, is the one that allows the aircraft to reach the best aerodynamic performance.
Outside that design point, where flight conditions are different, a loss of wing efficiency will
emerge. Here is where wing morphing gains its importance, by adapting the geometry of the
wing in order to achieve the best behavior in a much wider range of conditions.

Wing morphing concepts can be classified into three major types, as seen in Figure 1.1: plan-

form transformation, out-of-plane transformation, and airfoil adjustment.

Shape Morphing Wing

[ 1 |

Planform Airfoil Profile Out-of-Plane
Alternation Adjustment Transformation
Span Eer:_gﬁ_i EAVI:Z:ZD Chord-Wise | |Span-wise | | Wing
Change Change || Change Bending Bending Twisting

Figure 1.1: Classification for shape morphing of wing: (I) planform alternation, (II) out-of-plane
transformation, (III) airfoil profile adjustment. A. Sofla et al [5].

In the matter of planform transformation i.e., the shape of the wing we see from above, alter-
ations of wing area, being transformations of sweep, span resizing, and chord length changes
are approached, whereas in the matter of out of plane transformation i.e., changes are no
longer constrained to the same plane as the wing, chord and span-wise camber changes are
included, such as wing twisting and chord and span-wise bending. Airfoil adjustment is about
the designs that change the wing profile but may or may not alter wing camber.

In this chapter only planform alternations, in particular changes in span length, will be dis-
cussed, as out-of-plane transformations and airfoil adjustments are not relevant for this
study.

1.1.1 Wing planform alternation: Changes in span length

Wing planform alteration can be achieved by the resizing of span length, chord length and
by the change of sweep angle or even a combination of all of them, as seen in Figure 1.2. The
first two directly affect the wing’s aspect ratio, hence altering lift-to-drag ratio.

Neal et al. designed and demonstrated a variable planform aircraft capable of different wing

3



morphing combinations. The adaptive model is designed to achieve large scale shape changes
in order to investigate morphing for multi-mission UAVs. There are five independent plan-
form changes along with independent twist control for each wing.

It was concluded that a 38% change in span, 40 degrees of sweep change, 12% change in
chord length and 20 degrees of wing twist that the vehicle undergoes, prove to maintain low
drag throughout a various range of lift coefficients and to be beneficial to the aircraft flight
conditions [9].

Span Change Chord Length Change

Sweep Change

Figure 1.2: The three different types of planform alternation: Span change (top-left), chord length change (top
right) and sweep change (bottom). A. Sofla et al [5].

1.2 Motivation

Fixed high aspect-ratio wings have an advantage in fuel efficiency and lateral stability but lack
maneuverability and operate at relatively low cruise speeds. On the other hand, aircraft with
low-aspect-ratio wings are faster and have better maneuverability, however, show mediocre
aerodynamic efficiency.

With these two seemingly opposite configurations in mind, variable-span wings appear with
the potential to bring together the advantages of both designs. From an aerodynamic per-
spective, the change in aspect-ratio produces differences in lift curve slope and forces due to
the change in the wing area [6].

From Figure 1.3, we can understand that a higher aspect ration means a higher lift coefficient
and vice-versa.



Figure 1.3: Effect of aspect ratio on lift. Daniel P. Raymer [10]

1.2.1 Telescopic wings

The concept of variable geometry wings is owed to russian engineer and inventor Yvan Makho-
nine, who first introduced the telescopic wing on the Mak-10 research aircraft in September
1929, in France, and such aircraft scheme and configuration had never been built.

This aircraft had a telescopic mechanism that allowed the wing’s outer parts to retract in-
side the root parts of the wing and whose wingspan could vary from 13m to 21m (a 62%
increase) and wing area that could vary from 19m? to 33m? (a 57% increase) [4]. By doing
this, harmful resistance was significantly reduced when flying at high speed. After 4 years of
improvements, the aircraft gained the designation of Mak-101.

Cxema camonera Mak. U

(a) Mak-10 blueprint with variable (b) Mak-101 with maximum wingspan
wingspan. (up) and minimum wingspan (down).

Figure 1.4: Mak-10 and Mak-101 with variable wingspan. Adapted from [11] and [12].

Telescopic structures have been extensively used and studied for dire length changes of the
wing structure. The morphing wing in the telescopic configuration is sectioned longitudi-
nally to form at least two segments with consecutive reducing cross-sectional area, such that
each segment can be accommodated in the adjacent inner segment with minimum sliding
clearance. Given the required length change, the number of segments can be determined.

As mentioned above, by increasing wingspan, we increase aspect-ratio and wing area, which
in turn decreases span-wise lift distribution (for the same lift) thus decreasing the drag of the
wing. On the other hand, this increment of wingspan generates a bigger bending moment of
the wing root and a larger deflection of the wing tip.
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It has been found in previous studies that the tip deflection of a wing whose span is variable,
by means of a telescopic mechanism, could depend on the flexural rigidity F T of each material
that constitutes the different parts of the wing and also the portion of length of the two parts
of the wing that are in contact with each other. Results [13] show that for a semi-span of 2m,
a moving fraction of 5% would cause a displacement of 0.0416m on the wing tip, a moving
fraction of 20% would cause a displacement of 0.0338m of the wing tip and a moving fraction
of 30% would cause a displacement of 0.0560m of the wing tip. These results indicate that an
ideal margin of wing movement exists in which the wing tip suffers a minimum amount of
deflection, thus creating the main goal of this study.

1.3 Scope of current study

The main objective of this study is to understand how the portion of length of the two parts of
the wing that are in contact with each other, a ratio between the flexural rigidities of those two
parts and the type of support between the telescopic and fixed wing parts influence the wing
tip deflection and why it decreases in a certain interval of contact length and then increases
again to higher values.

The problem will be simplified by studying a simple geometry of a telescopic beam, instead
of a more complex wing geometry, to obtain results that support this hypothesis and after
that, a Finite Element Analysis will be presented in order to support the analytical analysis
of the beams.

This will happen by analyzing three different cases and configurations of telescopic beams
with different support types between each part.

1.4 Outline

The first chapter of this dissertation is composed of the introduction and the motivation,
with the state-of-the-art on some important notions for this study. Also, the scope of the
current study and the main objectives are described in this chapter as well as the outline of
the dissertation.

Chapter 2 presents the state-of-the-art of types of beams and the different theories that ex-
plore this important structural element as well as the main differences between large and
small deflections of cantilever beams. It also presents an introduction to Finite Element
Analysis.

Chapter 3 commences the analytical analysis of the different cases, the theory applied and
the equations for displacements that are obtained and its calculations.

Chapter 4 presents the numerical analysis of the three cases, how the FEM is applied and
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chosen and how the structural models were built.

Chapter 5 exposes the results of the analytical analysis and the plots obtained with the equa-
tions for displacement and discusses them.

Chapter 6 presents the results for the FEM analysis and compares them with the results from
Chapter 5.

Chapter 7, the final chapter, sums up the entire results of this study and the conclusions
drawn from them, as well as possible future work that can come from this study.






Chapter 2

Literature Review

2.1 Beams

A beam is a structural element designed to resist loads applied crosswise to the beam’s axis.
Its primarily mode of deflection is by bending and the loads applied to it result in reaction
forces at its support points. The total effect of all the forces acting on the beam produce shear
forces and bending moments within the beam, thereby inducing internal stresses, strains and
deflections of the beam.

Beams are characterized by their type of support, cross-section shape, equilibrium condi-
tions, length and material. The most common beam types of support are:

« Cantilever — a projecting beam fixed only at one end.

« Simply supported — a beam supported on the ends which are free to rotate and have no
moment resistance.

+ Over hanging — a simple beam extending beyond its support on one end.
 Continuous — a beam extending over more than two supports.
« Fixed ended — a beam supported on both ends and restrained from rotation.

« Cantilever simply supported — a beam fixed at one end and supported on the free end.

[ B =4
(a) Cantilever (b) Simply supported

[ 1
| ] L (@] i = I = 1N
—£J L)

(c) Overhanging (d) continuous

I o =

1£) Fixed ended (f) Cantilever, simply supported

Figure 2.1: Different types of beam support. Adapted from [14].

The first three types of beams represent statically determinate beams since the reactions at
the supports, produced by a given load, can be determined from the equations of statics.
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Deflection is the degree to which a structural element is displaced under a certain load and
it can be a distance or an angle. By integrating the function that describes the slope of the
deflected shape, we can calculate the deflection distance of that member to which the load is
being applied.

L

Figure 2.2: Deflection (y) and slope () of a cantilevered beam.

The equation regarding the beam’s deflection (y) can be approximated as:

d*y(x)  M(z)
iz~ Bl &Y

where the second derivative of its deflected shape with respect to x is interpreted as its cur-
vature, E is the Young’s modulus, I is the area moment of inertia of the cross-section, and
M is the internal bending moment in the beam.

2.2 Euler-Bernoulli beam theory

Beam models are often used at a pre-design stage because they provide valuable insight into
the behavior of structures. Such calculations are also quite useful when trying to validate
purely computational solutions [15].

Several theories of beam analysis have been developed through the years based on various
assumptions and often lead to different levels of accuracy, from the simplest models to some
theories that require finding solutions to intricate differential equations. One of those simple
models is also one of the primary tools for structural analysis of beams and is commonly
called the Euler—Bernoulli beam equation. This equation accurately describes the elastic
behavior of slender beams where the cross-sectional dimensions are small compared to the
length of the beam (L /t >> 10).

In the Euler-Bernoulli (or simple) beam theory, it is assumed that plane cross-sections per-
pendicular to the axis of the beam are infinitely rigid in its own plane and remain plane and
perpendicular to the axis after deformation.

This assumption implies that all transverse shear strains are zero [16].
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Figure 2.3: Euler-Bernoulli deflected beam with cross-sections at 90° with beam’s neutral axis. Adapted from
[17].

The Euler—Bernoulli equation describes the relationship between the beam’s deflection and
the applied load [18]:

d? d%y
dxz?

) EI):w (2.2)

By modeling the beam as a one-dimensional object, the curve y describes the deflection of
the beam at some position and w represents a distributed load acting on the beam. I must
be calculated with respect to the axis which passes through the centroid of the cross-section
and which is perpendicular to the applied loading (neutral axis). If the product between the
Young’s module F and the area moment of inertia 7, known as flexural rigidity, is constant,
the previous equation can be written as follows:

d*y

EI@ =w(z) (2.3)

By successive derivation of the deflection equation (y), we obtain other physical meanings
such as the beam slope dy/dz, bending moment M in the beam (2.4) and shear force @) in
the beam (2.5).

The beam slope is equivalent to the first derivative of the deflection because we consider small
deflections, thus the derivative is the slope of the tangent of each point along the neutral axis
so it can be considered as the rotation of the beam.

d?y
d d%y
0= (Ef dx2> (2.5)

After we determine the deflection y due to a certain load w, we can use equations 2.4 and 2.5
to calculate the stresses in the beam.

Figure 2.4 represents the variation of bending moment M, shear force () and deflection y in a
cantilever beam with a uniformly applied load. At the fixed end of the beam there cannot be
any displacement or curvature of the beam, which means that at that end, both rotation and
deflection are zero. At the free end of the beam, with no external moments applied, bending
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moment is zero, and maximum at the clamped end. Shear force is zero at the free end since
dM/dx is zero and no external forces are applied. The boundary conditions for this situation
are as follows:

« Fixed end
0
Ylomo =0 8—y —0 (2.6)
x x=0

e Free end

&y 23y

T =0 — =0 (2.7)

ox?|,_, ox3|,_,

L

Figure 2.4: Bending moment and shear force diagram. Adapted from [17].

2.3 Timoshenko’s beam theory

For beams that are not slender, a different theory needs to be adopted to account for the
deformation due to shear forces and, in dynamic cases, the rotary inertia. The beam formu-
lation adopted here is that of Timoshenko, which we will approach next.

As stated before, the simple beam theory is based on the assumption that straight lines nor-
mal to the midplane before deformation remain straight and normal to the midplane after
deformation. Although the assumption leads to a very simple fourth-order differential equa-
tion for solving the deflection of the beam, it suppresses any transverse shearing strain.

This leads to an inconsistent beam theory where on one hand the constitutive shear force is
zero but on the other hand the shear force must be nonzero for equilibrium of beams under
transverse loads [19].

Timoshenko’s more refined beam theory eases the plane cross-sections’ normality assump-
tion, which means sections remain plane but not necessarily normal to the longitudinal axis
after deformation (Fig. 2.5), admitting a nonzero transverse shear strain, thus a constant
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shear stress through the beam thickness.

V4

Euler-Bernoulli
Timoshenko

Figure 2.5: Cross-section differences between Euler-Bernoulli and Timoshenko’s beam theory. Adapted from
[20].

The governing equations for a Timoshenko beam that describes the relation between the
beam’s deflection and the applied load are the following coupled system of differential equa-
tions:

& (Eldgp> =w(z) (2.8)

dx? dx
dy 1 d dy
& ¥ WAGdw <EI dx) (2.9)

By neglecting the last term, the Timoshenko beam theory is equivalent to the Euler-Bernoulli

beam theory when

L << 1
kL?2AG

proves valid.

In equations 2.8 and 2.9, ¢ represents the beam’s rotation, L is the length of the beam, A
is the cross-section area, G is the shear modulus and k is the Timoshenko shear coefficient.
Combining the two equations for a constant cross-section beam we obtain:

dy EI d*w

EI =w(x

at ~ v - e e (219

The bending moment A and the shear force @ in the beam are related to the deflection y and
rotation ¢, which for a linear elastic Timoshenko beam can be written as:

M= _pr2® (2.11)
oz
Q =kAG <—<p + 8y> (2.12)
oz

Figure 2.6 represents the variation of bending moment M, shear force ) and deflection y of
a cantilever beam with a uniformly applied load. Similar to the Euler-Bernoulli theory, at the
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Figure 2.6: Bending moment and shear force diagram of a cantilever beam for large deflections.

clamped end there cannot be any displacement or rotation of the beam hence both deflection
and slope are zero at that end and have maximum value at the free end. At the free end of
the beam, if there are no external moments applied, bending moment is zero and so is the
shear force, if no external forces are applied. Bending moment has maximum value at the
fixed end. The boundary conditions for this situation are as follows:

« Fixed end
0
Ylz=0 =0 a—y =0 (2.13)
Z x=0

e Free end

8y 23y

- =0 — =0 (2.14)

0x?|,_, ox3|,_,

2.4 Large and small deflections of a cantilever beam

The deflection of a cantilever beam is essentially a three-dimensional problem. An elastic
stretching in one direction is accompanied by a compression in the perpendicular directions:
the ratio is known as Poisson’s ratio. However, we can ignore this effect when the length of
the beam is larger than the thickness of the perpendicular cross-section and this is shorter
than the curvature radius of the beam [21].

The main difference between large and small deflections is the displacement in the z axis. A
large beam deflection will significatively decrease the length of the deflected shape compared
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to the non-deflected beam length, whereas in small deflections, the length of the deflected
shape can be considered the same as the non-deflected beam.

¥

Figure 2.7: Cantilever beam loaded with an external vertical concentrated load at the free end and the
parameters for large deflections. T. Belendez et al.[22].

Figure 2.7 [22] shows a cantilever beam of length L with a concentrated load F applied at
the free end of the beam and where §, and ¢, are the horizontal and vertical displacements at
the free end, respectively, and ¢, takes into account the maximum slope of the beam. These
large deflections cannot be obtained from simple beam theories because the assumptions are
no longer valid as they neglect the square of the first derivative in the curvature formula and
provide no correction for the shortening of the moment arm, as the loaded end of the beam
deflects.

For small deflections, these theories are valid because we assume that the curvature of the
deflection curve depends, at any point, only on the magnitude of the bending moment at
that point and shear force effects on the curvature are neglected, as was stated before. This
relationship between the curvature and bending moment allows us to use elementary beam
theories such as the Euler-Bernoulli beam theory and thus the equation:

d?y

M=-FI—
dx?

(2.4 revisited)

In the next chapter, the problem regarding this study will be introduced and the process
and steps taken to approach it will be explained thoroughly. Also, the analytic study and
calculations will be presented to better understand the problem at hand.

2.5 Finite Element Method

The previous sections presented an overview of the analytic methods and theories that can
be used to analyze and approach beam related problems. However, because the problems
related to structural analysis usually involve thousands of unknowns and complex mathe-
matical expressions, even though the derivation of such expressions is not of great difficulty,
obtaining its solutions by exact methods of analysis is an extremely laborious task. Hence
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the need for computer assisted solving methods where the finite element method and its
multidisciplinary computations come in hand.

The finite element method is a procedure for the numerical solution of the equations that
govern the problems found in nature, i.e. mathematically speaking, it is a numerical tech-
nique for solving partial differential or integral equations. When referred to the analysis of
structures the finite element method is a powerful method for computing the displacements,
stresses and strains in a structure under a set of loads [23].

This method allows us to come up with solutions, as a set of numbers, for the mathematical
expressions that describe the problem by transforming them into a set of algebraic equations
which depend on a finite set of parameters.

A finite element can be visualized as a small portion of a whole (continuum). The word finite
distinguishes a portion from the infinitesimal elements of differential calculus. The complex
geometrical domain of the continuum is considered to be formed by an assembly of a col-
lection of non-overlapping sub-domains with simple geometry named finite elements. Over
each finite element, the approximation functions are derived using the basic idea that any
continuous function can be represented by a linear combination of algebraic polynomials
[24].

This collection of sub-domains that discretize the continuum is called a mesh, which can be
seen in Figure 2.8.

Figure 2.8: Solid object and respective mesh. Adapted from [25].

Since the exact analytical variation of such parameters is more complex and generally un-
known, the finite element method only provides an approximation to the exact solution.
Knowing what a finite element is and its use, it is important to structure the problem and
know the steps involved in computing the approximate value of its solution.

Firstly, we need to identify the problem before we analyze the structure: which are the more
relevant physical phenomena influencing the structure; is the problem of static or dynamic
nature; are the material properties linear or non-linear; which are the key results requested
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and what is the level of accuracy sought. Answering these questions is essential for selecting
a structural model and the adequate computational method [23].

With the problem duly identified, the structural model must be chosen and built. This math-
ematical model must include some key aspects:

e Finite element discretization: the domain of the continuum is represented as a collection of
sub-domains - a mesh of finite elements - of which we have the description of its geometrical
components, such as points, lines, surfaces and volumes;

e Mathematical expression of the basic physical laws that govern the behavior of the struc-
ture, such as force-equilibrium equations and boundary conditions;

e Specification of the properties of the materials and of the loads acting on the structure.

e Assembly of element equations and solution: the approximate value of the solution is ob-
tained by putting together the element properties in a meaningful way.

e Convergence and error: the modeling and discretization of the structure are two error
sources. Improving the conceptual and structural models which describe the behavior of
the structure can reduce the modeling associated errors. The discretization error can be re-
duced by using a finer mesh, i.e. with more elements (Fig. 2.9) or increasing the accuracy of
the elements chosen, using higher order polynomial expansions for approximating the dis-
placement field within each element. Reducing mesh and model associated errors leads to a
numerical solution that converges to the mathematical one (more approximate).

Figure 2.9: Successively finer mesh for the same object. Adapted from [25].

After obtaining the structural model and the solutions, it is important to wonder how should
confidence in modeling and computation be critically assessed. This way, Verification and
Validation of the results are the primary methods for building and quantifying this confi-
dence.

Fundamentally, validation is the assessment of the accuracy of the structural and computa-
tional models by comparison of the numerical results with experimental data. The correct
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definition of the experimental tests and the reliability of the experimental results are crucial
issues in the validation process. On the other hand, verification is all about determining if
the underlying structural model and its solution are accurately represented by the compu-
tational model. This means that, unlike validation, the relationship between the numerical
results to the real world is not an important issue.

Comparing the numerical results for the problem with exact analytically obtained solutions
allows us to obtain such verification. This verification must pass through code verification,
to establish confidence in the mathematical model and solution algorithms, and calculation
verification, to establish confidence that the discrete solution of the mathematical model is
accurate [23].

To sum things up, verification allows to check that we are solving structural problems accu-
rately, whereas validation tell us that we are solving the right problem.

In Chapter 4, the methods and procedures approached in this chapter are applied to the
different beams, and the results later analyzed.
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Chapter 3

Analytical Deflection of Compound Beams

In this chapter, after understanding what a telescopic beam is and how its mechanism works,
as well as the different beam theories that can be used to approach the problem at hand, we
begin the development of analytical models for three compound built-in beams.

In order to understand how the deflection at the tip of telescopic beams is influenced by
certain parameters that can be variable or not, such as the length that can be altered or the
flexural rigidity of the material that composes the beam’s parts, which is a property of the
material and cannot be changed, the complexity of this beam was brought down to a simple
beam that represents a regular wing (Fig. 3.1).

X
w
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/ L1 0 2
P 2

Figure 3.1: General representation of the wing as a beam for the three cases.

After that simplification, we assess the effect of different types of support between telescopic
and fixed wing parts on the deflection shape of the beam. This beam is slender, of constant
cross-section for each part that composes the telescopic mechanism and its cross-section is
small compared to its length and normal to the x plane before and after the deflection.

Assuming small deflections, the Euler-Bernoulli beam theory is the one chosen to apply in
order to study the beam’s deformations, which are hereinafter referred to as displacements.
The three cases that are studied are:

« Case 1: A cantilever beam constituted by two parts, clamped to each other.

« Case 2: A cantilever beam constituted by two parts, with the telescopic one simply
supported to the fixed one and overhanging.

« Case 3: A cantilever beam in continuous contact with the telescopic part that slides
inside the latter.
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Understanding the different cases that are going to be analyzed is of the utmost importance.
In every case the main goal is, for the most part, the same, which is trying to find a simplifi-
cation for the equations that describe the rotation and deflection of the beams, as a function
of the flexural rigidities and lengths of the different parts and compare them to a uniform
beam.

Equation 3.1 represents the function that we are trying to obtain:

Y

- = f(KEI7KL2)KL0) (3'1)
YEIconstant

With Figure 3.1 in mind, the following assumptions are taken in consideration:

El,

Kgr = ﬁ (3.2)

L
K, = fQ (3.3)

L
K, = fo (3.4)

which represent the ratio between the flexural rigidities (3.2) and lengths (3.3 and 3.4). The
following assumptions represent the relationships between the distances and values.

Ly=Kp,L (3.5)
Li=L(1-Kyp,) (3.6)
Lo=Kr,L (3.7)
g =0 (3.8)
r,=L(1 - K, — Kr,) (3.9)
xpy =L(1 - Kp,) (3.10)
z.=1L (3.11)
T= % (3.12)

Applying the inequality L, + Ly < L1, we obtain the following constraint:
1
0= Kp, = 5(1-Kgy) (313)

As stated in 1.2.1, a telescopic mechanism implies that at least two different parts exist; one
on the outside that is the root part and another one that slides inside the first. Before we start
the analysis, we will talk about the control group. In line with what was said before, every
case will be compared to the uniform beam and this will allow us to strengthen the ability to
draw conclusions on the study.

That control group is a cantilevered beam with a uniformly distributed load. This guarantees
that the rotation and deflection are caused only by the applied load by assuming that the
deflection due to its self-weight is zero. This implies considering a massless beam [21].
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Also, whenever there is a discontinuity on the beam, i.e. a change between segments occurs, it
is imperative that the equations which describe the displacements are continuous, in order to
guarantee a continuous function of displacement. With this in mind, we shall start analyzing
the three different cases of beams that are approached in this study, which differ in the way
that each part that composes it is attached to one another.

3.1 Control group - Uniform beam

In order to compare the different beams, it is important to understand how the general mech-
anism of a beam works and the general and simple equations that describe the displacements
of said beam. In Figure 3.2 a simplified representation of the uniform beam is visible, with
constant cross-section and material along its length, with a uniformly distributed applied
load and with a fixed end (left side) and a free end (right side). Calculating the bending mo-
ment and shear force equations, allows us to obtain the rotation and deflection of the beam
and we can use them to make the comparisons on this study.

w

L TR

I— L
X

Figure 3.2: Uniform beam schematic

The shear force and bending moment equations are, for the uniform beam:

Q=w(L —x) (3.14)

M = —%(L —z)* (3.15)

Substituting the bending moment equation above in equation 2.4 allows us to obtain the
equations for curvature, rotation and deflection of the uniform beam by integrating in = and
making use of 3.12:

d? wlL?
d w3
L4

y = 27“: (672 —47° +7") (38)

Replacing = = 1 gives us the equations of displacement at the tip of the beam, i.e. the point
where the displacements have the highest value, and the equations that are going to be used
for the comparison between the different cases and this control beam. With the equations
for the basic type of beam well know, the analysis of the three cases can proceed.
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3.2 Case 1 - Cantilever beams

For the first case, the telescopic mechanism is represented by two cantilever beams in a way
that one is clamped to a wall, representing the part clamped to the fuselage, and the other
one is clamped to the first beam, representing the second part of the wing. Figure 3.3 is a
schematic of the two different cross-section’ beam with a uniformly applied distributed load

w.
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Figure 3.3: Telescopic beam schematic of Case 1.

3.2.1 Reactions

Assuming that F1; and E1; are the flexural rigidities of the root and tip parts, respectively,
and Ly = 0, therefore L being the total length of the beam such that L. = L; + Lo, it is defined
for the free body diagram that the y axis is positive pointing upwards, the x axis is positive to
the right and moment is positive in the counter-clockwise direction. Next, we calculate the
reactions at x = 0 (Fig. 3.4), obtaining the following equations for the bending moment and
shear force:
wL?
My = o (3.19)
Qo =—-wL  (3.20)

e

Q,

Figure 3.4: Reactions on the beam at z = 0.

We calculate the reactions at © = z; in a similar way (Fig. 3.5) solving ¥F = 0 and XM = 0
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and making use of the free body diagram, obtaining;:

wL?
Mp=—-——2 (3.21)

Qp=—-wly (3.22)

L2

Qs

Figure 3.5: Reactions on the beam at x = .

With this, we have obtained the value of the bending moment and shear force on both clamped
sides of the two parts of the beam.

3.2.2 Bending moment and shear force equations

Following the rule of sign for bending moments by defining the bending moment as positive
in the clockwise direction, we obtain the equations regarding the bending moment and shear
force on the opposite sides of the ones we just calculated, therefore obtaining, for 0 < z < x;:
w o
M = Mo — Qozr — 5 a” (3-23)
Q=-Qo—wx (3.24)

By substituting equations 3.19 and 3.20 in equation 3.23 and equation 3.24, one gets:

M= —% (L—2)® (3.25)

Q=w(L—-1) (3.26)

and because A = B, at x = xy:

w
May=Mp =~ (L~ z)? (3.27)

Qa=Qp=w(L—x) (3.28)
Finally, using again the rule of sign of bending moments, we can calculate the bending mo-
ment and shear force at z;, < z < z., obtaining:

w w
M= _§x2 + (wap — Qp)x — 53:2 +Qpry+ Mp  (3.29)

Q=-Qp—w(r—uxp) (3.30)
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Figure 3.6: Reactions on the beam at 0 < z < xy.

By substituting equations 3.21 and 3.22 in equation 3.29 and equation 3.30, we obtain:

M = —% (L-=)* (3.31)

Q=w(L-—x) (3.32)

MBC

Qs

Xp Xc

Figure 3.7: Reactions on the beam at z;, < = < =..

Now that the equations that represent the variation of the bending moment and shear force
for0 < z < zp and z, < = < z. have been obtained, we can assume an Euler-Bernoulli beam
with its curvature given by the following equation:

d%y M
a2 - EI (3-33)

and obtain the rotation and deflection by integrating once and twice, respectively.

Using the equations stated above it is possible to draw a representation of the shear force and
bending moment diagrams represented by Figure 3.8 and with its variation along the beam’s
length.

3.2.3 Rotation and Deflection with Euler-Bernoulli Theory

In order to obtain the equation that defines the rotation and deflection of the beam for 0 <
x < xpand x, < x < x., we will now substitute the equations of the bending moment of each
part of the beam in equation 3.33 and proceed to integrate in . To facilitate the calculations,
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Figure 3.8: Shear Force and Bending Moment diagram representation of Case 1.

we use assumptions 3.10, 3.11 and 3.12 whenever it is necessary and introduce one more:

Ty =(1—-Kg,) (3.34)

With these new assumptions, we are able to extract L from the equations and obtain the
rotation and deflection as a non-dimensionalized function of z /L.

e Fromroottopoint A=B:0<7<(1-Kp,)

dzy w 2 2
— = — 2L L .
2~ 25n +L7) (3-35)
dy w (23 9 9
— = — —L L B .
dr ~ 2EL ( g ML) (3.36)
w 2t La® L2222
Y SYon <12—3+ 5 >+Bl$+32 (3.37)

As we can see from above, equation 3.35 is obtained by using equation 3.25 in equation 3.33
and describes the curvature of the beam, equation 3.36 describes the rotation of the beam
and equation 3.37 describes the deflection of the beam. In order to obtain the value of the
constants B, and Bs, we make use of the boundary conditions 2.6 and conclude that at x = 0,
j—g =0and y = 0. Thus, B = B, = 0.

Simplifying comes:
d wL?
ﬁ = GBI (37 - 372 +7°)  (3.38)
wL?
Y= ST (6z° —47° +7') (3.39)

Next, we obtain the equations of the rotation and deflection at the point of discontinuity
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A = B, i.e.,T = T3, and substitute:

d wl?
((;2)3 = §BT. (3z, — 373 +7;)  (3.40)

wL?*

(Y)p = 2ET, (6% — 4z +7,) (3.41)

e Frompoint A= BtopointC: (1-K,)<z<1

d?y B w

2 2
— = — 2L L .42
022 = 2L 7+ L% (3-42)
dy w 3 9 9
=———(——1L L .
w z*  Lz®  L%2?
y:2E11KEI<12_3+ 5 >+Cl$+02 (3.44)

Just as it was done for 0 < 7 < (1 — K,), we replaced the respective bending moment
equation (eq. 3.31), for (1 — K1,) < T < 1, in equation 3.33 and integrated in x to obtain
the equation for the curvature (eq. 3.42), the equation for the rotation (eq. 3.43) and the
equation for the deflection (eq. 3.44).

Assumption 3.2 is also applied, in the form of FI, = Kg;FEI, in the above equations to
simplify calculations. This time, due to the discontinuity point and because Ly, = 0, from
assumptions 3.7 and 3.9 we obtain x, = 3, hence point A is equivalent to point B and the
rotation and deflection at that point have the same value. This being said, we obtain the
following boundary conditions:

dx dx
y=(y)p atz =m (3.46)

d d
= <y> atz =, (3.45)
B

In order to obtain the values of C; and Cs, we compute equations 3.43 and 3.44 with respect
to C1 and Oy, respectively, and make use of the boundary conditions above to substitute 3.45
in equation 3.43 and 3.46 in equation 3.44, and obtain:

wl? 5 3 1
_ Ty — 372 +70) (1 — —— .
Cr = spp (3% — 33, + ;) ( Km) (3-47)
wlL? 2 | o3 ad 1

With € and C5 calculated, we can replace their values in equations 3.43 and 3.44, with as-
sumptions 3.12 and 3.34 and simplify, in order to obtain the final equations regarding the
rotation and deflection of the beam in (1 — K,) < = < 1. This simplification leads us to the
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following equations that only depend on EI,, Kg;, K1,, L and 7:

1

L <1 - 1) (1~ K%z)] (3-49)

dx 6FI

Kgr Ker

wlL4 1 9 3 4
e B A
y 24E11{KE1( 7oA 4T

(3.50)

1 4 3 — _
+ (1_KEI> [—1—3KL2—4KL2(—1+:¢)+4:¢}}

After these calculations, we can conclude that the equations that describe the rotation and
deflection of the beam are, for 0 < 7 < (1— K,) equations 3.38 and 3.39 and for (1 - K,) <
T < 1 equations 3.49 and 3.50, respectively.

If we substitute = = 1, which is the equivalent to have = = L on the previous equations, we
obtain the equations regarding the rotation and deflection at the tip of the beam:

@ B w3
dr ), 6EL
( ) - wlL4
YL = 54Er

1 1 5
KiEI_‘_ (1_I(EI> (1_KL2)] (351)

3 1 .
Knr + <1 — Kﬂ) (3 — 3KL2>] (3.52)

Equations 3.53 and 3.54 represent the ratio between the beam’s rotation and deflection and

the rotation and deflection equations for a uniform beam, at x = L:
(fLy) )
)y, 3
ML g (14— | K .
(@) + + Koy ) Kia (3.53)
dx U

_ 1 4
_1+< 1+KEI>KL2 (3-54)

Now it is possible to plot these equations to better understand the problem at hand and vi-
sualize how the rotation and deflection change along the beam, how it changes at the tip and
what differences exist with a uniform beam, which are visible in 5.1.

3.3 Case 2 - Simply supported overhanging telescopic beam

For the second case, the telescopic mechanism is represented by a cantilever beam that rep-
resents the root part of the wing clamped to the fuselage, and a tip part that slides freely
inside the first one and is a simply supported beam with four support points.

For this case, we will use assumptions 3.2, 3.3 and 3.4. Figure 3.9 represents the telescopic
beam configuration for Case 2, and just as the first one, with an applied uniformly distributed
load w.
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Figure 3.9: Telescopic beam schematic for Case 2.

3.3.1 Reactions

Assuming that F1; and E1; are the flexural rigidities of the root and tip parts, respectively,
and L the total length of the beam such as L = L; + Lo, it is defined for the free body diagram
that the y axis is positive pointing upwards, the z axis is positive to the right and moment is
positive in the counter-clockwise direction.

In this case, it is necessary to assume that we deal, once again, with small deflections and
the plane’s cross-sections remain perpendicular to the x axis after the deformation. Next,
assuming 3.9, 3.10 and 3.11, we get the following diagram:

y

Xp

v

Xc

Figure 3.10: Case 2 diagram.

and proceed to calculate, just as was done for the first case, the reactions at » = 0 (Fig. 3.11),
obtaining the following equations for the bending moment and shear force:
wL?
My = o (3.55)

Qo=-wL  (3.56)

3.3.2 Forces at Interface

In order to calculate either one of the forces at the interface between the root and tip parts
of the beam (F), that are a result of the uniformly applied distributed load w (Fig. 3.12), we
calculate the reactions only for the tip part of the beam, which allows us to calculate such
forces rather easily. For that, the bending moment is calculated at the point at which force
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Qo

Figure 3.11: Reactions on the beam at z = 0.

=
L =
'l

)

.

=M

Figure 3.12: Reactions on the beam with F; and F5 represented.

F5 is applied and the load w is only applied to the outside segment of the tip part of the beam,
being only distributed in z. — ;. Figure 3.13 represents the schematic used to calculate those
reactions. Making use of the rule of sign of bending moments, with bending moment positive
in the clockwise direction, and solving ¥ = 0 and X F = 0 we obtain the equations needed

to calculate the values of F; and F5:

Figure 3.13: Reactions on the tip part of the beam used to calculate F; and F.

5@ —)’ =0 (3.57)

EF:0<:>F1+FQ+’LU(I'C—.%'1)):O (358)

EMZO@Fl(IL'b—CCQ) —

Simplifying and replacing L, = x. — x3, we obtain the final values of F; and F, which we can
now substitute in the bending moment and shear force equations next, for each segment of
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the beam:

_ wi
T (3.59)
L
Fy = —wls (1 + 2L2> (3.60)
0

After F and F; are calculated, we reverse its directions to apply to the root part of the beam,
i.e, F pointing downwards and F3 also pointing downwards due to its negative value.

3.3.3 Bending moment and shear force equations

Again, following the rule of sign for bending moments, the equations for bending moment
and shear force are obtained by solving XM = 0 and X F = 0, which represent the sum of all
moments and sum of all forces, respectively, in each of the respective segments of the beam.

This way, we get for 0 < = < x,:
w 2
M = My — Qox — 51‘ (361)
Q= —wr—Qo (3.62)

From equations 3.55 and 3.56, we substitute in equations 3.61 and 3.62 and obtain the fol-
lowing simplified equations:

and at z = z,:

My =——(L—x,)° (3.65)

Qa = w(L — zq) (3.66)

MOCQO )M

3]

Figure 3.14: Reactions on the beam at 0 < z < z,.

For z, < x < 3, the process is similar but it is necessary to take into account the reaction
caused by the supports on the beam because, unlike Case 1 where the different parts of the
beam are cantilevered consecutively to one another, in this case the segments overlap as the
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tip part slides inside the root one and has two points of support.

To help us understand, Figure 3.15 represents the next segment, where F is the force caused
by the load w.

MOC ‘ DM

X

Figure 3.15: Reactions on the beam at z, < x < 3.

Now, it is possible to write the equations for bending moment and shear force at x, < = < xy,
with the applied force F;:

w
M = My — 51'2 —Qox + Fi(x —x,) (3.67)

Q=—wzx— Qo+ F (3.68)

which simplifying with 3.55, 3.56 and 3.59 comes:

2

M = 2(L x) +72L0 (r —zq) (3.69)

o
Q—w( +2Lo_x> (8.70)

To obtain the equations for x = x;, force F; appears, because it is the point where it is applied,
just as we see in Figure 3.16. At x;, two values exist: the value immediately before that point,
given by equation 3.70, and 0, given by equation 3.68 plus F5, which results in equation 3.72
(already simplified). Replacing = by x; just as supposed to, we obtain the value 0 for the shear
force at that point.

0
Xb

Figure 3.16: Reactions on the beam at z = .
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Thus obtaining;:

2
Mg = —%(L — )% + 1;%5(5131) —xq) (3.71)
Qp=w(ry—x)=0 (3.72)

For the last segment, x;, < z < x., both forces caused by the load w appear apllied on the
beam and the following schematic can be drawn to better understand the applied forces.

Figure 3.17: Schematic of the reactions on z, < = < z..

From Figure 3.17, we obtain:

M — _%(x —m)? = Fo(z —m) — Fi(z —z4) (3.73)

Q=-w>—m) - F — I (3.74)
which simplifying comes:

M=-3(L-2" (375

Q=w(L —x) (3.76)

With all the equations describing the bending moment and shear force for all the segments
of the beam calculated and simplified, we can assume an Euler-Bernoulli beam, with its cur-
vature given by the following equation:

d%y M . .
e R (3.33 revisited)

and obtain the rotation and deflection equations by integrating once and twice, respectively.

Using the equations obtained above, it is possible to draw a representation of the shear force
and bending moment diagrams represented by Figure 3.18 and with its variation along the
beam’s length. In this case, the diagrams must be separated into two different diagrams due
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to the existence of an overlapping section.

Figure 3.18: Shear Force and Bending Moment diagram representation of Case 2.

3.3.4 Rotation and Deflection with Euler-Bernoulli Theory

Obtaining the equations for the rotation and deflection of the beam for 0 < z < x4, 2, <z <
xp and z, < x < z,, all the respective equations for the bending moment and shear force are
substituted in equation 3.33 and integrated in . To the following calculations, assumptions
3.9, 3.10, 3.11, 3.12 and 3.34 are applied, whenever it is appropriate to simplify calculations,
and a new one is introduced:

Xq = (1 - KLQ - KL()) (377)

e Fromroottopoint A: 0 <7z < (1 - K, — Kr,):

dQZ/ w 2 2
— = — 2L L .
2 = 25n @ v+ L7) (3.78)

dy w 3 9 9

—= = — — L L A .

I 2EI1<3 r° 4+ L%x | + Ay (3-79)

w 2t Lad  L2x?
Yy = 2E11 <12 - 73 + 9 > + Aw: + A2 (380)

To obtain the equations above, 3.63 was replaced in equation 3.33 and we get equation 3.78,
which describes the curvature of the beam. Integrating once, equation 3.79 is obtained and
describes the rotation of the beam, integrating twice we obtain equation 3.80 that describes
the deflection of the beam. In order to calculate the value of A; and A,, we again make use of
the boundary conditions 2.6 and conclude that at z = 0, % = 0and y = 0. Therefore A; =0
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and A, = 0, obtaining:

dy wl? , 9 _3
L4
y = (672 — 47 + 7') (3.82)

= 24ET

Applying * = 7, to equations 3.81 and 3.82 means that the equations now represent the
rotation and deflection of the beam at the first point of discontinuity:

dy\ wl? 5 _3
(dx) " omn, BT 3Ta k) (383)

()4 = S4BT, (6xa — 452 —I-fi) (3.84)

d? 1
dT;z =50 [% (L2 — 2Lz + 9:2) — Fi(x — xa)} (3.85)
Z—Z = SE7 [w (3L2m — 3La% + ac?’) —F (3x2 — Gxxa) } + B (3.86)
1
1

Y [w (6L2:B2 —4L2% + :L'4) - (4333 — 12932xa) } + Bixz + By (3.87)

= 2EI

As before, we applied the respective bending moment equation (3.69) to equation 3.33 and
integrated in x to obtain the equation for the curvature (3.85), the equation for the rotation
(3.86) and equation for the deflection (3.87).

Since point A is a discontinuity point, the values of rotation and deflection at that point from
segment one (0 < z < x,) are the same as the values of rotation and deflection at that same
point on the following segment (z, < x < 1), hence the following boundary conditions

appear:
dy (dy B
I <dm>A atx =z, (3.88)
y=(y)4 atz =2, (3.89)
In order to obtain the values of B; and B,, we compute equations 3.86 and 3.87 with re-

spect to By and Bs, respectively, and use the boundary conditions above to substitute 3.88
in equation 3.86 and 3.89 in equation 3.87 to obtain:

B = UL g (1- Ky, — K10)2  (3.90)
LT TUELK,, ke e L0 39
wL?*
By= —— 2 K2 (1-Kp, —Ko)?® (3.91
2 2EL KL, I Lo ro)” (3.91)
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With B; and B calculated, we can replace their values in equations 3.86 and 3.87, with
assumptions 3.12, 3.34 and 3.77 and simplify, in order to obtain the final equations regarding
therotation and deflection of thebeamin (1-K;,— K,,) <Z < (1—Kp,). This simplification
leads to the following equations that only depend on EI, K;,,, K,,, L and z:

dy wL3

T2 I3KE 4 6KE (Kp, +7—1
v = TT2EL I, oKL, T OKL, (KL, +7 — 1)

+ 3K}, (Kp, +T — 1)? — 2K, (37 — 37° +f3)}

(3.92)

wL*
24E11 Ky,

+2K7 (Kr, +T —1)° — Kp,,(62° — 47° + )

y = 2K}, +6K], (K, +T —1) + 6K} (Kr, +T — 1)

(3.93)

Just like before, replacing 7 = 7, gives the equation for the rotation and deflection for the
second segment of the beam at the second discontinuity point, point B:

dy> w3 [ 4 3 B
=) == 3K}, + 6K}, (KL, + T — 1)
(dx B 12EL K], (3.04)
+3K7, (KL, + Ty — 1)* — 2K, (3T, — 3T; + zg)}
wl* 5 4 B 5 B )
(v)B = —m[ﬂg? + 6K, (K, + Ty — 1) + 6K (Kr, + T — 1)
0

(3.95)
+ 2K, (Kpy + T — 1)° = K1, (67 — 475 + 1)

e From point BtopointC': (1 — Kz,) <7z < 1:

@ = (ac2 — 2Lz + L2) (3.96)
d.CC2 2E_[2 ’
dy o w a3 9 9
w 2 Lad L322
y—2EI2 <12—3+ 9 >—|—C1ZE—|—C2 (398)

For the final segment of the beam (1 — K;, < T < 1), we apply the respective bending
moment equation (3.75) in equation 3.33 and integrate in x to obtain the equation that de-
scribes the curvature (3.96), the equation that describes the rotation (3.97) and the equation
that describes the deflection of the beam (3.98).

Just like the previous discontinuity point, at point B the value of the rotation and deflection of
the first beam segment must be the same as the value of the rotation and deflection, at that
same point, on the second segment. For that to verify, the following boundary conditions
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must apply:

dy B dy B
I <dx>B atz =, (3.99)
y=(y)p atz =y (3.100)

Substituting 3.99 in equation 3.97 and 3.100 in equation 3.98, and computing with respect
to C1 and C5, we are able to obtain the values of those constants:

wlL?
C) = ~BEL K (2-2K}, — 2Kpr + 2K} Kgr +3K;, K1, Kpr) (3.101)
wL* 3 4 3 4
Co = ~5ppr e, (L HAKL, = 3KL, + Ky — 4K, Ker + 3K, Kpr

(3.102)
— 6K},K1,Kpr + 6K}, Kr,Kgr + 2K, K7 Kgr)

Replacing C1 (3.101) in equation 3.97 and C5 (3.102) in equation 3.98,with assumptions 3.12,
3.34 and 3.77, we obtain the final equations for the rotation and deflection of the beam, for
(1 — Kr,) <7 < 1. Simplifying, we get the following, that only depend on EI,, Kg;, K,
Kr,, Land z:

dy wlL? 3 ) 3 5
= 9K} (Kpr— 1)+ 3K2 K1 K — 2[K —1 } 10

dx 12E11KEI{ 1, (Ker — 1)+ 3KE, K, Kpr — 2[Kpr + (T - 1)°] ;- (3.103)
_wlt
24EL Kpr

+2K7 K1 Kg(=3+ K, +3%) + K}, [4 — 47 + Kpr(—4 + 6K, + 47)] }

y = {3K§2(KE1 )+ Kpr— (7 —1)* — 4KpiT

(3.104)

After obtaining the final calculations, we conclude that the equations that describe the rota-
tion and the deflection of the beam are, for 0 <z < (1 - K1, — K,,) equations 3.81 and 3.82,
for (1 - Kr, — Kr,) <= < (1 — Kr,) equations 3.92 and 3.93 and for (1 — K;,) <7 <1
equations 3.103 and 3.104, respectively.

By substituting 7 = 1, which is equivalent to having = = L, in the last two equations (3.103

and 3.104), we obtain the equations regarding the rotation and deflection at the tip of the
beam:

d wL?
<d?;> = —m[ZK%Q(KE]—1)—2KE[+3K%2KLOKE[] (3.105)
L

36



wlL*
UELK gy
~3Kpr + 6K} Ki,Kpr +2K3 K7 Kpi)

(y)L = 3K}, (Kpr—1)

(3.106)

Equations 3.107 and 3.108 represent the ratio between the beam’s rotation and deflection
and the rotation and deflection equations for a uniform beam, at =z = L:

(Q) 3K} K
AL g PR R e ( ! 1)

= — - .10
TJU
We _ 1 o3 i 2K, K, (L 1) (3108)
SR 1 — S — - .10
Yy L2t ho 3 L Kgr 3

Plotting these equations gives us notion of how the rotation and deflection change for the
second case beam, visible in 5.2.

3.4 Case 3 - Overhanging telescopic beam with continuous

contact

Case 3 differs from the second one by having constant contact between the root and tip parts
on the overlapping segment, instead of having defined contact points. The tip segment slides
freely in the longitudinal direction inside the root segment. Assumptions 3.2, 3.3 and 3.4 are
used to analyze this case.

Figure 3.19 represents the configuration of the telescopic mechanism of Case 3, with a applied
uniformly distributed load w and a new load appears, j, which is distributed along the neutral
axis, on the overlapping segment caused by the continuous contact, which is better explained
later in this section.

Figure 3.19: Telescopic beam schematic for Case 3.

3.4.1 Reactions

Assuming that FI; and EI are the flexural rigidities of the root and tip segments, respec-
tively, and L the total length of the beam such that L = L; + Lo, it is defined for the free
body diagram that the y axis is positive pointing upwards, the x axis is positive pointing to
the right and moment is positive in the counter-clockwise direction.
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It is assumed that we deal with small deflections and the plane’s cross-sections remain per-
pendicular to the x axis after the deformation. Assuming 3.9, 3.10 and 3.11, the following
diagram is obtained:

¥

Xg

Figure 3.20: Case 3 diagram.

and we proceed to calculate the reactions at = 0 (Fig. 3.21) in order to obtain the equations
for the bending moment and shear force:
wL?
My = — N (3.109)

Qo = —wL (3.110)

Figure 3.22 represents the beam with its reactions and the distributed load j applied, as
stated above. This distributed load starts decreasing from point z, until its minimum value
when it crosses the segment’s neutral axis and increases again until the end of the overlapping
segment at point xy.

.

Qo

Figure 3.21: Reactions on the beam at z = 0.

Figure 3.22: Reactions on the beam with load j applied.
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3.4.2 Load at Interface

To calculate the resulting distributed load ; at the overlapping segment (Fig. 3.22) the cal-
culations are performed only on the tip segment. Thus, the bending moment is calculated at
the point where load j stops, point z;, and the load w is only applied on the outside part of
the tip segment, i.e., only distributed in 2. — x;. Figure 3.23 represents the schematic used
to calculate the load.

Since it is unknown how the distribution of load j is acting on the beam, we calculate its
slope using two known points of the load, which are denoted as j; and js (Fig. 3.23). Since
j(xq) = j1, the following equation is obtained:

N J2—g1, ,
jlx) = p— (x —xq) +71 (3.111)

If we write equation 3.111 as:

j(a:)z(jl— Jota  J1%a >+< 2N >$ (3.112)

Tp — Lq Tp — Lq Tp — Lq Tp — Lq

it is easier to solve XF' = 0 (eq. 3.113) and XM = 0 (eq. 3.114) and integrate to obtain the
shear force equation and integrating the product of j(x) with the moment arm, to obtain
the bending moment equation caused by load j, around point x = z,. For the calculations
to be simplified, j is calculated as pointing upwards and later, with j; and j, obtained, the
directions of the load are corrected depending on their respective signal, as seen in Figure

3.23.

w
; J
J { d
X
X, xlb L
X
Figure 3.23: Reactions on the tip part of the beam used to calculate J.
za+Lo L
EF:O<:>/ j(x) dx+/ wdr =0 (3.113)
Ta za+Lo
zq+Lo L
EM—O<:>/ j(:):)(ac—xa—Lg)dm+/ w(r — x4 — Lo)der =0 (3.114)
Ta za+Lo

Solving a system of equations with the two above, it is possible to obtain the values of j; and
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J2:
w (3L? — 4LoL — 6Lxq + L§ + 4Loxa + 322)
Lj
_w(L — Lo —x4) [—3L(L0 +2x4 — 213) + L% + 3Loxzq + 6x4(z4 — xb)]
Lj

(3.115)

J1=

(3.116)

Jo =

Substituting 3.115 and 3.116 in equation 3.112 and using x, = L — Ly — L, the equation that
defines load j on the tip segment is obtained:

_ —A4I2 +6L(Ly + Ly) —6L%2 — 9Ly L 6(Lo + L
j(z) = wle {( 0 (Lo L32) 2 0 2>—< ( 0L3 2))4 (3.117)
0 0

The symmetrical of the previous equation (—7;) gives us the equation for this load on the
root segment and it is hereunder denominated as » = —j, which describes the configuration
expected and represented in Figure 3.22.

3.4.3 Bending moment and shear force equations

Following the rule of sign of bending moments by defining the bending moment as positive
in the clockwise direction, the equations for bending moment and shear force are obtained by
solving the sum of all moments and all forces equal to zero, ¥ M = 0 and ¥ F' = 0 respectively.

Referring to Fig. 3.24 the equations are, for 0 < = < z,, the following:

M= My — Qoz — =42 (3.118)

2
Q =—wz — Qo (3.119)
Replacing 3.109 and 3.110 in equations 3.118 and 3.119 we obtain the following simplified
equations:
M= —%(L —2)? (3.120)

Q=w(L —x) (3.121)

and at z = z,:

My = —%(L —z4)? (3.122)

Qa=w(L —x,) (3.123)

Figure 3.25 represents the reactions on the beam for z, < = < x; on the root segment, where
load r is now applied:
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Figure 3.24: Reactions on the beam at 0 < z < z,,.

O
0

Figure 3.25: Reactions on the beam at z, < = < .

For this segment, it is necessary to take into account load » and how it is applied. In order to
obtain the equations, we need to integrate r in its interval of application. However, variable x
cannot be used to integrate, so as not to conflict with its use as a coordinate. For that matter,
u is used as a local integration variable. Hence, the bending moment due to r is described
by:

1'0.+L0
/ r(u)(z —u) du, Yu € [xq,2q + Lo]

and the bending moment and shear force equations for x, < = < x; are:

M = My — Qox — %xz — /I r(u)(x —u) du, Yu € [zq, 23] (3.124)
Q=—-Qp—wr— /x r(x)dz (3.125)

which simplifying with 3.109, 3.110 and 3.117 comes:

M= _2723{@0 + Lo)(=L + Lo + 2)? [L(% +3LoLo + 2Lo(—L + Ly + x)} } (3.126)
0

Q= ;{LgL — L3z — Lo(~L+ Lo+ Ly + ) [Lg —3L(Lo + Lg)
0 (3.127)
4 3Lo(Ly + ) + 3La(Lo + x)} }
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and v = xy:

Mp = —;ULg{(LO + Lo) (=L + Lo+ )% | L3 + 38LoLy + 2La(—L + Ly + xb)} } (3.128)
0

Q=0 (3.129)

In the same segment, z, < x < 13, but for the tip part, the equations for the shear force and
bending moment are obtained from integrating load j’s equation:

_ Low(—L+ Lo+ Lo + 2)*(—2L(Lo + L3) 4+ 2La(La + ) + Lo(La + 22))

M .130
203 (3.130)
ng(—L + Lo+ Lo+ J?)(Lg — 3L(L0 + Lz) + 3L0<L2 + $) + 3L2(L2 + .%'))
Q= I (3.131)
0

For the final segment, in z;, < = < x, the load j is now applied in the opposite direction
of the previous segment, as it is only reacting on the tip segment, visible in Figure 3.26: By

w
J
_\
Q
#.‘ X :

Figure 3.26: Reactions on the beam at z;, < z < z..

integrating the product between load j and the moment arm, the equation for the moment
caused by the load is obtained. It must be integrated in the interval of values on which the
load is applied. Thus obtaining the bending moment and shear force equations:

w zq+Lo
M= Yy - / J(u)(z —u) du, Vu € [z4,7a + Lo] (3.132)

a

wa+L0
Q = —w(x — xb) — / j(x> dzx (3133)
which simplifying comes:

= —%(L —x)* (3.134)

Q=w(L—x) (3.135)

With all the equations that describe the bending moment and shear force for the three seg-
ments of the beam calculated and simplified, we can assume an Euler-Bernoulli beam, with
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its curvature given by the following equation:
Py M (4 g3 revisited)
d? = EI 333

and obtain the rotation and deflection equations by integrating once and twice, respectively.

Using the equations obtained above, it is possible to draw a representation of the shear force
and bending moment diagrams represented by Figure 3.27 and with its variation along the
beam’s length. In this case, the diagrams must be separated into two different diagrams due
to the existence of an overlapping section.

Figure 3.27: Shear Force and Bending Moment diagram representation of Case 3.

3.4.4 Rotation and Deflection with Euler-Bernoulli Theory

After obtaining the equations for the rotation and deflection of the beam for 0 < x < z,,
zq < x < xpand z, < x < x, all the respective equations for the bending moment and shear
force are substituted in equation 3.33 and integrated in x. To the following calculations,
assumptions 3.9, 3.10, 3.11, 3.12, 3.34 and 3.77 are applied, whenever it is appropriate, to
simplify calculations.

For the interval 0 < 7 < (1 — K, — K,), the procedure to obtain the equations for the
rotation and deflection is the same as for Case 2. These equations are:

d wlL?
% = BT (37 — 37 +7°)  (3.136)
wL*
Y= BT (6% —47° +7) (3.137)

Applying T = 7, to equations 3.136 and 3.137 means that the equations now represent the
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rotation and deflection of the beam at the first point of discontinuity:

LS
<dy> S (3T, — 372 +7) (3.138)
A

dr ), 6FEIL
wlL?
Wa = 57 (6% — 470 +7) (3139

+ From point Atopoint B: (1 - K, — K,) <7 < (1 - Kp,):

2y w [(Lo+La)(—L+Lo+a)? [Lg +3LoLo + 2La(—L + Ly + g:)]
da? ~ 2E1 L3

} (3.140)

dy w 2 2

== —— Y (Lo+ Lo)z[ — 6(L — La)?[ — L% — 3LoLy + 2(L — L)L

dx 12E11L8{( o+ Lo)z| — 6 2)*[ - Lg oLz +2( 2)Lo]
+6[3L2Ly + Lo(LE + 3LoLs + 3L3) — L(LE + 3LoLo + 6L3)]x (3.141)

+2[L3 + BLOL2 + 6L2(—L + L2)]a® + 3Lya®] } + By

w

" 12ELL}
+2[3L?Ly + Ly(L§ + 3LoLa + 3L3) — L(L{ + 3LoLy + 6L3] z* (3.142)

3L2x5

y {(Lg + Lo)(—3(L — Ly)2[ — L2 — 3LoLy + 2(L — Ly)Ls]a

1
+ 5 [L8+38LoLa +6La(~L + Lo)] 2" + }+ B+ By

As before, the respective bending moment equation (3.126) is applied to equation 3.33 and
integrated in x to obtain the equation for the curvature (3.140), the equation for the rotation
(3.141) and equation for the deflection (3.142).

Since point A is a discontinuity point, the values of rotation and deflection at that point from
segment one (0 < z < x,) are the same as the values of rotation and deflection at that same
point on the following segment (xz, < x < ), hence the following boundary conditions:

dr  \dzx
y=(y)y atz =z, (3.144)

W _ <dy) atr =z, (3.143)
A

To obtain the values of B; and B,, we compute equations 3.141 and 3.138 in 3.143 and equa-
tions 3.142 and 3.139 in 3.144, thus:

w3 3 9
B = —MIK%O{KLZ(—l o+ Kpg+ K1) [3Kp, + K3, = 3(=1+ K1,)Kp,] | (3145)
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wL*
By = o (K (1 4+ Ky K1) AR, — 61+ KK,
1K, (3.146)

+ 3K, (2+ Kp,)] }

Having B; and B calculated, it is possible to substitute their values in equations 3.141 and

3.142, assuming 3.12 and 3.77, and simplifying in order to obtain the final equations regard-

ing the rotation and deflection of the beam in (1 — K1, — K1,) < T < (1 — Kr,). This

simplification leads to the following equations that only depend on EI,, K1, K,,, L and Z:
dy wL3

5 4 2 2 —\3
dr 12EI1K%0{(_KL0KL2 — 3K oK, + 8K, Ky (-1 4 K, +7)

+ 3K%2(_1 + Kr, +E)4 + 3K, Kr,(—1+ Kr, + f)g(—l +3Kp, +7T) (3-147)
+ 2K Lo [3K2, (—1+7) + 3K1,(~1+7)* + 5(3 - 37 + 7] |

wlL? 6 5 B
0= gy (MKh e+ KL KL 19K 4100142
+30K7,K;,(—1+ K, + )
— 20K} Kpr,(—1+ K, +%)* — 6K7,(—1+ K[, +7)° (3.148)

— 3K, Kp,(—1+ Kp, +T)" (-2 + 7K, + 27)
+5K3 [2K}, — 6K}, (-1 +7)* — 4K, (1 +7)* — 7*(6 — 47 + 7°)] }

Replacing 7 = 7, gives the rotation and deflection equations for the overlapping segment of
the beam, at the second discontinuity point:

% - W{(_KEOKLQ - 3K?/0K%2 + 8I{gof{[/?(_1 + KL2 T xb)g
Lo

+ 3K, (—1+ Kp, + T)* + 3K, K1, (—1 + K1, + 7)} (=1 + 3K, +7) (3149
+ 2K LPA[3K2, (—1+T) + 3K, (—1 + Tp)? + Tp(3 — 3T + 7)) }

wL? 6 5 _
y= _12()EI1K%0{4KL0KL2 + K} K1, [19KL, +10(—1+ )]
+30K7,K7,(—1+ K, +T)
— 20K} Kpr,(—1+ Kp, +3)* — 6K}, (—1+ Kr, +7)° (3.150)

- 3KL0KL2(—1 + Kp, —I—Tb)4(—2 + 7Ky, + be)
+5K7, [2KE, — 6K3, (<1 +3)? — 4K, (<1 + ) — 73(6 — 43, + 7)) }

e From point BtopointC': (1 - K,) <7z < 1:
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d?y w

7 = 3L (z* —2Lx + L?) (3.151)
d w a3
ﬁ = 35T <3 — L2+ L2x> + O (3.152)
w xt L’ L2a22
Y Yo (12—3+ 5 >+Clx+02 (3.153)

For the final segment of thebeam (1- K, <7 < 1), we apply the respective bending moment
equation (3.134) in equation 3.33 and integrate in x to obtain the equation that describes
the curvature (3.151), the equation that describes the rotation (3.152) and the equation that
describes the deflection of the beam(3.153).

Similarly to the previous discontinuity point, at point B the value of the rotation and deflec-
tion of the root beam segment must be the same as the value of the rotation and deflection,
at that same point, on the tip segment. For that to verify, the following boundary conditions
must apply:
dy (dy
dr \dz
y=Wpate=a,  (3.155)

) atr =1, (3.154)
B

Replacing 3.154 in equation 3.152 and 3.155 in equation 3.153 and computing with respect
to C1 and Oy, it is possible to obtain the respective values of those constants:

w3

Cy = wi ! {5( 1+ Kgp) + 15K% (=14 Kgy)
27 T120ELKp; BI Lo EI
+2K7 (=5 +2K1,) K1, Kpr (3.157)

+ Ko (=30 + 19K 1) K2 Ky + 10K3_[2+ (=2 + 3K1,) Kz }

Substituting 3.156 in equation 3.152 and 3.157 in equation3.153 and assuming 3.12, 3.34 and
3.77, the final equations that describe the rotation and deflection of the beam, for (1—- K7,) <
T < 1, are obtained. Simplifying, we get the following equations, that only depend on E1;,
Kgr, Kr,, K1, L and T:

dy wL3
der  12ELKgp
—2[Kpr + (-1+7)°] }

(2K, (-1 + Kpp) + K3, K1, Kpr + 3K1, K3, Kii .
15
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wl?
1201, K
+2K? Kp,Kpi(=5+ 2K, + 5) + 10K} [2 — 27 (3.159)

y = {151{,%2(—1 + Kpr) + Kiy K2, Kir [19K, + 30(—1 + 7)]

+ Kpr(=2+ 8K, +28)] = 5[(-1+7)* + Kpr(~1 +47)] |

After performing the final calculations, we conclude that the equations that describe the ro-
tation and the deflection of the beam are, for 0 <z < (1 — K1, — K1) equations 3.136 and
3.137,for (1-K,—Kr,) <7 < (1-Kp,) equations 3.147and 3.148 and for (1-K,) <z <1
equations 3.158 and 3.159, respectively.

By substituting 7 = 1, which is equivalent to having = = L, in the two equations above (3.158

and 3.159), we obtain the equations regarding the rotation and deflection at the tip of the
beam:

dy wl3 3 2
&) = TeB R 2K+ Ken) 2K + K2 Ky, K
L

(3.160)
+ 3K, K}, Kgi]
(v) __wiﬁ[m& (-1 +Kpy) — 15Kp; +4K3 K1, K
YL = T 0B Ky b L bl PETER LB 0 61)

+ 19K} K}, Kpr + 30K, K}, Kgq]

Equations 3.162 and 3.163 represent the ratio between the beam’s rotation and deflection
and the rotation and deflection equations for a uniform beam, at x = L:

K? K, 3Kp,K? 1
L= 1-— L02 2 ; L2 1 K3 <—1 + K) (3.162)
(£), g
()1 AR} KL, 19K} Kj,

S
S

1
=1 — — 2K K3 K [-14+— .16
15 15 Lot Lo + Lo < + KE[> (3 3)
With all three cases studied and their respective equations for the displacements obtained,

the numerical analysis will proceed. In Chapter 5, the results are presented as well as the
plots of all the equations obtained in this chapter.

47



48



Chapter 4

Numerical Analysis of Compound Beams

In the previous chapter, the analytical analysis of the beams was finished and, after under-
standing what a numerical analysis is and how to approach a certain problem, it is time to
apply it to this study and see if the results are in accordance with the analytic results. In
order to obtain the Finite Element Analysis (FEA) for the three cases, we make use of the
computational software for engineering simulation ANSYsS.

As it was stated in 2.5, after the problem is identified, and before the analysis itself, some
questions need to be addressed in order to obtain an accurate structural model. We know
this is a problem of static nature and the most important physical phenomena is the deflec-
tion of the structure i.e., directional deformation. We also know that the main goal is to
achieve deflection values that are consistent with the analytical ones. With this in mind, it is
possible to start building the structural model, which is done with ANsys’s 3D modeling tool
SpaceClaim [26].

Because this is a structural analysis, it is not possible to obtain results with non-dimensionalized
properties in the same way as in Chapter 3, so certain values were attributed to some prop-
erties that were previously not needed to obtain results. These mechanical properties are
w, FE,Iand L.

The values given which are common to all three cases are w = 1000N/m and L = 1000mm.
The remaining parameters depend on the different studied cases and will be explained in the
respective section.

4.1 Case1

With Case 1 being the easiest to analyze, the geometry is rather simple. This being said, a
uniform beam was built and split in two different bodies, which represent the two different
segments. Making the cross-sections of both bodies the same, it is possible to control the
flexural rigidity ratio by changing the Young’s modulus of the tip segment. Figure 4.1 shows
the structural model built in SpaceClaim [26].

This model is then uploaded to ANsys’s workbench where we proceed with the analysis. The
next step is the discretization of the beam’s domain, which is the construction of a mesh
composed of finite elements and nodes using a method defined by the user, in this case the
Tetrahedron’s method with computer controlled element order, which can be seen in Figure
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4.2.

Tip segment

ANSYS
0988

Fixed support

Free end

Fixed support

Free end

(a) Mesh (side view). (b) Mesh (isometric view).

Figure 4.2: Case 1 Tetrahedron method mesh.

After the mesh is created and refined, the boundary conditions, physical properties of the
materials and loads acting on the structure are defined. These are the fixed support of the
root segment, which allows no movement in any direction whatsoever, the applied load on
the top faces of the beam, a Bonded contact between the two segments and the materials that
compose the beam.

In order to obtain the results, a solution must be defined and in this case, to analyze the
deflection, a solution for directional deformation is applied in the Y direction. The results
for this deformation are presented in Chapter 6.

4.2 Case 2

Similarly to the previous case, it is necessary to build a structural model for this second beam
case. This was achieved by building three bodies, just as seen in Figure 4.3, where one simu-
lates the root segment and the other two act just the same way as if they were only one body.
This is necessary in order to accurately apply the load w to the tip segment.

This time, since the cross-sections are no longer equal to one another, it is required that some
calculations are performed in order to obtain the value of I for both segments and from that
it is possible to obtain the value of F for the tip segment and control the value of Kp;. Note
that the root segment has a hollow squared cross-section and the tip segment is a solid body
with a solid squared cross-section (see 6.2). The values of K, and K1, were also chosen.
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Figure 4.3: Structural model for Case 2 (trimetric view).

In order to begin the analysis of this case, it is important to understand the type of support
of the tip segment at its inboard segment. Since there are two compression forces acting in
the overlapped parts, it is necessary to simulate those exact forces in the structural model.
For that, four small pieces were built inside the root part (Fig. 4.4) in order to guarantee that
when the tip segment touches them as a reaction of the applied load, there is compression
being simulated in the normal direction. On the other hand, the two faces can also separate
from each other in the normal direction but there is no movement whatsoever in the tangen-
tial direction. These four pieces have a very small dimension (1mm) in the X Z plane, so they
do not influence significantly the beam’s cross-section area moment of inertia (7). This will,
however, introduce some error in the final results which will later be taken into account.

/’/
©

Figure 4.4: Structural model with X 7 plane cross-section and support pieces.

With the structural model built, it is possible to start applying the mesh method in ANSys’s
workbench. The method chosen is, like in the first case, the Tetrahedron method, with com-
puter controlled element order. The final generated and refined mesh is visible in Figure

4.5.

With the mesh generated, it is necessary to apply the boundary conditions. These consist in a
fixed support at the beginning of the root segment, which simulates a cantilever-type support.
Next, the load on the top faces of the beam and the contacts between the different bodies are
applied. These contacts are a Bonded contact between the two bodies that compose the tip
segment, which ultimately behave as a single body, and a Rough contact between the support
pieces and the tip segment. Finally, the material properties of each body that allow to control
the flexural rigidity ratio are applied.
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Figure 4.5: Case 2 Tetrahedron method mesh.

To finish the analysis, a solution for directional deformation is applied in the Y direction
in order to be in accordance with the global coordinate system, to obtain the results for the
beam’s deflection. The results for this deformation are presented in Chapter 6.

4.3 Case 3

Case 3 is very similar to the second case in the way that the tip segment goes inside the root
segment. However, there is no need for the support pieces because the contact between both
segments must be continuous. Figure 4.6 shows the structural model built using SpaceClaim
[26] where it is possible to see the three bodies that compose it. Again, like in Case 2, one of
the bodies represents the root segment and the other two represent the tip segment.

Tip segment

> Angle between adjacent surfaces|90.00°
Line length 50mm

Root segment

"Angle between adjacent surfaces|90.00°
Line length 40mm

Figure 4.6: Structural model for Case 3 (trimetric view).

Although the bodies are in full contact with each other, the cross-sections are not equal so
some calculations are required in order calculate the correct flexural rigidity ratio. Similarly
to Case 2, the root segment has a hollow squared cross-section and the tip segment is a solid
body with a solid squared cross-section (see 6.3). The length ratios K, and K, are also
chosen.

So as to begin the analysis, once again we need to understand the contacts between the bodies
and segments and to ensure that the two bodies that compose the tip segment work as one,
a Bonded contact is applied, so no movement between them is allowed whatsoever. For the
contact between the tip and root segment, a Rough contact is applied to each face of both
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bodies in the horizontal plane. This contact will allow separation in the normal direction,
if necessary, and compression when in contact, but it does not allow any movement in the
tangential direction (Fig. 4.7).

Figure 4.7: Structural model with X Z plane cross-section and visible continuous contact.

Having the structural model finished, we can apply the mesh method in ANsys’s workbench,
which is the same as the previous two cases, the Tetrahedron method with computer con-
trolled element order. Figure 4.8 shows the final generated and refined mesh:

201983

Fixed support
/ Free end Fixed support
Frej end
(a) Mesh (side view). (b) Mesh (isometric view).

Figure 4.8: Case 3 Tetrahedron method mesh.

After the discretization of the model, we can apply the boundary condition which is a fixed
support at the left face of the root segment that represents the cantilever support. Also the
applied load is added on the top faces of the beam on the root segment body and on the outer
body of the tip segment. This is the reason why two bodies compose the tip segment, because
the load does not act on the overlapping part. Lastly, the materials are applied to each body
with the properties that allow K; to have the chosen value.

To obtain the results for the deflection, a solution for directional deformation is applied in
the Y direction. Again, the directions of the boundary conditions, applied load and solutions
must be consistent with the global coordinate system. The results for this deformation are
presented in Chapter 6.
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Chapter 5

Analytical Results

In this chapter, the results regarding the analytical analysis of the beam’s deflection are pre-
sented. As stated in the first chapter, the goal of this study is to understand how the different
types of support of the different segments of the telescopic beam, as well as how the char-
acteristics of those segments influence the rotation and deflection of the beam. After all the
necessary calculations are made and the equations defining the rotation and deflection for
the tip of the beam are obtained, a MATLAB code was built in order to plot these equations.
The values of K, and K are iteratively specified in order to evaluate the changes in the
rotation and deflection at the tip of the beam described by the equations obtained in Chapter

3.

The different plots presented are based on two different situations: the first one implies that
K1, has constant value and K g7 varies in the interval |0, 1]. These values were chosen because
if Kg; = 0, we obtain undefined divisions (see 3.2.3 and 3.3.4) and when Kg; = 1, the
flexural rigidities of both parts of the beam are equal. This being said, there are no defined
values of rotation or deflection in the plots for Kz; = 0.

The second situation implies that Kr; has constant value and K, varies in the interval
K, = 0, which means that the beam is only made up by the the root part and therefore
equivalent to a uniform beam, and K, < 1(1 — Ky,), the boundary condition that maxi-
mizes K, (3.13) allowing us to understand how that segment’s length affects the rotation
and deflection.

5.1 Case1

5.1.1 Rotation and deflection along the beam’s length

For the first case, let us first plot the equations that describe the rotation and deflection
throughout the beam. For this we take equations 3.38 and 3.39, which describe the rota-
tion and deflection for the root segment and equations 3.49 and 3.50, which describe the
rotation and deflection for the tip segment, respectively, and plot them using MATLAB.

To make things simple, we plot % / % as a function of 7 = 2/ L for the rotation and y/ %
as a function of 7 = x /L for the deflection. The values chosen for K are 1, for control, and
0.5 for comparison and the value chosen for K, is 0.4, randomly. Remembering 3.9 and
3.10, which are equivalent because K, = 0, we know that the discontinuity point must be

T = 0.6. Figures 5.1 (a) and (b) represent the displacements along the beam and how they
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change due to flexural rigidity differences between the root and tip parts.

1.2 35
X 0.6 L
1r Y0836 | — — 3 Kpp=1
25 Kpr=1
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GET wid 2
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Ky =1 15h v1.4255.
04t Kgpr=0.5
1+
0.2 05"
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T z
(a) Rotation. (b) Deflection.

Figure 5.1: Sample displacements throughout the beam’s length for different values of Kg;.

In Figure 5.1(a), it is possible to see the discontinuity point of the beam and the value of the
rotation for that point, that is the same for every plotted equation. The blue line corresponds
to the rotation equation of the root segment (0 < Z < 0.6) and the orange (below) and yellow
(above) lines correspond to the rotation equation of the tip segment (0.6 < = < 1). In that
same Figure, we can see that the difference between the orange (bellow) and yellow (above)
lines is due to the flexural rigidity, that is, smaller ET results in larger rotation.

In Figure 5.1(b), at the same point (Z = 0.6), the value of the deflection is the same for the
equations plotted and the function is continuous, regardless of the value of Kr; and K,.
Similarly to the rotation plot, the blue line represents the deflection for the root segment of
the beam (0 < 7 < 0.6) and the orange and yellow lines correspond to the deflection on the
tip segment of the beam (0.6 <z < 1).

The yellow line has higher deflection value than the orange line because it corresponds to a
smaller FI. This change only occurs on the tip segment because the equations do not depend
directly of EI;, the flexural rigidity of the root part, but instead of Kz, the flexural rigidity
ratio.

5.1.2 Rotation and deflection on the beam’s tip

Next, we analyze the rotation and deflection ratio, which is the comparison with a uniform
beam and for that we apply equations 3.53 and 3.54 to the MATLAB code, and obtain the
following plots, for rotation and deflection (Figs. 5.2 and 5.3).

The constant values chosen for K, are 0.1, 0.2, 0.3, 0.4 and 0.5. It is important to note
that because K, = 0 for the first case, the maximum value for K, is 0.5 and, because
when K7, = 0 we have just the root part of the beam, it is more interesting to evaluate what

56



happensif K, has a value closer to zero than being actually zero. The constant values chosen
for Kgyare0.2,0.4,0.6,0.8 and 1 and were chosen in such way that they are evenly distributed
along the interval stated in the beginning of this chapter.

« Rotation:

After plotting equation 3.53 with the values stated earlier, we obtain two different graphs
which can be seen in Figures 5.2 (a) and (b).

From Figure 5.2(a), where the value that remains constant is K7, the rotation at the tip of
the beam is higher when K has lower values and K7, has higher values. This means that
the rotation is higher when the tip part of the beam has smaller flexural rigidity than the root
part, and also when the telescopic segment is larger. As Kz; approaches 1, for any value of
K1,, the rotation gets closer to the value of the rotation for a uniform beam.

; dx I
Kpgr—1 (CL?J>
dx U

From Figure 5.2(b), the same phenomena can be seen in the line represented by Kp; = 1

Knowing this, the following can be stated:

=1 (51)

which, regardless of the value of K7, is constant and equal to 1. This lets us know that one
of the most important characteristics of the beam that influences the rotation is the flexural

rigidity.

0.2 0.4 0.6 0.8 1 0 0.1 0.2 i 0.3 0.4 0.5
Kg Ky,
EI

(a) Tip rotation with constant K7, . (b) Tip rotation with constant Kg;.

Figure 5.2: Tip rotation - comparison with uniform beam.

¢ Deflection:

In order to analyze the deflection of the beam, we first need to analyze Figures 5.3 (a) and
(b). Similarly to the rotation, there is no value for the deflection when K; = 0.

From Figure 5.3(a) we can see that for any value of K,, when Kg; reaches 1, i.e. both
segments of the beam have the same flexural rigidity, the deflection ratio has a value of 1,
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which is the same as being a uniform beam.
This result enables to state that:

lim @ =1 (5.2)

Kgr—1 y)U
From Figure 5.3(b), it is possible to see that smaller values of K;, meaning that the tip seg-
ment has lower flexural rigidity, lead to a larger deflection of the tip of the beam which in
turn increases as the extending length increases.

167 1.6
K, =01
X & 15 Kgr =02
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() M4 Kpr = 0.6
(Z/)U Kgr =08
1.3} Kgr =1
121
1.1+
1
0.9 : : : : : 09 ‘ ‘ ‘
02 0.4 06 08 1 0 0.1 0.2 03 0.4 05
Kgr K
Ly
(a) Tip deflection with constant K7, . (b) Tip deflection with constant Kg;.

Figure 5.3: Tip deflection - comparison with uniform beam.
By observing the graphs of Figure 5.3, we can write the following:

e The closer Kg; gets to 1, the smaller and closer the rotation and deflection of the tip of the
beam gets to a uniform beam, regardless of the length of the tip segment.

e For smaller K values, but larger K, values, the larger the rotation and deflection of the
tip of the beam gets and further away from the values for a uniform beam.

This happens for Case 1 due to the fact that the tip segment is cantilevered at its inboard
segment (K1, = 0) so the influence of the tip segment on the root segment is minimal.

5.2 Case2

5.2.1 Rotation and deflection along the beam’s length

So far, Case 1 was simpler due to the fact that K, = 0, which gives only two different lines
in the rotation and deflection plots. Since this no longer applies to Case 2, we have three
sections on the plots.

Just like the previous section, the respective equations are plotted using MATLAB. These
equations are, for the rotation, equations 3.81, 3.92 and 3.103, and for the deflection equa-

tions 3.82, 3.93 and 3.104. To simplify, we plot % lg’gl as a function of 7 = z/L for the
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rotation and y/ % as a function of 7 = =/ L for the deflection.

The values chosen for K are, like previously, 1 for control and 0.5 for comparison, and for
K1, the value chosen is 0.4, randomly. For K, a value of 0.1 was selected, which is explained
hereunder. From 3.9 and 3.10, we obtain the discontinuity points of the beam for the next
example, which are 7, = 0.5 and 7, = 0.6. Figures 5.4 (a) and (b) represent the displacements
along the beam and how the change in the flexural rigidity influences these displacements:

251 357

0<z<05(Kg =1)

2+ X 0.5 /’ —05<Z<0.6(Kp =1)
Y175 o L 06<zT<1Kpgr=1)

(h/ . SO0 : ——06<Z < 1(Kp =0.5)
] Y 1.824 y
i _Y_
w157 : : ol 2
BT 2
0<zT<05(Kpgr=1) 15F 05 r
1 0.5 <7 < 0.6(Kpr=1) Y 1.0625 / X 0.6
0.6 <Z < 1(Kpr=1) 1L . Y 1.4224
——0.6 <7 < 1(Kpr =0.5)

0.5

o ‘ ‘ ‘ ‘ ‘ . . . ‘
0 0.2 0.4 0.6 0.8 1 0 02 04 _ 06 08 !
T T

(a) Rotation. (b) Deflection.

Figure 5.4: Sample displacements along the beam’s length for different values of Kg;.

Figure 5.4(a) describes the rotation along the beam and it is possible to see the three different
segments, separated by the two discontinuity points and their values, which are equal for the
first two equations at 7, and equal for the second and third equations at 7,. The blue line
corresponds to the rotation equation of the root segment (0 < 7 < 0.5), the orange line
corresponds to the rotation equation for the overlapping segment (0.5 < = < 0.6) and the
yellow and purple lines correspond to the rotation equation for the tip segment (0.6 <7 < 1).
Because the purple line (above) stands for a smaller value of Ky, its values of rotation are
higher than the ones described by the yellow line (below).

For the deflection equations we have Figure 5.4(b) and again, the first two equations have
the same value at 7, and the second and third have the same value at z;, and maintain the
continuity of the deflection function. The blue line represents the deflection on the root seg-
ment (0 < T < 0.5), the orange line represents the deflection on the sliding inner section
(0.5 <7 < 0.6) and the yellow and purple lines correspond to the deflection on the tip seg-
ment of the beam (0.6 < 7 < 1). Because the purple line (above) represents a smaller Kz,
its deflection values are higher than the yellow line’s (below) values.

Now that we have an idea of how the rotation and deflection change along the beam for Case
2, let us see how the tip displacements change comparing to a uniform beam.
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5.2.2 Rotation and deflection at the beam’s tip

Applying equations 3.107 and 3.108 to the MATLAB code previously built allows us to plot the
rotation an deflection of the tip of the beam for the second case. Because K, is different
than zero, two values were attributed: 0.1 and 0.05. These values represent an inner section
of contact of the two segments of 10% and 5% of the length of the beam, respectively.

The values for K are the same as the ones chosen for Case 1, i.e. 0.2, 0.4, 0.6, 0.8 and 1, and
so are the values of K, with exception of the maximum value which, from K, < %(1 —Kr,),
the boundary condition that maximizes K, (3.13), is equal to 0.45 for K, = 0.1 and 0.475
for K, = 0.05.

« Rotation

Plotting equation 3.107 with the values from above gives the graphs that describe the rotation
ratio that can be seen in Figures 5.5 (a) and (b) (K, = 0.1) and Figures 5.6 (a) and (b)
(KL, = 0.05).

In Figure 5.5(a) K1, has constant value and the values for the rotation at the tip are higher for
lower values of Kz; and higher values of K. This tells us that the rotation is higher when
the tip segment has smaller flexural rigidity than the root segment and when the telescopic
segment is larger. As Kg; increases, the rotation approaches the uniform beam’s rotation.
At a certain value of Kz, approximately 0.8, the rotation gets smaller than the rotation of the
uniform beam, for higher values of K,. This means that after that point of Kz, the larger
the telescopic segment, the smaller the rotation ratio gets.

In Figure 5.6(a) the same can be verified but the overall values of the rotation ratio are higher
for small values of Kz;. When the latter approaches 1, the rotation is still smaller than the
uniform beam, but higher than it is for K, = 0.1 in Figure 5.5(a).

Now turning our attention to Figure 5.5(b), where the constant value is Ky, it is possible to
see that the less extended the telescopic segment is, the closer the rotation is to the uniform
beam. As K, gets higher, the rotation ratio also gets higher for smaller values of K ;. For
higher values of K;, around 0.8, the opposite happens and the rotation gets smaller than
the uniform beam’s rotation.

The same phenomena can be seen for a smaller value of K, in Figure 5.6(b) but the overall
values of rotation ratio are higher, which is consistent with a smaller contact length between
the root and tip segments and with what was concluded between Figures 5.5(a) and 5.6(a).

¢ Deflection

Applying equation 3.108 to MATLAB with the values of Ky, K1, and K1, chosen in 5.2.1 and
5.2.2 allows us to obtain the plots that describe the deflection ratio at the tip of the beam,
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Figure 5.5: Tip rotation - comparison with uniform beam for K, = 0.1.
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(a) Tip rotation with constant K7, . (b) Tip rotation with constant Kg;.

Figure 5.6: Tip rotation - comparison with uniform beam for K, = 0.05.

which can be seen in Figures 5.7 (a) and (b), for K, = 0.1, and Figures 5.8 (a) and (b), for
Ky, = 0.05.

In Figure 5.7(a) the fixed value is K1, and we can see that for lower values of Kz; and higher
values of K, the deflection takes higher values and strays away from the uniform beam
values, meaning that when the tip segment has lower flexural rigidity than the root segment
and the larger the telescopic section is, the higher are the values of the deflection. When K,
increases, the deflection values decrease and approach the uniform beam values of deflection.
Similarly to the rotation, at a certain value of K the deflection ratio gets smaller than 1 for
higher values of K;,, meaning that from that point on, the larger the telescopic segment, the
lower the deflection ratio gets. This can be explained by the existence of a downwards force
at the interface that counteracts the deflection and depends on the length of the segments.

Figure 5.8(a) represents the same changes as Figure 5.7(a) but with a smaller value of K7, .
The mechanical behavior is similar with the latter case but with the difference that the overall
values of deflection ratio are higher and the deflection ratio only gets smaller than 1 at a
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higher value of K.

Looking now at Figure 5.7(b), where the fixed value is Ky, it is possible to see that less
extension of the telescopic segment means a deflection value closer to the uniform beam. As
K, approaches its maximum value, the deflection ratio also gets higher for smaller values
of Kr;. However, when Kg; has high values such as 1, the deflection is smaller than the
deflection of a uniform beam. In Figure 5.8(b) the same results are visible but the majority
of the deflection ratio values are higher.
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(a) Tip deflection with constant K, . (b) Tip deflection with constant Kg;.
Figure 5.7: Tip deflection - comparison with uniform beam for K, = 0.1.
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(a) Tip deflection with constant K, . (b) Tip deflection with constant Kg;.

Figure 5.8: Tip deflection - comparison with uniform beam for K, = 0.05.

Having the rotation and deflection plots analyzed, we can conclude that:

e For small values of K, the longer the telescopic segment the higher the value of the rota-
tion and deflection of the tip of the beam.

e As Kpy gets higher, the rotation and deflection ratios get closer to 1 until a certain value
where they get smaller than 1. After that, the higher the value of K, the smaller the dis-
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placements are in comparison with the uniform beam.

e For small Kg; values, but high K, values, the larger the displacements of the tip of the
beam and further away from the values of a uniform beam.

e A lower value of K, means a higher rotation and deflection for the majority of values of
K EI and K Lo

In Case 2 it is possible to see that if an inner sliding section exists (K, # 0), its length has
influence on the displacement that occur on the beam.

5.2.3 Ideal length of overlapping segment for minimum deflection
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Figure 5.9: Tip deflection for Kg; = 0.6 and K1, = 0.1.

In Figure 5.9 an example plot for the deflection is visible and the values attributed are Kp; =
0.6 and K, = 0.1. There, it is possible to see that even though the value of K, increases,
there is an interval, approximately between 0.1 and 0.35, on which the value of the deflection
decreases and is lower than 1 and then it increases again. This means that on that interval,
the deflection is smaller than the deflection for a uniform beam.

These results are in accordance with the hypothesis presented in the beginning of this study,
where it was proposed that an ideal interval of telescopic segment length exists where the
deflection value decreases, before it increases again until it reaches its maximum value.

5.3 Case3

5.3.1 Rotation and deflection along the beam’s length

The analysis of Case 3 is similar to the analysis of Case 2. Making use of MATLAB, the equa-
tions regarding the beam’s displacements are plotted and they are, for the rotation, equations
3.136, 3.147 and 3.158 and, for the deflection, equations 3.137, 3.148 and 3.159. Again, to sim-
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plify the analysis, we plot % / % as a function of 7 = x/L for the rotation and y/ % asa
function of 7 = x/ L for the deflection.

The values chosen for K are once again 1 for control and 0.5 for comparison. For K7,
the value chosen is again 0.1. The discontinuity points of the beam can be calculated from
3.9 and 3.10 and they are 7, = 0.5 and 7, = 0.6 for this example. Figures 5.10 (a) and (b)
represent the rotation and deflection along the beam’s axis and it is visible the changes that
occur to those displacements due to a change in the flexural rigidity ratio:
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Figure 5.10: Sample displacements along the beam’s length for different values of Kz;.

Figure 5.10(a) describes the rotation along the beam and three different segments are visible
and are separated by two discontinuity points. Those points represent the changes in seg-
ments in the real beam. However, those points are only discontinuity points on the real beam
and not in the analysis because the equations obtained guarantee that exists continuity in the
displacement. This means that at 7, the first and second segment equations must have the
same value and the same applies to to the second and third segments, at 7.

The blue line corresponds to the rotation equation of the root segment (0 < = < 0.5), the
orange line corresponds to the rotation equation for the inboard segment (0.5 < 7 < 0.6) and
the yellow and purple lines correspond to the rotation equation for the tip segment (0.6 < 7 <
1). Because the purple line (above) represents a smaller value of K, its values of rotation
are higher than the ones described by the yellow line (below).

The deflection equations are described in Figure 5.10(b) and their values must again be the
same in each discontinuity points: the first and second segments have the same value at
T, and the second and third segments have the same value at 7;. The blue line represents
the deflection on the root segment (0 < 7 < 0.5), the orange line represents the deflection
on the overlapping section (0.5 < Z < 0.6) and the yellow and purple lines correspond to
the deflection on the tip segment of the beam (0.6 < 7 < 1). Because the purple line (above)
describes a smaller Kz, its deflection values are higher than the yellow line’s (below) values.
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In the next subsection the displacement equations are compared with the control group, the
uniform beam equations.

5.3.2 Rotation and deflection on the beam’s tip

The process to analyze the displacement on the beam’s tip is essentially the same as the two
previous cases. Equations 3.162 and 3.163 are applied to the existent MATLAB code and values
are attributed to the variables in question. These values are: for K7, - 0.1 and 0.05 - which
represent an overlapping segment of 10% and 5%, respectively; for Kz; the values are the
same as the ones chosen for Case 1 and 2, i.e. 0.2, 0.4, 0.6, 0.8 and 1, and so are the values
of K1, with exception of the maximum value which, from 3.13, the boundary condition that
maximizes K, is equal to 0.45 for K7, = 0.1 and 0.475 for K, = 0.05.

¢ Rotation

By plotting equation 3.162 in MATLAB with the values stated above, the graphs obtained de-
scribe the rotation ratios seen in Figures 5.11 (a) and (b) (K, = 0.1) and Figures 5.12 (a) and
(b) (K1, = 0.05).

In Figure 5.11(a), K1, has constant value and the values for the rotation are higher for lower
values of Kz and higher values of K,, meaning that the rotation at the tip increases when
the tip segment has smaller flexural rigidity than the root segment and when the telescopic
segment is larger. As Kp; increases, the rotation decreases and approaches the values of
the uniform beam’s rotation until it surpasses it to smaller values. This means that around
Kpgr = 0.75, the beam’s rotation is smaller than the rotation of a uniform beam, even though
the value of Ky is still increasing. Also, the larger the telescopic segment, the smaller the
rotation ratio gets.

In Figure 5.12(a) the same phenomena can be visualized but the overall rotation ratio values
are higher and the point at which the ratio goes below 1 is higher (around 0.9).

Looking now to Figure 5.11(b), where K z; is now constant, the smaller the telescopic segment
is, the closer the rotation ratio gets to 1. As K, increases, so does the rotation ratio for small
values of Kg;. For values of Kz higher than 0.6, the opposite happens and rotation ratio
decreases.

In Figure 5.12(b), for smaller value of K7, similar behavior can be observed but again with
the overall values of rotation ratio higher than in Figure 5.11(b). In this case, for Kz; = 0.8
the rotation ratio is higher than 1, the same behavior as Kz; = 0.6, 0.4 and 0.2.

¢ Deflection

With equation 3.163 computed in MATLAB with the same values chosen for K;,, K1, and
Kgy, Figures 5.13 (a) and (b) (K, = 0.1) and Figures 5.14 (a) and (b) (K., = 0.05) are
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(a) Tip rotation with constant K7, . (b) Tip rotation with constant Kgj.

Figure 5.11: Tip rotation - comparison with uniform beam for K, = 0.1.
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Figure 5.12: Tip rotation - comparison with uniform beam for K, = 0.05.

obtained, which describe the deflection ratio at the tip of the beam.

In Figure 5.13(a) K1, has fixed values and we see that the deflection ratio increases as K7,
increases and K p; decreases. An increasing value of Kp; causes the deflection ratio to de-
crease rapidly until, just as it happens for the rotation, it gets smaller than 1 for higher values
of Kr,. This means that after that point, the larger the telescopic segment is, the smaller the
deflection comparing to a uniform beam. This behavior can be explained by the existence of
a downwards load at the interface that counteracts the deflection and depends on the length
of the segments.

Figure 5.14(a) shows the same behavior as the previous Figure for a value of K1, = 0.05.
Similarly to the rotation, the overall values of deflection ratio are higher and the point where
the deflection ratio gets smaller than 1 is much higher than it is for K, = 0.1.

Figure 5.13(b) represents the same equations as the previous plots, but for a constant value
of Kpr. Small values of K, signify a deflection ratio close to 1. As K, increases, so does
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the deflection ratio for small values of K ;. For higher flexural rigidity ratios such as 0.8 and
1, the deflection ratio is smaller than 1, i.e. a deflection value smaller than the deflection of
a uniform beam. The same phenomena is visible in Figure 5.14(b) but most deflection ratio
values are higher.

135 1351
131 131 Kpr = 0.2
Kgr =04
1.25F 125¢ e
Kpr=0.6
(y), 12 12} Kpr =08
n Kpr=1
Wy 451 115} =z
114 AT
o
1.05 <'121.05 »
1 1
0.95 . : ! . . 0.95 . \ . . ,
0.2 0.4 0.6 0.8 1 0 0.1 02 [, 03 04 045
Kgr
(a) Tip deflection with constant K7, . (b) Tip deflection with constant Kg;.

Figure 5.13: Tip deflection - comparison with uniform beam for K, = 0.1.
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Figure 5.14: Tip deflection - comparison with uniform beam for K, = 0.05.

With the rotation and deflection plots analyzed, we can conclude that:

e For small values of K, the longer the telescopic segment the higher the value of the rota-
tion and deflection of the tip of the beam.

e As Ky increases, the rotation and deflection ratios get closer to 1 until a certain value where
they get smaller than 1. After that, the higher the value of K7, the smaller the displacements
are in comparison with the uniform beam.

e For small Kz values, but high K, values, the larger the displacements of the tip of the
beam and further away from the values of a uniform beam.
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e A lower value of K, means a higher rotation and deflection for the majority of values of
K EI and K Lo

If an overlapping section exists (K, # 0), its length has an influence on the displacements
that occur on the beam.

5.3.3 Ideal length of overlapping segment for minimum deflection
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Figure 5.15: Tip deflection for Kg;r = 0.6 and K, = 0.1.

In Figure 5.15 represents an example plot for the deflection, whose attributed values are
Kgr = 0.6 and K7, = 0.1, where it is visible that although the value of K, increases,
there is an interval, approximately between 0.1 and 0.38, where the value of the deflection
decreases and is lower than 1 and then it increases again. This means that on that interval,
the deflection is smaller than the deflection for a uniform beam.

Again, these results are in accordance with the hypothesis presented in beginning of this
study, where it was proposed that an ideal interval of telescopic segment length exists where
the deflection value decreases, before it increases again until it reaches its maximum value.
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Figure 5.16: Tip deflection for Kg; = 0.6 and K1, = 0.1.
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In Figure 5.16 are visible the equation plots for tip deflection for Kz; = 0.6 and K, = 0.1
for Case 2 (eq. 3.108) and Case 3 (eq. 3.163), so they can be compared. It is possible to see
that for Case 3, the deflection decreases more than with a Case 2 type of support.
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Chapter 6

Numerical Results

To obtain valid results in this study, it is imperative that both analytical and numerical re-
sults are in accordance. Itis obvious that, as explained earlier, some errors appear due to both
computational and structural model design approximations but it is expected that these er-
rors are reduced because the dimensions of the model and displacement are relatively small.
In this chapter each case is analyzed separately for the numerical analysis and then compared
with the respective analytic results. The choice of values for the different ratios was explained
in Chapter 5 and those values were the ones used in the numerical analysis. Nevertheless,
that choice and the respective values is again explained in this chapter, for each one of the
different cases. The value chosen for E is the one from Structural Steel, £ = 2 x 10°M Pa.
Because the numerical analysis is an iterative process, it is necessary to chose a stopping cri-
teria in order to stop the iterations. This criteria is the convergence of the mesh and it was
chosen that a 1% change in the directional deformation value, from the previous iteration to
the following, was sufficient to obtain good results.

6.1 Case1

In Chapter 4, the method to numerically analyze the displacement of the beams was ex-
plained so now it is important to analyze the results. As seen, the beam for Case 1 has a
very simple structural model and, because the cross-sections of each segment are the same,
it is only necessary to change the value of E for the tip segment (F3 = 1 x 10° M Pa), in order
to obtain the desired value of Kz; = 0.5. Figure 6.1 shows the measures of the root and tip
cross-sections, which are equal (50mm):

- ANSYS

- 2019 R3

Angle between adjacent surfaces 90.0° -
Line length 50mm b

Figure 6.1: Case 1 beam’s cross-section measures.
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Since K, can vary between 0 and K, < 1(1— K[, ), the value chosen is its maximum value,
Kp, = 0.5 and the total length of the beam is L = 1000mm. With these values as input, we
obtain the following results from ANsys:

-0.0001069 Min

0.00 150.00 300.00 (mm)
75.00 225.00

Figure 6.2: Directional deformation solution for Case 1 (side view).

300.00 (mm)

75.00 225.00

Figure 6.3: Directional deformation solution for Case 1 (isometric view).

From Figures 6.2 and 6.3 and left to right, it is visible that the deflection increases towards
the beam’s tip. The color scheme represents the "amount” of displacement; blue signifies a
smaller deflection and red signifies a larger deflection. It is also visible the maximum value
of deflection, which is 1.2736mm.

Applying the same input values into equation 3.52, we obtain the following value for deflec-
tion on the tip of the beam, which is where the maximum value is located: y = 1.2750mm.

Figure 6.4 has the plots from Ansys and from the equations obtained in Chapter 3 (egs. 3.39
and 3.50) that describe the deflection along the beam’s axis. It is visible that the curves
overlap for the majority of values, especially on the root segment, and from the results of
deflection, it is possible to state that the beam only suffers small deflections, i.e. the Euler-
Bernoulli theory and the equations obtained accurately describe the deflection of the beam,
and the structural model of that same beam is accurately built. A zoomed section of the plot
is visible, around the tip, with both maximum deflection values.
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Figure 6.4: Case 1: Ansys and Equation graphs for deflection along the beam.

6.2 Case?2

Before analyzing the results for Case 2, it is necessary to present the values for the constants
Kpgr, K1, and K1, and how those values were chosen. Firstly, let us analyze the beam’s cross-
sections, seen in Figure 6.5:

ANSYS

. 2019 R3

Angle between adjacent surfaces 90.0°
Line length 38mm

-
Angle between adjacent surfaces 90.0° -
Line length 50mm e

Figure 6.5: Case 2 beam’s root and tip cross-section measures.

As seen above, the root segment is a hollow body and its cross-section has a side length of
50mm and a thickness of 5mm, except on two points of the inside horizontal faces, where the
support pieces are applied. This means that the thickness of the tip segment’s cross-section
must be 38mm. Due to the fact that these support pieces are only on the horizontal plane,
there is a gap between the vertical faces of segments, which introduces an error in the final
result for deformation. However, as shall be seen hereunder, this error is rather small.

Understanding how the cross-sections are built, it is possible to do the necessary calculations
to obtain the values of I and apply a correct value of 5 (1.7697 x 10°M Pa) to the tip segment
and obtain Kz = 0.5. The values for K, and K, are, just like in the previous chapter, 0.4
and 0.1, respectively and the total length of the beam is L = 1000mm. Introducing these
values in ANsys, the following results are obtained:
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Figure 6.6: Directional deformation solution for Case 2 (side view).

300.00 (mm)

75.00 225.00

Figure 6.7: Directional deformation solution for Case 2 (isometric view).

Figures 6.6 and 6.7 show the results of the deflection along the beam’s axis using a color
scheme that means that the deflection increases towards the tip of the beam, blue being the
smallest values and red the highest. The maximum value of displacement is also visible, and
it is equal to 2.1058mm

Applying the same input values into equation 3.106 returns the value of the deflection at the
tip of the beam, which is 2.0564mm. These results are consistent with the Euler-Bernoulli
theory because of their low values and also it is possible to see the error that exists due to the
support pieces and the area moment of inertia. It is known that the numerical value must
be larger than the analytical value because of the way that the structural model is built. The
amount of deformation that the tip segment exerts on the root segment is much higher in the
numerical analysis than in the analytical, where this is not possible to take into account. The
tip segment, while deforming upwards, forces the opening of the root segment to widen in
the Y direction (red arrows in Fig. 6.8).

In Figure 6.8 it is possible to see the behavior of the support pieces and the inboard segment
as well as their reaction to the applied load, where two of them are in compression with the
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tip segment’s faces.

A 30.00
L~ SSa— SSS—
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Figure 6.8: XY plane cross-sectional solution at the support pieces and internal mesh elements.

In Figures 6.9 (a) and (b) it is visible where the two segments separate from each other due
to the deformation. This happening, signifies that the support pieces work how they are
supposed to. By separating on one side, they must exert compression on the opposite side.

2019 R3 2019R3

(a) Upper left side support piece. (b) Lower right side support piece.

Figure 6.9: Case 2 support pieces in separation (XY plane cross-section detail).

Figure 6.10 represents the plots from ANsys and from equations 3.82, 3.93 and 3.104 ob-
tained in Chapter 3, which describe the beam’s deflection along its axis.

These two plots allow us to compare the analytical and numerical deflection results. The
values for the deflection were obtained from ANsys and it is possible to plot them in the same
graph as the equations in order for both lines to be overlapping. It is visible that the values
are very similar at the beginning and then tend to diverge from each other towards the tip.
Nevertheless, the maximum values of deflection, which are visible, are not far from each
other. The overlapping segment is well visible and in the same interval of values ([z4, 23)]),
in this case [500, 600](mm ), for both plots. In ANsys’s plot, the segment is represented as the
two lines on top of each other, a sign that at the overlap segment, there are two sets of values
(one for the root and other for the tip segment), whereas in the equation plot, there is an
equation that describes that same segment.
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As stated earlier, this difference in values comes from the computational errors associated
with the numerical analysis and also from the way that the structural model is built. Also, by
assuming an Euler-Bernoulli beam the shear forces are negligible on the analytical analysis,
whereas in numerical analysis, although with a small effect, they are not, which contributes
to an existent difference of values towards the tip.
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Figure 6.10: Case 2: Ansys and Equation graphs for deflection along the beam.

6.3 Case3

Prior to the analysis of the results for Case 3, it is necessary to present the values for the
constants Kgy, K1, and K1, and how those values were chosen. Figure 6.11 represent the
beam’s cross-sections, from which we can obtain I and therefore, the value of E to use for
the tip segment.

— ANSYS

- 2019 R3

Line length 40mm

Angle between adjacent surfaces 90.0° | T
Line length 50mm .

Figure 6.11: Case 3 beam’s root and tip cross-section measures.

Similarly to the previous case, the root segment’s cross-section is a hollowed square with a
side length of 50mm and a thickness of 5mm. This thickness is constant across the beam’s
axis. The tip segment has a squared cross-section with a side length of 40mm. Knowing
this, allows us to calculate the area moments of inertia and consequently the value of F,
(1.4414 x 10°M Pa) for the tip segment which gives the desired ratio of Kz; = 0.5. The
values for K1, and K, are chosen, like on the previous chapter, 0.4 and 0.1, respectively
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and the total length of the beam is L = 1000mm. With that data introduced in ANsys, the
following solution is visible in Figures 6.12 and 6.13.
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Figure 6.12: Directional deformation solution for Case 3 (side view).
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Figure 6.13: Directional deformation solution for Case 3 (isometric view).

The results appear in color, along the beam and the deflection is higher as we move closer
to the tip of the beam. In blue we see small values of deformation and in red high values of
deformation. The maximum value is visible and it is equal to 2.1312mm.

Applying the chosen input values in equation 3.161 returns the value of the deflection at the
tip of the beam, which is 2.0542mm. Similarly to the second case, there is a difference be-
tween the numerical and analytical values, the latter being smaller. This is due to the as-
sumptions considered in the Euler-Bernoulli beam theory, which neglects the effects of shear
strains, amongst other. This does not happen in the numerical analysis, where every effect
contributes to the results.
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Figure 6.14: XY plane cross-sectional solution and internal mesh elements.

In Figure 6.14 it is possible to see how the contact surfaces between the root and tip segments
react to the deformation by compressing against each other. By cross-sectioning the beam in
the XY plane, we can see that the elements are smaller where compression is occurring and
larger where the faces tend to separate.

Figures 6.15 (a) and (b) show how the two segments of the beam separate from each other
due to the deformation. On the opposite direction, there are compression forces happening,
which is consistent with the Figure above.

ANSYS

2019R3

(a) Upper left side separation. (b) Lower right side separation.

Figure 6.15: Case 3 segments separating (XY plane cross-section detail).

In Figure 6.16 it is possible to see the plots from ANsys and the equations which describe the
deflection from equations 3.137, 3.148 and 3.159, from Chapter 3.

Having the two plots from the different types of analysis in the same graph allows us to have
an idea of how different the values are. It is visible that the values are mostly the same in the
root segment and tend to diverge as we reach the tip segment. The values of the deflection
at the tip are similar in both analysis and the inboard segment is well visible and within the
same interval of values ([z,, z3]), particularly [500, 600](mm), for both plots. The equation
plots are similar to what was seen in the previous chapter and they are described by three
equations: one for the root segment, one for the overlapping segment and one for the tip
segment. For the plots extracted from ANsys, there are only two lines which represent the
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two different bodies of the structural model and the overlapping segment is represented by
those two lines also overlapping, which means that in that segment there are two sets of
values for deflection.
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Figure 6.16: Case 3: Ansys and Equation graphs for deflection along the beam.

6.4 Comparison of the three cases

In this final Section, after all the analysis are performed and the results obtained, Table 6.1
is built in which both the analytical and numerical values of deflection for the three cases are
analyzed as well as the difference between them are shown:

Table 6.1: Comparison of analytical and numerical results for tip deflection.

Tip deflection (mm)

Analytical analysis Numerical analysis  Relative difference

Case 1 1.2750 1.2736 0.001098
Case 2 2.0564 2.1058 0.024023
Case 3 2.0542 2.1312 0.036129

From Table 6.1 it is visible that the analytical analysis has higher value than the numerical
analysis only for Case 1. This is most likely due to the fact that while in the analytical analysis
boundary conditions exist for the point where the segments meet, when analyzed in ANsys
this beam acts like a uniform beam even with the same boundary conditions applied. Due to
the lack of overlapping segment, there is also no influence from the tip segment on the root
segment.

In both Case 2 and Case 3 the numerical analysis has higher value than the analytical one,
as expected. This is mostly due to the rotation that occurs on the interface between the root
and tip segments, more than the fact that the Euler-Bernoulli beam theory neglects the trans-
verse shear forces acting on the beam and other deformations such as the one explained in
6.2, whereas in ANsys that does not happen. Although the deflections and the cross-section
dimensions are small comparing to the beam’s length, it is not possible in ANsys to neglect
the shear effects. This causes the numerical values to differ from the analytical ones. How-
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ever, it is quite visible that the difference is small, being approximately 0.11% for Case 1,
approximately 2.4% for Case 2 and approximately 3.6% for Case 3.

Although the difference in Case 3 is the highest, it is the one that shows a smaller deflection
value in the analytical analysis. Case 2 is the one that shows a smaller deflection value in the
numerical analysis.

From these results, it is safe to admit that the equations obtained using the Euler-Bernoulli
beam theory accurately describe the rotation and deflection of the telescopic beam model
and the results from ANsys support these results, thus obtaining the desired Verification.

From 5.3.3 it is possible to see that the margin of inboard length hypothesised in the be-
ginning of this study is real. Case 3 type of support is the one that allows a lower value of
deflection in that interval of segment length.
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Chapter 7

Conclusion

The use of telescopic wings in aviation has been studied for a long time now and its contri-
butions are known to be extremely positive in terms of adaptation and multifunctionality to
whatever mission the aircraft needs to perform.

The study approached in this dissertation appeared with the purpose of simplifying the com-
plex geometry of telescopic wings and its structural models into more simple beam geome-
tries in order to analyze its displacements. Different types of supports were analyzed in order
to understand how they would change the rotation and deflection at the tip of the beams as
well as the overall displacements.

Understanding how a telescopic mechanism works, it is normal to think that the longer the
mechanism is, i.e. a more extended telescopic segment, the larger the deflection would be
on the tip of the beam. Since studies [13] have shown that there could be a margin of over-
lapping segment where it was possible to experience a decreasing deflection value before
starting to reach larger and undesirable values, it was of the utmost importance to verify if
such hypothesis was valid and how could it be predicted for future use.

Choosing an analytical theory that would enable a simple and effective study of the displace-
ments and obtention of equations that could describe those displacements accurately using
simple input variables was the first step. The Euler-Bernoulli beam theory was used for ev-
ery case but the boundary conditions and reactions needed to be adapted to each type of
mechanism studied.

After the equations were obtained, there was a need for them to be validated. Applying a
numerical analysis through the use of Finite Element Methods was the logical choice. Making
use of the computational tool ANsys enabled to create different structural models that would
then be analyzed by applying mesh methods and boundary conditions that would simulate
the desired behaviors of the beams. With the obtained results, it was possible to understand
if the goal of the study was achieved.

The results showed that the equations accurately describe, for a preliminary project, the be-
havior of each telescopic mechanism and its displacements and that the difference between
the analytical and numerical analysis are relatively small comparing to the order of magni-
tude of the results. Between Case 2 and 3, Case 3 proved to be the one to obtain smaller
displacements in the analytical analysis and Case 2 the one to obtain smaller displacements

81



in the numerical analysis.

From the analytical analysis it was proven the main goal of this study: there is indeed an ideal
margin of inboard segment length that produces a minimal deflection, with the exception
of a fully closed telescopic configuration equivalent to a regular uniform beam, that can be
calculated using simple beam characteristics that are known.

It was also verified that, for some values of length ratios and flexural rigidity ratios, the de-
flection of a telescopic beam can actually be smaller than a regular uniform beam.

7.1  Future Work

Implementing new assumptions to this study could give extra insight on the way that the
deflection depends on said ratios. The most interesting would be, to obtain the tip deflection
for different extended tip parts such as: L = Ly + Lo, L1 > Lo + Lo, L' = Ly + L), and
Ly = Lo+ L — L', where L/, L{, and L, represent the respective segment length, after the
movement. This would mean that if the L, segment ought to decrease in length, the inboard
Lo segment would increase in the same proportion, and vice-versa. This way, the total length
of the beam would also depend on the inboard segment’s length, being more accurate if a
physical structural model ought to be built and tested.

Studying the analytical model with a different theory such as Timoshenko’s beam theory
could lead to more accurate results between the analytical and the numerical analysis. Study-
ing the strains and deformations at the interface would benefit in order to understand how
much they affect the results obtained.

Applying this study to a telescopic wing configuration would also be interesting so to see if
the same results can be expected and what and how would they be different. This could lead
to the construction of a computational tool, based on the analytical calculations and theories,
that would predict the structural behaviors of the telescopic mechanisms for future use in the
aeronautical industry.
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