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Abstract

In general it is very important to know the dynamic response of any structure
submitted to loads and based on it to modify it mass, stiffness, or damping
properties of the same one finally to obtain a desired response within a mar-
gins of safety considering the life of the structure.

The damping properties of the structure were modified trough the use
a passive damping to control the vibrations in structure with energy saving
benefits with regard to the active control and also for its facility of imple-
mentation reducing the probability of failure of the system.

In the context of passive damping a variation of the loss factor was
achieved based on the introduction of a viscoelastic material in a CFRP
laminate structure by experimental tests using by bandwidth method.

Cork was used as a viscoelastic material for its lightness and low relative
price and showing a great potential in the aeronautical field for vibration
control in a high number of aeroelastic phenomena. The use of cork based
composites can also be thought in space components in the form of sand-
wiches with cork cores or high performance fiber reinforced composites with
embedded cork dust aiming at minimizing the vibration occurrence of large
structures, which must have high stability requirements in terms of displace-
ment and rapid damping vibrations caused by any disturbance in the system.

One most ambitious application of cork based composites refers to the
structure of solar sails. This type of spacecraft only needs large sails and de-
ployable booms that keep the sails deployed and support the the transmitted
loads. Thus the study of the loads and vibrations that affect the booms is
very important.

In the present case a passive damping using a design that comprises a vis-
coelastic material sandwiched between multiple CFRP layers was considered

vi



Abstract vii

envisaging decreasing the amplitude of the vibrations in the boom induced
by the operation of the AOCS.

A computational analysis of this configuration of the material was devel-
oped using a finite element model (FEM) code to obtain the main dynamic
properties of the structure, such as the natural frequencies and loss factors.
Numerical results were validated through the comparison with the dynamic
response of the material as obtained in experimental testing. Moreover, the
improved damping properties found on cork based materials allow concluding
that this type of viscoelastic material is a viable passive solution for vibration
control with minimum penalties in the final weight of the structure.
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o} mass proportional damping factor

15} stiffness proportional damping factor
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Chapter 1

Introduction

1.1 Introduction

In many systems submitted to dynamic loads the displacements can be higher
the wished ones and causing a catastrophic failure that renders useless the
structure. In this case it is mandatory to modify the physical structure the
system to reduce both the amplitude and time of response to an external
excitation.

The methodology for vibration suppression of structures can be classified
into three groups, namely passive and active controls or hybrid case which
uses both.

1.1.1 Passive control

In passive control the material properties of the structure such as damping
and stiffness are modified in order to change the response of structure, con-
sisting basically in increasing the dissipation of energy of the system changing
the loss factor for this.

A typical example of passive control is the optimization of the ply-up stack-
ing sequence in composite materials or the study of solid inclusions in the
materials.

Composite material parameter

Composites are selected in many structural applications due to their high
specific stiffness and strength, hence, the option of passive structural damp-
ing is an added advantage to other materials because their properties can
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be modified by changing the settings whilst in other materials, such as met-
als is much more complicated. Recent works of NASA in the damping of
unidirectional composites [1] and composite laminates [2] show that compos-
ite damping depends on laminate parameters, including constituent material
properties, fibber volume ratios, ply orientations, ply thickness, ply stacking
sequence, temperature and pre-existing damage.Therefore, in order to ob-
tain significant structural advantages of damping on composite materials,it
is very important to use genetic algorithms for optimization purposes, where
the variables are the parameters of the laminate. Composite damping is
also anisotropic, but exhibits an opposite anisotropy trend than stiffness and
strength, being minimum in the direction of the fibers and maximum in the
transverse direction and in shear.

Viscoelastic materials

Presently earthquake-resistant design and retrofitting of structures using var-
ious energy dissipation devices such as viscoelastic dampers (VEDs), viscous
fluid dampers, friction dampers, and added damping and stiffness devices
have received considerable attention. Viscoelastics material are able to be
used like a damping method because of the higher capacity of dissipating
mechanical energy. Since the introduction of this basic concept, many mod-
ifications have been proposed to improve the damping performance.

1.1.2 Active control

In active control, structural response is controlled by adding external stresses
to the structure using an actuator device, such as a piezoelectric material,
located on the surface of component embedded in it. Active control also
requires the system to be complex and expensive, despite of one can achieve
a good vibration suppression performance compared with passive control.

Depending on the applied voltage, electromechanical coupling of the force
transducer to the structure, and the location of the piezoelectric the degree
of vibration control of flexible structures can be varied, being a matter for
the application of optimization procedures.

1.1.3 Software

For clear reasons one goal of this work was to assess the feasibility of using
composite materials with improved damping properties for space applica-
tions, in particular in the booms of solar sails which can extend to a signifi-
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cant length (15m or more). The experimental analysis necessary to confirm
this passive solution is complex, expensive and time consuming. However,
the development of a computational model of such a structure constitute a
straightforward technique for its dynamic analysis in a few hours. Addition-
ally, many different configurations and variables can be explored leading to
a large bulk of data which is crucial for a more efficient design.

Several programs of this type exist on the market like ABAQUS , Ansys
or Nastran. In this project we used ABAQUS the commercial FEA sofware
of Simulia Company. A virtue of ABAQUS is that it allows a relatively easy
modelling of composites and other types of anisotropic materials with great
accuracy and versatility of analysis parameters.

1.2 Objectives

The main objective of this project is the study of passive damping systems
in structures or mechanical systems that are subjected to loads of any kind
which may endanger its strength or cause displacements beyond the design
point. The passive method herein here is based on the addition of a layer of
viscoelastic material to the primary structure.

In particular, the structure is a CFRP laminate and the layer of viscoelastic
material is introduced into the middle-plane in such a way that it allows
maintaining symmetry without compromising the strength of the neighbour-
ing regions of the material. Due to its remarkable natural properties, cork
was elected as a viscoelastic material to be used in the form of a thin core of
a micro-sandwich component.

The energy dissipation effect caused by the viscoelastic layer placed within
a flat plate was characterized with a FEM analysis corroborated with the
experimental determination of the main dynamic parameters of this config-
uration of the material. Following this, a computational analysis of a solar
sail boom was undertaken in order to get its dynamic response under typical
AOCS loads similar to those found in real operational conditions.

1.3 Thesis structure

This project is divided in five chapters including this one.
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Capter 2

Chapter 2 is based on a bibliographic review necessary to define the state-of-
the-art in the field of passive solutions for vibration control in aeronautical
and space structures. He we introduce specific models for damping and vis-
coelastic behaviour of materials were introduced allowing for a better defini-
tion of the assumptions and procedures in the base of the works carried out
in this research, namely the proper numerical representation of the materials
involved in this project in the context of the considered commercial FEM
code.

Chapter 3

Chapter 3 is intended to be a section where they appear in a reasoned manner
the imputs to be used in the software. It also contains the geometric descrip-
tion of the specimens used in laboratory tests as well as the boom of a solar
sail. It contains all the numerical characterization of mechanical properties
of all materials involved, as well as the step-by-step process. Also shown step
by Step process of construction and testing of the specimens. In a logical
order the mesh characteristics were analysed and a mesh convergence study
was undertaken. A final description of the loading and boundary conditions
is also made in order to completely define the numerical model.

Chapter 4

The results obtained from the numerical analysis are presented in Chapter 4.
Here both the dynamic response to an external load and frequency analysis of
the plate and boom configurations are presented, comparing these results to
the ones obtained in experimental testing. The results are briefly explained
showing the differences amongst the different cases.

Chapter 5

Chapter 5 explains the main ideas extracted from results trying to answer to
the initial objectives set for this work. .

Chapter 6

A introduction to future and complementary work is presented.
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Bibliographical review

2.1 General vibration problem formulation

For a general mechanical system with n degrees of freedom the motion equa-
tion is given by the equation 2.1.

[J1X + [K]X + [F]X = [F(t)] (2.1)
Where :
o [J]|,[F],[K],are the mass, damping and stiffness system matrices
e [F(t)] is the external load vector of the finite element model
e X X X are the acceleration, velocity and position vectors

Mass and stiffness matrix can be determined from a numerical model im-
plemented using a conventional FEM code(such as ABAQUS).The damping
matrix can be treated in two distinct ways. It can be viewed as material
property that exists before the implementation of the force vector, thus it is
related with the material itself or as purely numerical object that is imple-
mented upon the structure to oppose the excitation force, thus related with
the structural characteristics of the vibrating system [3]. Rayleigh damping
or proportional damping introduces damping into the vibrating structure,
in the form of a damping matrix [F]. This concept was introduced first
by Rayleigh, who expressed the energy dissipation mechanism responsible of
damping, as a symmetric matrix of coefficients. A further idealization to that
concept is that the symmetric damping matrix [F] is a linear combination of
the mass and the stiffness matrices of the system. Thus, the damping matrix
can be defined as

[F] = alJ] + BIK] (2.2)

>
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Where « is the mass proportional damping factor and [ is the stiffness pro-
portional damping factor. In the formulation of Rayleigh damping, it is
considered that mass proportional damping effect is dominant in the lower
frequencies and the stiffness proportional damping is dominant at the higher
frequencies. Therefore o and 3 are the attributes of the lower and higher
resonant frequencies, respectively. In this project we consider a boom of a
solar sail ;so we can suppose that § < 1 due the typical frequencies in spacial
operations.

It can be found [3], that for a given mode 4, the fraction of critical damping
which is calculated by the commercial finite element code, to obtaining the
damped response of the system and considering only the mass proportional
damping effect can be defined as

£ =—

2w

Further development of the FE methodology for the prediction of damp-
ing was based on experimental observations made during vibration damping
laboratory testing. Observations were made on the first mode of resonant vi-
bration, which as far as the frequency domain is concerned, it is considered to
lie within the range of low frequencies. Therefore, it was considered that the
effect of the higher frequency effects was negligible. Hence the mass propor-
tional damping was chosen to represent damping of the vibrating structures.
Ultimately only the mass proportional damping factor o would be defined in
all finite element models constructed.

It has been well documented [1] that the fraction of critical damping &,
can be defined in relation to the specific damping capacity ¢ of the vibrating
structure for a given mode 7. Therefore based on experimental calculations of
the specific damping capacity (SDC) v value, the fraction of critical damping
for the first mode of resonant vibration may be defined as

RS
b= (2.4)

It is found in literature [1] that equation 2.4, is valid for vibrating systems
that demonstrate a value of ¢ < 100 .
Thus by calculating the fraction of critical damping for the first mode of

resonant vibration from equation 2.4,the mass proportional damping factor
a may be expressed as

(2.3)

= 28Wres (2.5)

In the above equation w,.s is the natural frequency of the undamped
system for the first mode of resonant vibration. It is calculated as the square
root of the eigenvalue in the eigenvalue extraction step prior to the steady
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Amplitude 4
A

Z, Zs

! max/\/z

v

Figure 2.1: Half-power bandwidth method

state dynamics step. It is quite clear that for a given finite element model
with certain mass and stiffness matrices, the results of the dynamic analysis
depend hugely on the numerical assignment of the o and g parameters. It is
of significant importance that the numerical values assigned to « should be
based on experimental data.

2.1.1 Modal data extraction

In the present case, the bandwidth method was used to determine damping.
Measuring frequency bandwidth, between points on the response curve, for
which the response is some fraction of the resonance of the system. The
usual convention is to consider points Z1 and Z2 as in indicated in 2.1,
to be located at frequencies on the response curve where the amplitude of

response of these points is 7 the maximum amplitude. The bandwidth at
these points is known as half-power bandwidth. The half-power points or 3
dB points for small damping correspond to the frequencies w; = w,(1 — &)
and wy = w,(1 + &) where ¢ is the damping ratio mentioned above. The

frequency interval between this two points is Aw = ws — w; The loss factor
is defined by equation 2.6

_Aw

Wn

2 (2.6)
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2.1.2 Random signal analysis in testing

The transducer used to measure booth the input and output during a vi-
bration test usually contains noise from different sources and complicate the
analysis of the data. Thus it is important to consider the random input
vibration response [5].

The autocorrelation of a signal and the associated power spectral density
(PSD) are given by equations 2.7 and 2.8

Reo(T) = Tlgrolo %/0 x(t)(T)z(t + 7) dt (2.7)
Spe(w) = % /_OO Ry (T)e 7%t dr (2.8)

It is know that the PSD of the input driving force can be related to the
PSD of the response and the frequency response function of the system by
equation2.9

Saa(w) =[ H(w) [* Syy(w) (2.9)

1 . .
= - is the response function of the system.
k —mw? + cwj
The frequency response function can also be related to the cross correla-
tions between the two signal x(t) and y(t). The cross correlation function,

denoted R,,(7) for the two signals x(t) and y(t) is defined by equation 2.10

were H(w)

Rey(r) = Jim /0 (&) ()t + 7) dt (2.10)
Suw) = 5= [ Rufr)e i dr (2.11)

These correlation and density functions also allow calculating the transfer
functions of the structures submitted to the tests. The frequency response
function is related to the spectral density functions by the equations 2.12
and 2.13

Sya(w) = H(jw)Syy(w) (2.12)

Spa(w) = H(jw)Sey(w) (2.13)

The coherence function denoted by +? is defined to be the ratio of the
two values of H(jw) is defined by equation 2.14

> _ Sy’

= 5@ 21
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which always lies between 0 and 1. In fact, if the measurements are consistent,
H(jw) should be the same value, independent of how it is calculated and the
noise of the signal. If it is 0 the measurement is of a pure noise; if the value of
coherence is 1, the signals x and y are affected by noise. In practice coherence
versus frequency is taken as an indication of how accurate the measurement
process is over a given range of frequencies. Generally the values closer to one
should occur at values of w near the structure’s resonant frequencies. Near
resonance the signals are large and hence less affected by noise. In practice,
data with a coherence of less than 0.75 are not used and indicate that the
test should be done over.

2.1.3 Eigenvalues problem formulation

Eigenvalues of undamped system are given by

[J]X + [K]X = [0] (2.15)

In the other hand if we suppose a harmonic response

X = [¢] exp™” (2.16)
Finally using equation 2.16 in 2.15

[[K] = ALJ][ = [0] (2.17)

were A is w? and ); the eigenvalues of the system. For a general system with
damping the natural frequencies are given by

Wy = Wnd 1-— 52 (218)

2.2 Viscoelastic materials

The general development and application of the linear theory of viscoelas-
ticity had its origin in the development and widespread use of polymeric
materials. The theory of viscoelasticity may account for materials which
posses a capacity to both store and dissipate mechanical energy.These mate-
rials for a which a suddenly applied and maintained state of uniform shear
stress by a steady flow process which may or may not be limited in magnitude
as time grows and is said to exhibit both an instantaneous elasticity effect
and creep characteristics. This behaviour is clearly not described by either
an elasticity or viscosity theory but combines features of each. Christiensen
(1971)[6] argues that this type of material possesses a characteristic which
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can be descriptively referred to as a memory effect. That is the material
response is not only determined but the current state of stress, but is also
determined by all past states of stress, and in general sense, the material has
a memory for all past states of stress.

All real solid materials possess both elastic and damping properties.
Damping is the ability to dissipate some mechanical energy during vibra-
tion or dynamic deformation.

When analyzing materials with time dependent mechanical properties, it
is of vital importance that the characterization of such properties be accu-
rately defined. For viscoelastic materials, properties such as relaxation mod-
ulus, creep compliance, and time-dependent Poisson’s ratio are of utmost
importance for numerical and closed form solutions to various problems,[7].

A homogeneous, isotropic solid material is known to have two indepen-
dent complex moduli, namely the complex shear modulus, G , and the bulk
modulus, K suffice for a complete description of the viscoelastic behaviour
(equations 2.19 and 2.20). The only requirements regarding the form of a
complex modulus is that both its real and imaginary part is non negative.This
is a consequence of the requirements of non negative energy storage and non
negative energy dissipation. The complex Poisson’s ratio and the complex
tensile modulus for homogeneous, isotropic, linear solid viscoelastic materials
is given by equations 2.22 and 2.21.

Gjw) = G'(w) + JC" () (2.19)
K (jw) = K'(w) + jK"(w) (2.20)
E(jw) = B'(w) + " () (2.21)

P(ju) = v/ (w) + " (@) (2.22)

Where E’ G’ K’ are the storage components and E”,G” K” are the loss
components.

In the complex Poisson’s ratio v/ and v” are the dynamic and the loss
component respectively. Pritz (2007) [3] analyses the importance of complex
Poisson’s ratio in the the linear dynamic behaviour of solid materials.He con-
cludes that magnitude of the Poisson’s loss factor normally does not exceed
0.1 even if the shear damping is high; furthermore the Poisson’s loss factor
of a high loss rubbery material may be much smaller than 0.1 if v/ is close
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to 0.5 or zero.

If we have E and 7 we can obtain the G and K values quite closely with
the following relations like in [9]:

(2.23)

K=—"— (2.24)

2.2.1 Mathematical models for linear viscoelastic re-
sponse

The way to model a viscoelastic material is very similar to electric circuit
but in this case we have two components corresponding to the elastic term
and another to the viscous term. The elastic components, as previously
mentioned, can be modeled as springs of elastic constant E, given by

o= FEe (2.25)

where o is the stress, E is the elastic modulus of the material, and € is the
strain that occurs under the given stress. The viscous components can be
modelled as dashpots such that the stress-strain rate relationship can be
given as

o = né (2.26)

where o is the stress, n is the viscosity of the material, and € is the time
derivative of strain. The spring models the instantaneous bond deformation
of the material, and its magnitude will be related to the fraction of mechanical
energy stored reversibly as strain energy and the entropic uncoiling process
is fluid like in nature, and can be modelled by a Newtonian dashpot. There
are a large number of models used to simulate the wide range of viscoelastic
materials that are being each used for a given material and conditions.

e The Maxwell model
is a mechanical model in which a "Hookean” spring and a Newtonian
dashpot are connected in series so the stress on each element is the
same and equal to the imposed stress, while the total strain is the sum
of the strain in each element.

0 =05=0yg (2.27)
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€=€s+€q (2.28)

Here the subscripts ¢ and 4 represent the spring and dashpot, respec-
tively. It is convenient to differentiate the strain equation and then
write the spring and dashpot strain rates in terms of the stress, thus
obtain the differential equation model give by 2.29

o 1
€= 24 ¢ 2.29
€=¢€s+ €y 77+EU (2.29)

Under this model, if the material is put under a constant strain, the
stresses gradually relax, when a material is put under a constant stress,
the strain has two components. First, an elastic component occurs in-
stantaneously, corresponding to the spring, and relaxes immediately
upon release of the stress. The second is a viscous component that
grows with time as long as the stress is applied. The Maxwell model
predicts that stress decays exponentially with time, which is accurate
for most polymers. One limitation of this model is that it does not pre-
dict creep accurately. The Maxwell model for creep or constant-stress
conditions postulates that strain will increase linearly with time. How-
ever, polymers for the most part show the strain rate to be decreasing
with time. Application to soft solids such thermoplastic polymers in
the vicinity of their melting temperature,numerous metals at a temper-
ature close to their melting point.

e The Kelvin-Voigt model
It consists of a Newtonian damper and ”Hookean” elastic spring con-
nected in parallel. The constitutive relation is expressed as a linear
first-order differential equation

o= Ee+ né (2.30)

This model represents a solid undergoing reversible, viscoelastic strain.
Upon application of a constant stress, the material deforms at a de-
creasing rate, asymptotically approaching the steady-state strain. When
the stress is released, the material gradually relaxes to its undeformed
state. The model is extremely good with modelling creep in materials,
but with regards to relaxation the model is much less accurate. This
model is useful to simulate organic polymers, rubber, wood when the
load is not too high.

e The standard linear solid
Most polymers do not exhibit the unrestricted flow permitted by the
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Maxwell model, although it might be a reasonable model for warm tar.
For more typical polymers whose conformational change is eventually
limited by the network of entanglements or other types of junction
points, more elaborate spring-dashpot models can be used effectively.
This model consists of adding a spring in parallel with the Maxwell
model that provides an equilibrium or rubbery stiffness that remains
after the stresses in the Maxwell arm have relaxed away as the dashpot
extends. The diferential equation for this model is:

E .
o (&)5— B (2.31)
Ey+ Es

e The Maxwell-Wiechert model

A real polymer does not relax with a single relaxation time as pre-
dicted by the previous models. Molecular segments of varying length
contribute to the relaxation, with the simpler and shorter segments re-
laxing much more quickly than the long ones. This leads to a distribu-
tion of relaxation times, which in turn produces a relaxation spread over
a much longer time than can be modeled accurately with a single re-
laxation time.The model have many spring-dashpot Maxwell elements
as are needed to approximate the distribution satisfactorily.

2.2.2 The Boltzman superposition integral

Using formulation the Boltzmann’s superposition principle such that the cur-
rent stress is determined by the superposition of the responses to the complete
spectrum of increment strains,the basic hereditary integral formulation for
linear isotropic viscoelasticity is :

o(t) = /Ot 2G(t —7hedt' + 1 /Ot 2G(r — ) dt’ (2.32)

where ¢ and ¢ are the mechanical deviatoric and volumetric strains; K is the
bulk modulus and G is the shear modulus, which are functions of the reduced
time 7; and . denotes differentiation with respect to t’. The reduced time
is related to the actual time through the integral differential equation.Note
that the notation used is is similar to the one used in ABAQUS [10].

In this case we suppose small strain. Consider a shear test at small
strain, in which a time varying shear strain, ¢;, is applied to the material.
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Figure 2.2: Different viscoelastic models

The response is the shear stress 7(¢) . The viscoelastic material model defines
7(t) as

T(t) = /0 Gr(t — s)e(s) ds (2.33)

where G is the time-dependent shear relaxation modulus that character-
izes the material’s response.This constitutive behaviour can be illustrated
by considering a relaxation test in which a strain € is suddenly applied to
a specimen and then held constant for a long time. The beginning of the
experiment, when the strain is suddenly applied, is taken as zero time, so
that

T(t) = /Ot GRr(T — s)é(s) ds = Gre(sinceé = 0;t > 0) (2.34)

where € is the fixed strain. The viscoelastic material model is long-term
elastic in the sense that, after having been subjected to a constant strain for
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a very long time, the response settles down to a constant stress; Gg(t) = G
as t — 00
The shear relaxation modulus can be written in dimensionless form:
_ Gg(?)

onlt) = (2.35)

where Gy = Gg(0) is the instantaneous shear modulus, so that the ex-
pression for the stress takes the form

T(t) = GO/O gr(T — s)e(s) ds (2.36)

The dimensionless relaxation function has the limiting gg(0) = 1 values and
9gr(00) = %—Oo

A popular method of obtaining analytical expressions for these properties
consists of obtaining discrete values as a function of the logarithm of time
and curve fitting the data to an appropriate expression. Due to the decaying
nature of such properties as Relaxation Modulus and Poisson’s Ratio, they
are conveniently represented as a series of exponential functions. A widely
used form of these functions is the so-called Prony series (due to Gaspard
Francois Clair Marie Riche de Prony, 1755- 1839), which can be expressed as

f=A+) B (2.37)
=1

When using expressions such as this for curve fitting it is noted that there
are too many unknowns for the amount of equations available for simultane-
ous solving. This generally leads to a trial and error approach where values of
€; are assumed, and an expression for the time-dependent variable is obtained
repeated until a satisfactory curve fit has been obtained.

ABAQUS [10], assumes that the viscoelastic material is defined by a
Prony series expansion of the dimensionless relaxation modulus:

—1

grlt) = 1= Y g (1= ™) (2.38)
N -t
k() =1-3 k(1 —e™) (2.39)

Where N, g_iP,k_’iP,TiG,i: 1,2,....N are material constants.
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Using Fourier transforms, the expression for the time-dependent shear
modulus can be written in the frequency domain as follows.

g P 2 2
Gy(w) = Gol—;gz ]+ G 1m (2.40)
N o aPrw
Cilw) = Go ) m (2.41)
_p N 2w
K(w) = Kol = 3 ki |+ Ko ) 775 (2.42)

i=1 i=1 g

2.43
Ozl—l—Tw? ( )

Where G4,G), K, and K; are the shear storage modulus,the shear loss
modulus, the bulk storage modulus and the bulk loss modulus.

2.3 Historic problems

Dynamic control of structures is one of the main problems of this industri-
alized and technical society.Resonance’s problems are normally present in
mechanic systems, structures and also in the nature.

e In machinery design there is always risk of resonance between rotation
frequency of the rotatory parts and one of the vibration modes of the
whole structure. This is inevitable because when accelerating or brak-
ing there is a large probability of going through a natural frequency
of the structure.If this comes to be one of the main modes, one can
try to changing this frequency by varying the stiffness or introducing
damping. This extends to the buildings in which machinery is installed:
normally the engine must be mounted on isolators. The engine of a car
is mounted on rubber pads so it will not transmit vibrations to the
chassis.

e Wind can also produce resonances. In 1879 the bridge over Tay river,in
Scotland, sank to the passage of a train killing 75 people.In 1940 Taco-
mas suspension bridge collapsed in the USA. The failure was caused by
resonance between the vibrations of the suspension cables in the wake
of karman vortex arising with strong wind.These oscillations produce
a torsion in the bridge deck,till its catastrophic failure. Others say it
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was the board itself that entered a similar resonance to flutter. In 2000
the London’s Millennium Bridge which is a pedestrian bridge designed
by the renowned architect Norman Foster. Two days after it had to
close because, when passing a large number of people, ranging laterally
resonance with the steps. It took two years to design and install a
solution using viscous dampers to overcome this situation.

e Technology deficiencies were identified in several studies on large space
systems (LSS) conducted by NASA in the 60’s and 70’s [I1]. The

results were concibed for space applications by the year 2000.

2.4 Evolution of the different technical solu-
tions

The techniques most used and most successful in this field have their begin-
ning in the 50s. Oberst (1952) proposed to apply a thin layer of viscoelastic
material to the surface of flexible structures for vibration control.

Ungar and Ross (1959) [12] suggested a multiple constrained layer treat-
ment and their analyses shows that the increase of the number of viscoelas-
tic layers may be negligible at high frequencies; however this effect can be
quite considerable at low frequencies especially for a large number of layers
(fig.2.6). The damping characteristics of a damping layer treatment is deter-
mined by the sum of all constraining layers; the number of tapes used and
their relative thicknesses have only a small effect. The previous conclusion
can be very useful from the practical point of view in the construction of a
structure.
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Figure 2.3: Different damping layers configuration
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Figure 2.4: Thick treatment geometry and displacement distribution under
flexure

Lazan, Metherell and Sokothe (1965) [13] presented a demonstration that
configuration of multiple-band surface treatment is capable of dissipating sig-
nificantly more energy than conventional free or constrained layer treatments.

Schubert et al. (1967)[11] make a theoretical study to evaluate the geo-
metrical parameter of structural composites with viscoelastic shear damping
mechanisms.Also of design equations and graphs for the geometrical parame-
ter for a large number of designs with different configurations of the viscoelas-
tic layer and which are potentially used. These authors came to a automated
process allowing the determination of the loss factor for a with a constrained
viscoelastic layer between elastic elements.

Plunkett and Lee (1969) [15] investigate about the constrained viscoelas-
tic damping, in which the viscoelastic layer is covered in turn by a high tensile
stiffness constraining layer. The constraining layer induces shear strain in the
viscoelastic layer, and thus greater damping is produced.A important result
give by the analysis is that,for optimum element length of the constraining
layer,the energy dissipation depends primarily of the loss coefficient of the
viscoelastic material, and the stiffness of the contraining layer and only in-
directly on the shear modulus of the viscoelastic layer (fig 2.5).

For the enhanced damping material we can mention the model described
in U.S. Patent 5.203.435 (1993) [10] using a layer of viscoelastic combined
with a zig-zag configuration of the fiber alignment. The fiber enhanced vis-
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coelastic damping treatment represents both substantial increase in damp-
ing and decrease in weight added when compared with conventionally con-
strained viscoelastic layered damping treatment (fig 2.7).

In the research dealing with the combination of composite materials with
different damping properties it is worthwhile to mention the work of Woo
Young and Amjad [I1]. Within the field of optimization we can cite Mota
Soares et al.(2008)[17] where constrained optimization of passive damping is
conducted for the maximization of modal loss factors, using the Feasible Arc
Interior Point Algorithm (FAIPA) to get the best configuration of the layers.

In a specific study of a solar sail boom to better understand the current
state of the art and standardized tests and static and dynamic.In [18] au-
thors examine examines the use of booms consisting of two co-bonded omega
shaped carbon fiber half shells with 0.1 mm wall thickness each and had a
weight of only 62 g per meter.

Sickinger et all(2009) [19]. pointed out that that it is expected that mass
reductions can be achieved in the deployable booms by means of a tapered
design over the boom length. They have shown that the load is not homoge-
neously distributed over the boom lengths. The bending moments that are
particularly important for the design become increasingly smaller the closer
they get to the boom tips.
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2.5 Material selection

With regards to the material used for damping the final choice has been
relaying upon cork.Cork is natural material obtained from cork tree mostly
in Mediterranean countries, mainly in Portugal and Spain which are the
world’s main producers [20]. The special combination of properties of cork
has have been exploited since ancient times by man.Since the construction of
small boats and fishing until kits use in domestic kitchen sets and containers
for food and liquids, several applications can be found on a regular basis..
But undoubtedly the most important application to date is the use of cork
to produce wine bottle stoppers.

At present, apart from this latter application the use of cork based prod-
ucts is mainly confined to the acoustic and thermal insulation of buildings
and, in a much lesser extent, shoes and garment ornaments.
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Figure 2.8: DMA spectra in frequency sweep

Mano (2002) [21] showed that viscoelastic properties of cork are anisotropic
and the higher values of the storage modulus are found when the material is
oriented along the transverse prismatic direction.In his numerical work a cork
based sandwich has been used, which unlike natural cork has a more uniform
that allow considering isotropic conditions in the performed simulations (fig
2.8).

The sandwich components with cork agglomerates layers have an high
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energy absorption capacity with minimum damage probability, resulting in
better crash worthiness properties when impact loading is expected during
service as shown in Castro et al.(2010)[22].This property is useful in space ap-
plications, where the life of the structure is essential and many of the loads on
structures can be considered as impulsive loads, due to it occur in very small
periods of time. Gameiro et al.(2007)[23] suggest that micro-agglomerate
cork may become the adequate material for innovative applications that re-
quire low cost, low density and high energy absorption and may be a very
interesting material to use in applications where strain rate sensitivity is
undesirable.



Chapter 3

Numerical model

3.1 Introduction

The main problem studied in this project is use passive methods to reduce
the magnitude of displacement ad also the harmful and unwanted vibrations
for any structure that requires it. We will use the FEA software to model and
simulate numerically a plate. Likewise, the intention to make an approach
for space applications, particularly in solar sail boom dynamic control. The
most important part of this chapter is to obtain all the inputs in a reasoned
way, needed to do the simulation in both cases. This requires a thorough
knowledge of both models, the boundary conditions and the loads which are
it are subjected. Obviously if the boom is much more complex from the
standpoint of a correct simulation.

3.2 Materials and configuration

The base material use for both plate and boom is TEXIPREG®HS 160 REM
epoxy CFRP and the materials used for the damping layer are a core cork
type NL10 and a granulated cork both provided by Amorim Cork Composites
Company. The mechanical properties of each one are shown in table [?].
Regarding to the loss factor of each material to be used in the numerical

Material | p(£9) | v E(Mpa) | G(Mpa) | «

m3
CFRP 1000 | 0.25 | 150000 | 5000 6.4
Cork 140 0.1 |06 5.9 20

Table 3.1: Material properties

23
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Figure 3.1: Plate model in ABAQUS

simulation is taken into account that the objective of the project is focused
on low frequencies,this parameter is determined using the figure provided by
Amorim cork composites fig. 2.8 and the equation 2.5.

3.3 Plate model features

The plate used is a simple plane model embedded in one end and subjected
to an impulsive point load considered. It is made of CFRP laminate, and
then will be added a layer of core cork in the symmetry zone to compare
results and see the effects that this causes. The dimensions are 450 mm x 60
mm and distribution of the layers is the following :

[02 905 0 90,

Should be noted that the width of each layer when cured CFRP is 0.15
mm.

3.3.1 Loads and boundary conditions

The plate is considered fixed at one of its ends and subjected to an impulsive
point load of 1 N applied at the center of the opposite end. This load is
simulated using a range of application of the same very small in this case
0.05 s. Has been careful not to impose a very high load value to avoid large
displacements to ensure compliance of the linear theory.

Experimental test

To know as best as possible the real properties of the materials used in project
we make a laboratory tests. Three different configurations of plates will test:
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e CFRP
e CFRP with a cork core layer
e CFRP with granulated cork layer agglomerate

Four specimens of each type to be submitted to different tests in order to
have greater confidence in results.

The prepreg TEXIPREG®HS 160 REM is a hight strength unidirectional
carbon prepreg with modified epoxy resin REC, suitable both for compression
and vacuum-bag moulding. It issues directly to the honeycomb and it does
not need any adhesive film for sandwich moulding. Well fitted for top-class
fishing rods sport tools. First the prepreg is extracted from the freezer and
let it temper at least two hours in its protective packaging. The necessary
material is cut and the rest is stored again.The orientations used in the
specimens are 0 and 90 for simplicity and due to time.The dimensions of all
the specimens are 450 mm x 60 mm.

CFRP
The stacking sequence is [ 03 90 0 90]; and only is necessary paste the different
layers.

CFRP with cork core layer

The stacking sequence is [0 90 0 DCL ;. The fabrication procedure is followed
as in the previous case with the difference that now a core cork layer will be
added with caution to achieve good union among the two materials and the
addition of resin for this purpose.

CFRP with granulated cork layer agglomerate
In this case has to be done uniform layer of granulated cork. Note that the
cork has been mixed with epoxy resin in advance. The configuration used is
[02 90 DDL 90 05 90 |,
Autoclave cycle

e make the bag and apply 0.5 bar vacuum

e heat to 125 at 3-5 / min rate

e when 120-125 is reached apply 2-7 bar
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Figure 3.2: manufacture of the different specimens; with cork sandwich and
with cork dust

e maintain pressure and temperature for 60’

e get the part out from the mould

Figure 3.3: Specimens in the autoclave to begin the curing process

Finally with the help of sandpaper and a cutter to prepare the speci-
mens to be tested and conducted a series of measures both the thickness and
width. After carefully labeled the specimens were subjected to test in the
Instituto Politécnico de Setibal (IPS) labs. The test consisted basically in
determining the loss factor of different configurations by bandwidth method,
and and thus obtain the mass proportional damping factor « for use in the
FEA model, all this following the standard AST E796-98. The specimens
are placed suspended on two nylon threads and struck with a hammer to
excite different modes in a range of frequencies from 0 to 1500 Hz.With an
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Figure 3.4: Specimens before and after the curing process

accelerometer located at the opposite end to which the response we get hit in
frequency by two successive integrations.With an accelerometer located on
the opposite side which we hit we obtain the frequency response by two suc-
cessive integrations. Also we obtain the hammer impact characteristics by a
sensor on the face where we hit.In the display both responses are represented
as well as coherence equation 2.14.Four tests are made with each specimen.
We performed a series of ten shots in each that are recorded on the trans-
ducer taking care to validate the shock when the coherence is close to unity
and the rest manually voiding that produce much lower values.to eliminate
undesirable noise that get worse the results take special care in the fixation
of the specimens in the nylon thread and the placement of the accelerometer.
This was placed at the opposite side to avoid saturation of the accelerometer
produced at impact. The data are processed on a computer using the soft-
ware Vibpro (fig.3.6) and LabView (fig.3.7). The first for for preprocessing
of the data and obtain the representation of frequency response. And the
LabView is used to determine the loss factor at frequencies of using a routine
created by the Dr. Ricardo Claudio professor of I'TS in Setibal, using an
algorithm to obtain automatically points 3dB below the maximum, having
the possibility of a manual adjustment for greater precision.We realize the
calculations 3db and 6db and we make sure that the values the loss factor
for each of the frequencies did not change greatly from one to another case,
signal that have high stability and are formally valid. He also took care
to eliminate loss factor values associated with the first resonance frequency.
The results in each case are shown in the following tables.
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Table 3.2: Loss factor for simple CFRP specimens C1

frequencies | loss factor
81.59821 0.0188975

| 224.62692 | 0.006995 |
| 440.2905 | 0.0035475 |
| 727.3905 | 0.0034525 |
H |
H |

1080.55554 | 0.0028425 ‘
1499.52698

0.00235 |

Table 3.3: Loss factor for simple CFRP specimens C2
frequencies | loss factor
81.43372 0.0199675

| 223.71077 | 0.00681 |
| 720.5578 | 0.003 |
| 1073.5144 [ 0.0027125 |
| 1489.51001 | 0.00235 |

3.4 Boom model features

Structural and Mechanical design

One of the most fundamental structural and mechanical trades is the imple-
mentation of the deployable boom for the square sail, as on a sailing ship,
the unfolding of sails requires suitable rigid structures, i.e. booms. These
these could be one of the next

e Pantographic structures, which consist of rigid links with hinges in
between

e Inflatable structures stabilized by internal gas pressure

e Morphing structures which exist in two stable geometrical states,one for
the stowed and one for the deployed configuration,and can be converted
from one to the other

.Carbon lenticular foldable elastic tubes were chosen over inflatable booms
because the are more mature technology with well understood properties.
We based our reference design on booms developed by DLR for a 14 length
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Table 3.4: Loss factor for simple CFRP specimens C3
frequencies | loss factor

82.54212 0.0206
226.71335 | 0.0071375 |
442.69293 | 0.0037 |

1084.51013 | 0.0028675 |
1502.52991

H |
H 728.35629 } 0.0032 |
H |
H |

0.002475 |

Table 3.5: Loss factor for specimen with cork core S1

frequencies | loss factor
100.32729 | 0.024005

| 280.54694 | 0.0111125 |
| 534.55493 | 0.0087875 |
| 852.51587 | 0.01036 |
| 1226.5094 | 0.01315 |

booms. This design provides for storage of the rolled up booms on a single
large central reel and a motor driven deployment that is well controlled but
this last detail does not matter because the analysis is done with the mast is
fully deployed.

Boom geometry

In the analysis we consider a boom length of 14 m and the classical section
in OMEGA. The model is same that exist in the AEROUBI laboratory.
DLR is currently working in ultra-light poles with a single layer thickness of
0.1 mm but here we use a base thickness of 0.3 mm and used a number of
layers, thickness and orientation of them as parameters of the problem for
optimize the damping of the boom. In the numerical example we use the
configuration [45 —45] for the simple boom and [45 DC'L —45] for the boom
with the passive damping system. Although this kind of product not known,
the layer of cork is considered as sandwich of 0.1 mm to correspond to a
model of boom reasonable and useful, since the use of current commercial
thickness, resulting in a total thickness that will almost certainly prevent the
proper storage and deployment of the boom, also a thick cork excessively
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Table 3.6: Loss factor for specimen with cork core S2

frequencies | loss factor
101.56985 0.01945

| 276.70654 | 0.0080725 |
| 531.4223 [ 0.0076225 |
| 861.4826 | 0.011485 |
| 1255.50854 | 0.010265 |

Table 3.7: Loss factor for specimen with cork core S3

frequencies | loss factor
102.68484 | 0.0230875

| 290.66422 | 0.0088175 |
| 557.5772 | 0.0076675 |
| 892.50641 | 0.0117375 |
| 1270.48999 | 0.011675 |

reduce the stiffness and strength of the structure making it unviable.

3.4.1 Loads and boundary conditions

To know the loads applied on the boom, it is necessary to understand the
functioning of the AOCS because it is the main source. A number of options
for attitude control of the deployed sail is considered. Purely propellant-
less either options were based on shifting the center of mass relative to the
center of pressure relative to the center of mass. For the latter, we consider
using articulates vanes and also articulated the sail panels themselves to
achieve pitch, yaw and roll control. Articulating the sail panels appeared
more promising than vanes, because mechanical implementation was simpler
there was less hardware to deploy and hence less mass and costs.

For the options involving shifting the center of mass relative to the center
of pressure, we focused on articulating the entire spacecraft bus relative to
the sail subsystem in order to move the largest possible mass and maximize
control authority. The options considered were translating the boom in the
plane of the sail and also rotating the bus on a short boom extended for the
plane of the sail. The latter option was preferred because it was viewed as
having a simpler mechanical implementation and because torques to the sail
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Table 3.8: Loss factor for specimens with cork dust agglomerate CD1

frequencies | loss factor
97.45649 0.0261575

| 265.64063 | 0.0090225 |
| 514.42505 | 0.005255 |
| 851.50928 | 0.0047375 |
| 1264.49036 | 0.004525 |

Table 3.9: Loss factor for specimens with cork dust agglomerate CD2

frequencies | loss factor
119.57787 | 0.0186925

| 32154361 | 0.0084 |
| 634.46667 | 0.0071225 |
| 1478.48865 | 0.00767 |
| 1536.49634 | 0.0678 |

subsystem could be minimized, presenting a more stable dynamic environ-
ment for the sail.

Ultimately, we select the boom articulation on a boom rather than ar-
ticulating the sail panels because it minimized the complexity of the sail
subsystem, and it also provided an implementation that could be readily
adapted to many different sail designs, including spinning sails.The bus rota-
tion is effected via rotation wheels minimizing the disturbance input to the
sails subsystem dynamics. Once the bus is rotated to the desired control
position, the bus is locked with a mechanical clutch to hold position. Sail ro-
tation control is achieved via the reaction wheels with the chemical thrusters
to unload the wheels.

The loads are going to study the compressive loads and lateral loads being
these last of great importance because they can cause undesirable and fatal
rupture of the Mylar sail that would end the mission. Orbital maneuvers
which abut submitted this type of spacial ships are long periods of time,
continuous low-thrust maneuvers due to the type of propulsion. By doing
the AOCS to modify the path is assumed that there is a side load on the
boom for a very small period of time, that is loaded as a model the lateral
impulse at the end of the boom so as to produce the maximum displacement
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Table 3.10: Loss factor for specimens with cork dust agglomerate CD3

frequencies | loss factor
101.35963 | 0.0231425

| 275.31253 | 0.00834 |
| 530.53149 [ 0.0060275 |
| 866.54492 | 0.00598 |
| 1290.47144 | 0.0054 |

Figure 3.5: Test equipment

and thus get a better sense of the effects on the structure.

Load value is set at 1 N value slightly larger than usual in the space field,
but serves to accentuate the possible effects the damping introduced in the
boom.

The case of the boundary conditions impose that one end is fixed for a
more realistic model possible.

3.5 Spatial discretization of the models

Because the computing power of computers growing every day and currently
a workstation allows low cost make numerical calculations unthinkable years
ago, the numerical simulation is increasingly important. Numerical simu-
lation is now a design tool that allows to evaluate prototypes without the
need for expensive experimental evidence in problems that are sufficiently
validated mathematical models and can be used to determine the real-time
behaviour of a simulated system.

The purpose of discretizing the continuous problem is reduced to a dis-
crete solution for using the computer. The basic approach is to replace the
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Figure 3.8: Boom section used in ABAQUS

continuous domain of integration by a mesh of discrete points that divide
this into small sub-domains. Instead of developing a solution defined at any
point in the domain, we obtain approximations for isolated points. Interme-
diate values between different discrete points, derivatives and integrals and
other operators can be obtained from the discrete solution by interpolation
techniques

3.6 Mesh

In this project we used a structured mesh. Is a non-uniform curvilinear
grid, by an equation of transformation can be converted to a rectangular
Cartesian mesh. Intersection of the coordinate lines are the nodes of the
mesh. A structured mesh is defined when the appropriate position (z,vy, 2)
of its nodes in a Cartesian axis. For each grid node coordinates spend three
lines that allow us to reach our neighbouring nodes integration domain. The
topology of a structured mesh in a 3D domain is well defined by three data
structures of three indices that hold the position of the nodes zijr viji 2ijk
Although this type of mesh has some disadvantages such as problems in areas
where the solution has abrupt changes, if we use a larger number of discrete
points in these areas or on the contour to adapt the grid we obtain a mesh
suitable for the type of geometry of the boom, relatively simple. To achieve
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Figure 3.9: Mesh plate detail

maximum efficiency of our work, we analyzed mesh having as variable as
the solution to obtain the natural frequencies of ABAQUS compared with
a initial with a few elements to reach a compromise between precision and
computational cost.

In the case of the plate we use a mesh of 990 elements. The analysis is
shown in Table 3.11. The difference in the results of the last two meshes is
considered small enough for the purposes of this work, while not involving
excessively high computational cost. For a better understanding is an image
3.9 of the mesh for the second mode of the plate in bending.

The the boom model use a mesh of 30000 elements as is shown in Table
3.12.

3.7 Comparison and calibration ABAQUS re-
sults with other software

Is appropriate and necessary when we use any software, calibrate the results
with a real model or in the worst known cases with the results of other
software of the same kind.In this project we used the software ESAComp to
perform a calibration before the simulations, to ensure that we successfully
modelled a CFRP laminate structure in ABAQUS. ESAComp is software for
analysis and design of composites initiated by the European Space Agency.

The plate considered is made of CFRP T300 and has a dimension 100 mm
x 100 mm and a thickness of 2.4 mm embedded in one extreme and subjected
to a load of 0.05 kN in the other. The stacking sequence is the following [(45
-45 0)s]2. The maximum static displacement in the loaded extreme is 1.92
mm as appear in the figure 3.10. The result of ABAQUS is 1.924 mm. 3.11 So
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Table 3.11: Mesh convergence study of the plate model

Number of elements | Result | Difference
10 23.5496 -
32 23.9278 0.3782
60 23.9121 0.0157
112 23.8619 0.0502
216 23.8421 0.0198
264 23.8258 0.0163
480 23.813 0.0128
560 23.8078 0.0052
640 23.8044 0.0034
800 23.8003 0.0041
990 23.7998 0.0005

Table 3.12: Mesh convergence study of the boom model

Number of elements Result Difference
15000 0.635127657 -
22500 0.635086547 | 0.0000411
30000 0.635073898 | 0.0000127
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Figure 3.10: Esacomp results

we can conclude that the results of both programs coincide except minimal
differences produced by a different mesh. Therefore, the composite model
we introduced in ABAQUS is correct we can safely address the following

simulations.
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Results

4.1 Experimental results

First we will refer to laboratory tests.The results obtained after processing
the data obtained is the test is represented graphically in the figure 3.1. In
the graph we can see the value of loss factor for the three types of specimens
tested. The frequency range is from 80 to 1500 Hz lower frequency is limited
by the first mode of vibration of the plate to the test setup.It is important to
say that the first mode Corresponding values can not be taken into account
because both the precision of measuring instruments as the standard.

For a better interpretation of the results have been provided all the values
of each specimen on the same graph so that they can observe the differences
between specimens of different types and also the dispersion of values in the
different specimens of each type, simply be seen by observing the distances
between the same points for a given frequency. It can be seen that the
specimens difference between each type is very small which gives a margin of
safety to the results.From these results we can obtain the coefficient « for the
Rayleigh damping model for the CFRP. The result of the other samples is not
used as a input in ABAQUS , but it is an estimate and helps to understand
the effects of introducing a viscoelastic material such as cork in the structure
, either in a sandwich structure or dust homogeneously distributed.

4.2 Numerical results

We performed numerical simulation of two different specimens. First the
specimen made for laboratory tests and secondly the new specimen with ap-
propriate geometry for better visualization of final results. In the first case

40
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shown in the graph are small perturbations along the time history of dis-
placement, which may be due to weak shock waves in layered heterogeneous
material as indicated by Tsai and Vikas (2005) [38]. this effects are caused
by geometric parameters such layer thickness and the distance of wave prop-
agation or density of interfaces, also the smallest layer thickness laminates
contain the highest frequency oscillations while the largest layer thickness
laminates contain the lowest frequency oscillations so these instabilities are
present in samples of low thickness. Although the reviews of the instabilities
of this type is far from the ultimate objectives of the project, its introduction
is suitable as well as the result of the dynamic response of the specimen.The
results of the specimen made in the laboratory are shows in the fig. 4.1
For this was the design of another specimen for numerical analysis where we
could better appreciate the response. This specimen has dimensions of 200
mm x 50 mm and a width of 2.4 mm in the case of damped model is added
a layer of cork of 0.9 mm. The dynamic response of this specimen is show in
the fig.4.2

It is observed that the response of the specimen that has the cork layer
oscillations are also those discussed above and can also be concluded that
this is an overdamped response. The next step was to simulate this probe
taking into account the existence of resin inside the cork layer has cured and
therefore provide rigidity, which has not been taken into account, this means
that the relative volume is 3%, which is a conservative value, considering
that the value of E for a typical epoxy resin is about 3 GPa then we can
assume a E of 100 MPa for the layer of cork. This yields a response that
might be closer than expected by the experience and observations in the
laboratory. This yields a response that might be closer than expected by the
experience and observations in the laboratory but by no means intended to
be a conclusive result because it would be necessary to study the percentage
of resin that has penetrated and cured the cork .

Reproduce testing laboratory in ABAQUS to validate them is very com-
plicated at the same time loses some of its practical meaning to having to use
experimental values in the software. Therefore only the natural frequencies
are extracted and compared with those obtained in the laboratory.

4.2.1 Plate numerical and experimental frequencies

The frequencies that are captured in the laboratory tests are due to bending
modes

As we can see in 4.2 there is not much difference between the results,
particularly for the lowest frequencies, which we conclude that the numerical
model is quite close to reality in the case of CFRP laminate. In the case of
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Figure 4.1: Dynamic response to an impulsive load for the original plate

Table 4.1:  Comparison of five first eigenfrequencies for the specimen of
laminated CFRP

Mode number | Experimental | Numeric
1 81.858 88.080
225.017 242.680
440.123 475.392
725.445 785.159
1079.527 1171.529

O = | W[ N
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Figure 4.2: Dynamic response to an impulsive load for modified plate
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Table 4.2: Five first eigenfrequencies detected in test for the specimen with
a cork core

Mode number Test
1 101.527
2 282.639
3 541.185
4 868.835
5 1250.836

cork core specimens proceeds in the same way except that in this case the
natural frequencies of torsional and bending modes are very close together
so even though it is expected that the excited modes are flexural not have
absolute certainty that this is so and we can not clearly identify them. We
can only say with certainty that the frequency of the first Bending mode
captured in the trial can be clearly identified with the second bending mode
calculated ABAQUS which has an approximate value of 94 Hz.

(a) 1st. bending eigenmode (b) 2nd. bending eigenmode

(c) 3rd. bendig eigenmode (d) 4th. bendig eigenmode

Figure 4.3: Eigenmodes in ABAQUS for the simple plate of CFRP
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Table 4.3: Ten first eigenfrequencies for CFRP boom
Mode number | Frequency(Hz)
1 0.6351
0.8350
3.9765
5.2163
11.1156
14.3658
14.4163
14.5755
15.5705
18.3796

O 00| | | U b= W DN

—
e}

4.2.2 Boom dynamic analysis

Below are shown the first ten natural frequencies of CFRP boom and the
boom modified with a layer of core cork, also we can see from the figures 4.4
and ?? the first four eigenmodes in both cases.

(a) 1st. eigenmode (b) 2nd. eigenmode

(c) 3rd. eigenmode (d) 4th. bendig eigenmode

Figure 4.4: Eigenmodes in ABAQUS for the simple CFRP boom
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Table 4.4: Ten first eigenfrequencies for CFRP boom with core cork layer
Mode number | Frequency(Hz)
1 0.6299
0.8360
3.9445
5.2163
5.1826
11.0247
14.8327
14.8327
15.8368
18.5539

O 00| | | U b= W DN

—
e}

(a) 1st. eigenmode (b) 2nd. eigenmode

(c) 3rd. eigenmode (d) 4th. eigenmode

Figure 4.5: Eigenmodes in ABAQUS for the boom with core cork layer
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Conclusions

With the results of laboratory tests we obtain the following conclusions :

e For low frequencies the use of a of damping layer in a CFRP laminate
structure of an increase of loss factor in the order 15% and this in-
crease is very similar whether using a layer of dust agglomerate either
in powder or sandwich.

e In the CFRP simple laminate, the laminate with a agglomerated cork
dust layer and the laminate with a cork sandwich layer, loss factor de-
creases with increasing frequency.Loss factor decreases with increasing
frequency to reach a value of about 500 Hz where the first and sec-
ond mentioned configuration remains constant to 1300 Hz while for the
third configuration, which uses the sandwich layer appears to have a
slight increase with frequency.

e The increased value of the loss factor by using a layer of viscoelastic
material is amplified by increasing the frequency value especially since
the 400 hz or so to the configuration with a layer of agglomerate cork
dust reaches increases until a 25% while for the cork sandwich layer
configuration can reach 50% at 1300 Hz

With the results obtained in the FEA analysis obtained in the simulation
with ABAQUS we get the following conclusions:

e Under the application of an impulsive load the use of a sandwich layer
of cork in a laminated structure reduces the amplitude of the vibration
produced,but this is only true for a given geometry, ie for a given ge-
ometry study is needed to check which is the best combination of the
laminated layer of cork.
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e The use of cork layer produces that the different eigenmodes are closer
to each other. Causes torsion and bending modes are very close in
a bandwidth relatively much lower than in the case without passive
damping, this may be due to the decrease of stiffness in the section due
to the introduction of a layer of core cork.

e In the case of the solar sail boom the use of a hypothetical layer of
core cork, it can be seen that has not great influence on the natural
frequencies of the original boom or even in the eigenmode associated
with these frequencies.
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Future work and development

Due to time and resources have not been able to develop this project as
much as possible. In general lines and further progress can be made on
several fronts to improve the present from the experimental point of view to
further improving implementation numerical model of viscoelastic material
from the point of view in the field of computational optimization.

The two main improvements and enhancements include:

e Laboratory work and numerical implementation

The logical step is to investigate the structural damping of the com-
posite structure. Performing the test in the laboratory by the relevant
tests. These results could model a more realistic dynamic response of
a structure subjected to harmonic loads.

e Numerical Optimization

Within the field of optimization the application of most interest and
utility is the use of genetic algorithms (GA) for optimization of com-
posite structures with and without layers of viscoelastic material. The
optimization variables are generally geometric characteristics of the dis-
tribution of layers such as thickness and orientation. Optimization con-
ditions vary depending on the objective to be optimized. As discussed
above ([39]) the use of optimization in terms of the damping set a prop-
erty of a layer of material has little interest, but it may be interesting
from the standpoint of rigidity.

e Others: Study of instabilities in the dynamic response of laminated
structures of low stiffness

49
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