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ABSTRACT

INVESTIGATION OF NOVEL GEOMETRICAL DESIGN CONCEPTS
FOR DAMPING TREATMENTS

Cavus, Bertughan
Master of Science, Mechanical Engineering
Supervisor : Assist. Prof. Dr. Gokhan O. Ozgen

November 2022, 94 pages

Surface damping treatment concepts are developed utilizing viscoelastic materials as
a damping layer where it is applied to the main structure. The main aim for adding
these materials is to increase cyclic deformation in the frequency region of interest,
which increases dissipated energy from the main structure. Constrained layer
damping treatment is the most common, where the viscoelastic layer is constrained
by a stiff top layer. Recently, a spacer or standoff layer has been added between the
base and constrained damping layer to increase the damping performance of the
structure. Adding a standoff layer increases the distance between the damping layer
and the base layer, which results in increasing shear strain. Also, the electromagnetic
and acoustic metamaterial concepts are extended to reduce vibration levels using the
vibration absorber analogy, known as mechanical metamaterial or metastructure
concept. It is developed by embedding vibration absorbers to the main structure

rather than attaching them in this concept.

In the frame of this thesis study, novel damping treatment designs are developed
using surface damping treatment and vibration absorber concepts to optimize
dynamic behavior and reduce vibration amplitudes of the main structure. The
proposed designs are compared using the performance metric that quantifies the
vibration damping performance of the design. Hence, the main aim is to find optimal

design geometry that maximizes vibration amplitude reduction with minimum mass.



The modelling of these complex geometries is developed in ANSYS finite element
simulation environment. Finally, the proposed optimum designs are manufactured

and tested to verify the methodology used and finite element results.

Keywords: Passive Standoff Layer Damping Treatment, Metastructures, Structural
Optimization, Vibration Absorbers, Passive Vibration Control Techniques, Standoff
Layer
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ENERJi SONUMLEME TASARIMLARI ICIN OZGUN GEOMETRIK
TASARIM KONSEPTLERININ INCELENMESI

Cavus, Bertughan
Yiiksek Lisans, Makina Miihendisligi
Tez Yoneticisi: Dr. Ogr. Uyesi Gokhan O. Ozgen

Kasim 2022, 94 sayfa

Yiizey soniimleme islemi kavramlari, ana yapinin iizerine uygulanan bir soniimleme
katmani olarak viskoelastik malzemeler kullanilarak gelistirilmistir. Bu malzemeleri
eklemenin ana hedefi, ana yapidan dagitilan enerjiyi arttiran ilgili frekans
bolgesindeki dongiisel deformasyonu arttirmaktir. Viskoelastik katmanin sert {ist
tabaka tarafindan kisitlandig1 smirlandirilmig katmanli soniimleme islemi en yaygin
olanidir. Son zamanlarda, yapilarin séniimleme performanslarini arttirmak i¢in taban
ve sinirlandirilmis soniimleme katmaninin arasina aralayict ya da ara katman
eklenmistir. SOniimleme ve taban katmani arasindaki mesafe, ara katmanin
eklenmesiyle arttirilarak yirtilma geriniminde artig saglanir. Bunun yaninda,
elektromanyetik ve akustik metamalzeme kavramlari, titresim seviyelerini azaltmak
icin titresim emici anolojisi kullanilarak mekanik meta malzeme veya meta yap1
olarak bilinen kavramlara genisletilmistir. Bu yapilar, bu konseptte titresim
emicilerin ana yapiya takilmak yerine ana yapinin i¢ine gémiilii halde olacak sekilde

gelistirilmistir.

Bu tez ¢aligmasi kapsaminda, ana yapinin titresim genliklerini azaltmak ve dinamik
davraniglarini en iyilemek i¢in yiizey soniimleme islemi ve titresim emici kavramlari
uygulanarak &zgiin soniimleme islemi tasarimlari gelistirilmistir. Onerilen

tasarimlar, tasarimlarin titresim soniimleme performasini Slgmeye yarayan bir

Vil



performans metrigi kullanilarak karsilastirilmistir. Bu sebeple, en az agirlikla
titresim genligi azaltiminmi saglayan en uygun tasarim geometrisini bulmak ana
hedeftir. Bu kompleks geometrilerin modellenmesi ANSYS sonlu elemanlar
simulasyon ortaminda tamamlanmistir. Son olarak, Onerilen optimum tasarimlar
iiretilmis ve kullanilan yontemleri ve sonlu elemanlar analiz sonuglarint dogrulamak

i¢in test edilmistir.

Anahtar Kelimeler: Pasif Ara Katmanl Soniimleme Islemi, Metayapilar, Yapisal

Optimizasyon, Titresim Emiciler, Pasif Titresim Kontrol Yontemleri, Ara Katman
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In many mechanical vibration problems, the main focus is improving system
performance to prevent mechanical vibration caused damages such as noise,
resonance, and fatigue. Therefore, controlling vibrations is very significant while
designing the engineering system to escape such problems. In general, the desired
dynamic behavior is achieved by passive and active vibration control techniques.
Generally, the actuator eliminates undesired vibrations in active vibration control,
whereas viscoelastic materials, vibration isolators, and vibration absorbers are used
in passive vibration control. Therefore, the desired vibration levels are achieved by
adding extra weight to the structure. Engineering systems must satisfy the best
dynamic behavior with the most lightweight solution. Hence, it is a challenging

design problem in this field.

Viscoelastic materials maintain specific damping characteristics over various
operating temperatures and frequencies. However, it must be added to the structure
and chosen considering operating conditions for proper design since its damping
characteristics are strongly related to temperature and frequency. Vibration damping
can be best explained as the dissipation of vibrational energy from the structure.
Therefore, the main aim for adding viscoelastic materials is to increase dissipated
energy from the structure. This can be achieved by increasing cyclic deformation in
the frequency region of interest. Therefore, understanding deformation shapes is
critical. Surface damping treatment concepts are established using these materials as
a damping layer. Free layer damping treatment (FLDT) is the simplest one. A
viscoelastic material is applied to the structure by coating it in a simple manner. An

extensionally deformed damping layer dissipates vibrational energy in this damping



treatment. Constrained layer damping treatment (CLDT) is superior considering the
weight point of view since a very thick damping layer is needed for the same amount
of damping in FLDT. A viscoelastic material is sandwiched between a stiff base and
a constraining layer in CLDT. The damping layer deforms in shear, which increases
modeling efforts to explain the deformation pattern in CLDT. Although these
treatments are generally sufficient for vibration suppression, they may still not meet
the expected dynamic performance characteristics. Therefore, a novel damping
treatment needs to be modeled for that specific problem, which generally consists of
multiple layers with different damping materials and orientations. For this purpose,
a novel spacer layer between the viscoelastic layer and the base structure is applied
to enlarge the shear strain on viscoelastic layers by increasing the distance between
the viscoelastic layer and the base layer. This concept is known as passive standoff
layer damping treatment (PSLDT) in literature.

Electromagnetic and acoustic metamaterial concepts have been studied widely since
the 2000s. It is found that no wave propagation occurred at certain frequencies. Later,
metastructures or mechanical metamaterial concept is developed, extending no wave
propagation logic used in these concepts to damping at certain resonance
frequencies. The concept indicates that vibration amplitudes at resonance
frequencies can be eliminated with simple spring-mass attachment to the structure.
These locally resonant subunits resemble vibration absorbers attached to the
structure. The difference is that locally resonant subunits are embedded rather than
attached to the main structure from the ground. This results in good damping
performance at certain frequencies with less weight added to the structure. However,
since it is a resonant vibration problem, these locally embedded vibration absorbers
need to be designed appropriately considering the mass, stiffness, and resonant
frequencies of the structure. Generally, this can be achieved by tuning geometrical
parameters, the total number, and the location of these embedded resonators.

Therefore, it can be classified as a passive vibration control method.



1.2 Scope and Objectives of the Thesis

In this thesis study, theory and the concept of surface damping treatment and
metastructures are utilized to develop novel standoff layer geometry that possesses
the best damping performance with minimum weight. In the literature, various
studies can only describe the damping performance of the structure by reducing
vibration amplitudes at certain modes. These solutions are generally applicable to
particular design problems. Therefore, it is essential to define a suitable performance
metric that quantifies the vibration damping performance of the structure more
precisely. Hence, the performance metric defined in this study includes the total or
added weight of the structure, the total vibration response of the structure, and the
average damping values of the first three modes in a specific frequency range. These
parameters have an impact on the performance metric. This performance metric and

its parameters are used to find the optimum design configuration.

As mentioned before, vibration control of the structure is achieved by adding
damping passively and actively. Therefore, increasing the total weight of the
structure is inevitable. However, at a certain point, the thickness of the damping
layer, standoff layer, and the total number and location of the vibration absorber are
optimum. Thus, it is essential to define them correctly. The thickness of the standoff
layer is optimized for PSLDT, which defines the best uniform standoff layer
thickness for reference CLDT with a uniform standoff layer. Therefore, the reference
beam configurations are developed using a certain base, standoff, damping, and
constraining layer thickness. Then, the reference CLDT with a uniform standoff
layer beam is optimized according to the defined performance metric using structural
and parametric optimization. Therefore, the reference baseline configurations are
compared with previous scaled versions of PSLDT in literature and developed novel

design alternatives in this study.

The mechanical metamaterial concept is a very recent topic in literature. Thus, there
are very few studies to investigate the effect of adding damping material to the main

structure since the modeling complexity is increasing. Also, metastructure design



looks for weight efficient solutions. So, most proposed designs prevent adding or
bonding damping sheets to the main structure. However, it is well known that better
damping performance can be achieved by adding viscoelastic materials at specific
locations. This study investigates the effects of adding damping material to the main

structure for metastructure design.

All in all, defining a suitable performance metric, optimizing the thickness of the
standoff layer, optimizing standoff layer geometry to improve damping performance,
investigating the effects of adding damping materials to metastructure and verifying
the results of novel design alternatives with experiments are the main objectives of
the thesis.

1.3  Background

131 Literature Survey

Metamaterials are developed materials created to have extraordinary properties
which are not observed naturally. Metamaterials are first introduced by investigating
the propagation of electromagnetic waves in matter. Soviet physicist Veselago shows
that it is possible to have negative dielectric constant € and magnetic permeability p
theoretically using the dispersion relation [1]. These unique properties result in no
wave propagation at certain frequencies. Acoustic metamaterials are developed
considering the similarity between electromagnetic and acoustic waves. Liu et al.
fabricated one of the first acoustic metamaterials considering that effective elastic
constants can be negative. They used lead balls as a core material coated with silicone
rubber in a cubic structure where epoxy is filled as the matrix material. Experimental
results show that two apparent dips occurred before a peak in transmission curves.
As in electromagnetic waves, this indicates that no wave propagation is occurred at
certain frequencies. These regions are called bandgaps. It is found that local
resonances of the lead balls (as core materials) reveal effective negative constants

[2]. Inthe light of their pioneering work, acoustic metamaterials are theoretically and



experimentally investigated where locally resonant tiny subunits occurred inside the
unit cells. These unit cells are created in a very limited space considering the
wavelength of the main structure. Therefore, producing these structures is very
expensive, considering the micro and nanomanufacturing methods applied. Acoustic
metamaterials have possible applications in acoustic imaging, subwavelength
waveguides, and acoustic absorbers [3]. Later, it was found that the actual working
mechanism is based on the working mechanism of the conventional vibration
absorber, where the applied force is balanced out by the inertia forces of the masses
depending on the acoustical or optical mode. The concept of the negative effective
mass and wave propagation in metamaterial structure (acoustical or optical mode) is
studied in detail. Local resonances of these subunits create frequency bandgaps
called stop bands where no wave propagation is occurred between acoustical and
optical modes. It shows that these locally resonant subunits do not require as tiny as
before; instead, they are simple spring-mass subsystems attached to the structure,
significantly reducing challenges on design, modeling, and manufacturing of
acoustic metamaterials [3,4]. Therefore, it is possible to reduce vibration levels by
properly designing broadband vibration absorbers along with the primary structure.
These concepts of the acoustical metamaterials are extended to model mechanical

metamaterials, namely metastructures.

Metastructures that consist of the primary structure (or the host structure) and locally
resonant subunits are created by embedding these subunits to the primary structure
rather than attaching them to reduce vibration levels of the main structure. These
internal locally resonant subunits can be spring-mass, mass in mass SDOF
subsystems, periodic two-mass spring-mass-damper inserts, periodic and graded
chiral lattices, and the zigzag inserts. Many research investigate these types of
resonators and the vibration attenuation characteristics of the proposed
metastructures [3-25]. Theory and overview of the metastructures are well explained
in these studies [3-5]. Since the concept of the vibration absorber is utilized and its
theory is in good agreement with the metamaterial concept, the basic design idea is

that these subunits are tuned to excite at one of its fundamental frequencies where



frequency bandgaps are occurred. Therefore, the proper design of internal resonators

is the main objective where the geometrical parameters of the resonators are tuned.

The distributed vibration absorbers as internal resonators are studied for the vibration
control of the metastructures in detail as in [6-11]. Chen et al. investigated the
dynamic behavior of sandwich structure analytically and experimentally, where it is
modeled as a metastructure. The effect of the geometrical parameters on frequency
bandgaps is examined. It was found that higher internal mass is widened the
frequency bandgap while the spring constant does not affect at all [6]. Borgi et al.
utilized MDOF resonators where local resonators are excited at their different
resonant frequencies to study multiple bandgap formation of metastructures. It was
found that bandwidths of the bandgaps are affected by overall mass ratios of the
resonators, distribution of mass of the different resonators, and the minimum number
of resonators attached along the beam [7]. Hobeck and Inman created unique SDOF
spring-mass oscillators embedded inside the primary structure where the proposed
design is manufactured by 3D printing. The proposed design is superior to the
conventional vibration absorbers considering no additional mass is required to
achieve the same performance by applying the VE material layer [8]. Later, Reichl
and Inman proposed a unique constant mass metastructure. Distributed vibration
absorbers are created by linearly varying natural frequencies and distributing the
mass of the absorbers along the beam while the total mass is the same. It was found
that distributed vibration absorbers with linearly varying frequencies can suppress
vibrations and superior, varying the mass of the absorbers at higher mass ratios is
superior, and metastructure performs slightly better than the TMDs for lower mass

ratios for vibration suppression [9-11].

The chiral lattice inserts as internal resonators are studied for the vibration control of
the metastructures in detail as in [12-16]. Bettini et al. proposed the composite
morphing airfoil structure using a chiral topology. The research group has an
excellent effort to design chiral topology using traditional manufacturing techniques
considering that 3D printing methodologies were not accessible and reliable. They
conclude that the chiral core topology is a possible application in smart morphing



structures [12]. Baravelli and Ruzzene investigate periodic and graded chiral lattice
designs. It was concluded that locally resonant subunits behave as periodic vibration
absorbers, out-of-phase motion is the leading mechanism to vibration reduction, and
graded lattice geometry is expected to be more effective in a broader frequency range
[13]. Abdeljaber et al. investigated the effect of the geometric parameters of the
chiral topology, such as the characteristic angle ® and the radius of the nodes R.
Since effects of the various design parameters used, a genetic algorithm is developed
to optimize design parameters via using MATLAB Genetic Algorithm Toolbox.
Optimized chiral lattice configurations show that non-periodic or graded inserts need
to be used for low-frequency vibration attenuation [14]. Later, they compared the
various optimal design of chiral lattices found with Baravelli&Ruzzene’s proposed
design [13] which is based on a trial-error approach rather than optimization
developed using genetic algorithm as in [14,15]. It is shown that optimal designs
found in [14,15] are superior to [13]. Later, Essink and Inman manufactured two of
these optimized designs to validate vibration attenuation characteristics of proposed
metastructures experimentally. Both optimized metastructures are achieved very

good vibration attenuation [16].

The zigzag inserts as internal resonators are studied for the vibration control of the
metastructures in detail as in [17-21]. In these studies, the concept of the vibration
absorber is extended to examine energy harvesting and nonlinearity on
metastructures. Chiral lattices have disadvantages in finding closed-form analytical
solutions, computational inefficiency, geometrical restrictions of the ligaments, and
manufacturing. Abdeljaber et al. proposed zigzag beam inserts to solve these issues.
After a closed-form solution is found, an optimization procedure based on a genetic
algorithm is developed using geometrical parameters. It was concluded that zigzag
inserts are excellent to chiral lattice inserts, graded tip masses should be used, and
nonlinear zigzag inserts can have better vibration suppression characteristics [17].
Later, they use a very similar approach to tune geometrical parameters of zigzag
inserts for low-frequency vibration attenuation. It was shown that global vibration

amplitudes are reduced considerably within a broader frequency range [18]. Essink



et al. created metastructure, which consists of a primary beam with internal zigzag
beams where piezo patches are glued on top of it to harvest energy. They also added
nonlinearity to the structure, placing magnets on both sides of the zigzag inserts. The
mathematical model is developed for both cases using extended Hamilton’s
principle. They concluded that the nonlinear system has not the highest power output.
However, it can achieve a broadband energy harvesting range, so it is desirable to
have nonlinearity in the system for this type of design [19]. Hobeck and Inman also
investigate nonlinearity where opposing magnets are placed on top of zigzag inserts.
The linear and nonlinear models of the proposed design are developed and verified
by the experiment. It is concluded that nonlinear zigzag inserts are superior, and the
mathematical model agrees with the experimental results [20]. Later, they added
piezo patches on top of the zigzag inserts to harvest energy. Comparing [19], they
investigate multi-objective optimization tasks using Pareto Frontier plots. They
found that a multifunctional metastructure can maximize power output while

minimizing host structure vibrations [21].

Although these studies have promising results, few studies examine damping and
frequency-dependent properties of materials used in metastructures [22-25]. Essink
and Inman investigated the effectiveness of the absorber design and damping
properties of chosen materials rather than the geometry of the absorber design as in
the literature. It is shown that if the primary damping ratio is three and above, the
effect of the absorber parameters is overpowered [22]. An exact analytical approach
is developed to calculate the dynamic for the locally resonant beams where
frequency-dependent properties are included in the model by Failla et al. using
SDOF and MDOF mass-spring subunits. They concluded that different placements
of masses/springs/dashpots might lead to different bandgaps and modal contributions
on different modes that need to be investigated to minimize these contributions [23].
Ghachi et al. proposed the metamaterial with periodic viscoelastic subunits to lower
vibration transmission at the low frequencies. The linear viscoelasticity concept is
used to model VE metamaterial. Since experimental validations are very rare in

literature, they manufacture these specimens for this purpose. They developed a



multi-objective optimization task for choosing geometrical parameters and VE layers
using a genetic algorithm. It is concluded that the multi-objective optimization
algorithm is very reliable where it lowers the weight with high vibration attenuation
[24]. Since 3D printing is used to manufacture these metastructures, it is essential to
investigate how the properties of polymers are affected by the temperature changes.
Liu et al. included viscoelastic properties of 3D printing materials in the model of
the metastructure. The effect of the printing directions and testing methodology are
both investigated by the experimental setup. It is concluded that printing directions
do not affect at all, but the testing configuration has a clear distinction for vibration

attenuation characteristics [25].

Free layer damping treatment and constrained layer damping treatment are well
studied in literature. Thus, effects of using viscoelastic materials as a damping layer
in these treatments are well explained. Passive standoff layer damping treatment is
rarely studied so proposed analytical models and experimental studies are very
recent. Although adding standoff layer between the base and the damping layer
considered first in 1959 by Whittier, it was not studied until the late 80’s. Whittier
shows that standoff layer can be used as a strain magnifier by increasing shear
deformation on viscoelastic layer [26]. Later, Yellin, et al. extensively studied
PSLDT to model analytically and verify numerically effects of adding standoff layer
to the structure. They developed 1-D analytical model with Euler-Bernoulli beam
assumption. The main goal of this is predicting damping performance of the PSLDT
correctly. Also, they developed finite element model for both uniform and slotted
standoff layer damping treatment to compare analytical and experimental results
found. It was found that bonding between layers is very important for the frequency
response and standoff layer have infinite shear stiffness and zero bending stiffness
in ideal case is very inaccurate assumption made for certain beam configurations
[27-28]. Later, the formulation for passive standoff layer treated cantilever beam was
developed using a transfer function model by Chaudry. He also developed the finite
element model by modifying 4™ order equation of motion. The results show that

approaches developed for both analytical and finite element model are well agreed



with each other and experiments [29]. Trindade proposed a genetic algorithm-based
optimization technique to maximize damping and minimize weight added to
structure using both standoff layer and piezoelectric actuators. It is hybrid passive-
active vibration control approach where the damping layer thickness and the location
of the piezoelectric actuators are design parameters used in optimization. It was
shown that damping performance of the hybrid treatment is effective in the higher
added mass regions [30]. Eyyupoglu developed novel damping treatment designs for
beams using various standoff layer designs. Since analytical model developed does
not include complex geometries, finite element model is developed. The main
objective was to increase strains in viscoelastic layers which results in higher
damping performance. Adding standoff layer introduces significant amount of mass
to the structure. Therefore, he also aims to optimize standoff layer geometry while
minimizing added weight to the system with high damping performance. Topology
optimization methodology is found the most suitable one considering software
capabilities of ANSYS and MATLAB. After evaluating all the cases in his study, the
optimized standoff layer with multiple constrained layer damping treated beam is
found to be superior. As a final step, he selects a sample to verify his model and
numerical results by the experiment. It was shown that theoretical, finite element and
experimental results are agreed well [31]. Later, the best standoff layer layout of his
study is compared with designs proposed in this study.

1.4 Outline of the Thesis

The introduction of vibration control methods used in literature is given in chapter
1. Surface damping treatments and metastructure concept is explained in detail. The
scope and objectives of the thesis are briefly mentioned. Literature surveys about

metamaterials and passive standoff layer damping treatment are given extensively.

Surface damping treatment and metastructure concept are explained theoretically in
chapter 2. Also, various types of viscoelastic modelling approach are presented.

10



The finite element modeling of the base structure with added surface damping
treatments is developed in chapter 3. The ANSY'S finite element modelling software
is used to develop models. The element types, damping matrix, viscoelastic
modelling of the damping layer and contact types are investigated to observe effects
of these parameters and whether it can physically represent expected dynamic
behavior of the structure. Then, the proposed methodology and finite element models
are verified comparing with analytical results and experimental results of previous
studies. After verifying the finite element model, the thickness of standoff layer is
optimized, and reference CLDT beam with a uniform thickness standoff layer was

developed.

Various novel design alternatives are developed using structural and parametric
optimization in chapter 4. These novel design alternatives are compared with
reference baseline configurations and previous design alternatives from literature
considering performance metric defined that describes best damping performance of
the structure. Thus, the best novel design alternative is found. Later, a comprehensive
comparison of proposed novel design alternatives, metastructures and previous

design alternatives from literature is performed.

The conclusion and future recommendations to improve thesis study are given in

chapter 5.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1  Vibration Damping

Adding any form of damping to the structure results in eliminating vibrations with
time. However, quantity, measures and design considerations are differed from one
system to another. The main mechanism of the damping is the dissipation of any
form of energy as a heat, which actually reduces total vibrational energy of the
structure. Thus, it is essential adding damping to the structure to reach desired
vibration amplitudes throughout the operating cycle. The main mechanism of
eliminating vibrations at resonances or specific frequencies is inertial forces
balanced out by damping forces since elastic forces are quite small. Therefore,
damping forces are the only resistance to eliminate these vibrations. Damping can
be achieved by internally or externally. Material damping is occurred through
deformation of the structure, which depends strongly mechanical properties of
materials used in the structure. Structural damping, viscous damping, friction
damping, viscoelastic damping etc. are other types of damping which have their own
damping mechanisms. In this study, viscoelastic vibration damping is the main
concern since surface damping treatment designs are developed using viscoelastic

material layer as a damping layer.

2.1.1 Viscoelastic Vibration Damping

Viscoelastic materials are polymeric, elastomeric, and amorphous materials that
possess both elastic and viscous material behaviors. Damping and stiffness
properties of these structures are strongly dependent on the atomic compositions they

have. Generally, these rubber-like structures are very soft. Thus, they can not be used
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as a structural member to carry loads applied. The structure can have both good
damping performance and structural rigidity if added viscoelastic material is
properly designed. Thus, modeling of viscoelastic material is a very important
research interest for years. Maxwell model, Kelvin — VVoigt model, Standard linear
model and generalized Maxwell model are developed with attaching spring and mass
in serial and parallel and describing constitutive relationships. Partial fraction models
are also developed considering stress and strain relationship to describe
mathematically. Combining concepts of these models with reduced frequency
approach viscoelastic material data can be found in a related frequency region based
on the test data. Some of these concepts and models are explained in this section
below and given in figure 2.1. Derivation of the constitutive equations of these
models are well studied in the literature.

Maxwell model is developed simply connecting spring and dashpot in series and the

model is given in figure 2.1. The complex modulus is given in equation 1 [32].

E

= -

Figure 2.1. Maxwell Model

iwVE

E*(iw) =

1)

E+iwv

Kelvin - Voigt model is developed simply connecting spring and dashpot in parallel
and the model is given in figure 2.2. The complex modulus is given in equation 2
[32].
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Figure 2.2. Kelvin — VVoigt Model

E*(iw) = E + iwv (2)

Standard linear model is developed simply connecting spring and dashpot and spring
in parallel and the model is given in figure 2.3. The model can accurately represent
real material behavior except the variation of storage and loss modulus with

frequency. The complex modulus is given in equation 3 [32].

EZ

EVAVAVAVAVAYA

E

1

Vs
Figure 2.3. Standard Linear Model
iwv,Eq

E'(iw) =——+E, + iwv, (3)

Eqi+iwvq
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Based on these simple models, the number of elements are increased to derive more
generalized and accurate models. For example, generalized standard model is
developed by including additional derivatives terms for stress and strain. Thus, the

stress and strain relation can be given in equation 4.
oo d"o 0 d'e
O'+Zn=1and?=E£+EZn=1ﬁnm (4)

For harmonic forcing, harmonic stress and strain functions can be rewritten as in
equation 5.
0 = 0pe'?t; g = gpel®t (5)

Putting and arranging these harmonic forms into equation 4 yields to equation 6.

_ E21+55%, fn(iw)"
0 [1+32; an(iw)™]

L= (B +iE")e, 6)

Although it is more complicated, the material data can be fitted by properly choosing
an and Bn. Then, expressions for storage and loss modulus are given in equations 7

and 8 respectively.

E'  AC+BD
E  c24D? (7)

E'""  BC+AD
E  c2+D? 8)

The unknown terms are given in equation 9, 10, 11 and 12.

A=1= 0% + By -+ "2y w72 )
B = 1w — B30° + Bsw® -+ ¥ 10?1 (10)
C=1-a,w®+ a,w* i 2ay, ,w?"? (11)
D =aw— azw® + asw® - i?" lay, 0! (12)

Partial fraction models are developed to reduce the number of terms used in
generalized standard model. The relation between stress and strain is given in

equation 13.
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a(t) + Znzy anD* [0 (t)] = Ee(t) + E X5y baDPre(V)] (13)
The generalized derivatives can be defined as in equation 14 using gamma function.

1 i t x(7)
F(1-ay) dt 70 (t—-t)%n

D [x(t)] = (14)

For harmonic forcing, harmonic stress and strain functions can be rewritten as in
equation 15.

do[1 + Tz an(iw)®n] = Ego[1 + X5y by (iw)Pr] (15)

The initial stress can be represented in the complex form as in equation 16.

0y = E*ey = (E' +iE" )¢, (16)

Therefore, the relations for storage and loss modulus can be represented as in

equation 17 and 18 respectively.

E' o A+3% bn(iw)Pn
= RelSe o o) (17)
E" _ 143, by (iw)Pn
E [1+2;'{’=1an(iw)an] (18)

Using regular complex number, i.e., i=e"™2, and N=1, the complex modulus can be

written as in equation 19.

E* _ 1+b,(iw)P1 _ A+iB

Ee  1+a;(iw)*1  C+iD (19)
The unknown terms are given in equation 20, 21, 22 and 23.

A =1+ bscos (ks (20)
B = b;sin (XHwh (1)
C =1+ aycos (%)a)“l (22)
D = a;sin (%)a)“l (23)
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The storage modulus and the loss factor of the viscoelastic materials are highly
dependent on both temperature and frequency. However, they show similar behavior
while increasing. Therefore, reduced frequency concept is introduced using
similarity between frequency and temperature dependence of viscoelastic materials.
The approach based on complex modulus at some distinct temperature and frequency
are identical to each other. Starting from the reference temperature, the complex
modulus and the loss factor values are determined along the reduced frequency axis.
Then, these values are curve fitted to determine master curve which represents
viscoelastic material data in reduced frequency domain. The reduced frequency

curves are given in figure 2.4 as an example [32].

4
5(1)
3
g o
172
=
32-
8(—1)
=
g1
g(-i’)
O ol 0 e E ey 4 2 sy
5 4 3 2 4 0 1 2 3 4 5 6 7 8 8 10

REDUCED FREQUENCY (Log Scale)

Figure 2.4. The Reduced Frequency Curves [32]

Also, the well-known shift factor equation, namely, The Arrhenius shift factor

equation is given in equation 24.
1 1
logla(T)] = Ta(; - 7o) (24)

Combining reduced frequency approach with the mathematical models, the complex
modulus and loss factor values for viscoelastic materials can be found. Replacing
frequency with reduced frequency in partial fraction model, the complex modulus

and the reduced frequency can be represented as in equation 25 and 26 respectively.

18



an+bn(in)Bn

* _ J'N
E"= 2n= 1+cp(iwg)?n (25)
wr = wa(t) (26)

2.2 Surface Damping Treatments

Surface damping treatments are developed in such an approach that viscoelastic
materials can be used to add damping to the structure if it is designed properly. These

treatments are explained in detail in this section.

2.2.1 Free Layer Damping Treatment (FLDT)

FLDT is simply applied to the base structure by coating with constant thickness. The
viscoelastic layer deforms in flexure which increases the dissipation of the energy
by deforming VE layer. FLDT and deformation pattern are shown in figure 2.5 [32].
A mathematical model of the FLDT is developed considering pure bending of two-
layer composite beam. Oberst and Ross — Kerwin — Ungar (RKU) equations are used
most to mathematically describe FLDT. These equations are given in equations 27
and 28 respectively.

Lo iz

ED' _ o | Ea Hays Hayy ExHy)
miy = LHE G 30+
Eq ‘Hq

(27)

The unknown parameters in this equation are “E” for Young’s Modulus of the layer,
“H” for thickness of the layer, “I” for moment of inertia of the layer and “*” for
complex form. Equation 28 is developed considering thickness of the third layer is
zero in RKU equation.

E" — 1+ ey(hy)® + 3(1 + hy)2 22 (28)

E111 1+62h2

The unknown parameters are given in equation 29.
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H
€ = hz =2 11 = _b(H1)3 (29)
It can be seen that equations 27 and 28 are exactly the same.

B' \
A' I P\ B:

\
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(a) UNDEFORMED (b) DEFORMED

Figure 2.5. Free Layer Damping Treatment [32]

2.2.2 Constrained Layer Damping Treatment (CLDT)

VE layer is constrained by another stiff layer from the top in CLDT. Therefore, it is
sandwiched between stiff layers which results in the changing deformation pattern
of VE layer. Thus, VE layer deforms in shear mode. It is found that CLDT is superior
considering weight and damping performance than FLDT. CLDT and deformation
pattern are shown in figure 2.6 [32]. RKU equations are developed for only pinned -
pinned boundary condition to explain CLDT mathematically. Later, the correction
factors are defined for other boundary conditions. A more accurate form of these
equation was developed by Rao using Euler - Bernoulli beam theory. RKU equations

for single layer constrained damping layer treatment is given below in equation 30.

(ED)" =

EyH,y® + E;"Hp® + E3H3® _ Ey"Hp? (H31 —-D

12 12 12 12 \1+g" ) + E{H,D* + E;"H,(Hy; — D)? +

H31—-D
1+g*

E3H3(H31 - D)Z (0 5E2 HZ(H21 - D) + E3H3(H31 - D))( ) (30)
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The unknown parameters in this equation are given in equation 31, 32, 33 and 34

respectively.
H31 = HZ + 05(H1 + H3) (31)
H21 == 05(H1 + Hz) (32)

__ E;"Hy(Hp1—0.5H31)+9g"(E;"HyHyq +E3H3Hgq)
E1H1+0.5E,"Hy+g*(E1H,+E>"Hy+E3H3)

D (33)

* GZ*)L2
E3H2H3T[2

(34)

Rao’s correction factor for the specific mode and boundary conditions needs to be
used in RKU equations to model accurately other boundary conditions as given in
table 2.1 [32]. Therefore, modified shear parameter and the semi-wavelength for any

mode are replaced in RKU equation. These modified parameters are given in

equation 35 and 36.
* _ Gy"L?
g = E3H2H35n2\/c_n (35)
L
A= W (36)

Table 2.1 Corrections to Shear Parameter for Various Beam Boundary
Conditions[32]

.. Correction Factor
Boundary Conditions Mode 1 | Mode 2+
Pinned-Pinned 1 1
Clamped-Clamped 1.4 1
Clamped-Pinned 1 1
Clamped-Free 0.9 1
Free-Free 1 1
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Figure 2.6. Constrained Layer Damping Treatment [32]

2.2.3 Passive Standoff Layer Damping Treatment (PSLDT)

PSLDT is developed using standoff layer between the base and VE layer which
increases distance between damping layer and neutral axis. Induced strains are
magnified so damping performance of the structure can be increased if it is properly
designed. PSLDT and deformation pattern are shown in figure 2.7 [33]. Yellin and
her research group investigate the mathematical model of passive standoff layer
beam using the method of distributed transfer functions. In their model, they assumed
that the base and the constraining layer do not deform in shear while the VE layer
deforms only in shear. They demonstrate that the dynamic behavior of the structure
can be improved by adding the standoff layer. The reader can further examine
mathematical models in their research paper [28].

Constraining layer

Viscoelastic layer

|

Stand-off layer
Base Structure ———

(a) — Un-deformed (b) - Deformed

Figure 2.7. Passive Standoff Layer Damping Treatment [33]

2.3 Metastructures

Metastructures that consist of the primary structure and locally resonant subunits are
created by embedding these subunits to the primary structure rather than attaching

them to reduce vibration levels of the main structure. These internal locally resonant
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subunits can be spring-mass, mass in mass SDOF subsystems, periodic two-mass
spring-mass-damper inserts, periodic and graded chiral lattices, and the zigzag
inserts. The main mechanism behind reducing vibration level is found to be local
resonance mechanism structure have from embedded local resonators. The theory of

metastructure is explained below [3].

Negative effective mass concept is demonstrated considering two-degree-of-

freedom mass-in-mass structure as shown in figure 2.8 [3].

Figure 2.8. 2-DOF mass-in-mass structure [3]

Equation of the motion of the structure is given in equation 37 in matrix form.
mq 0 u1 kz _kZ] Uy _ F
[ 0 mz] {uz} + —k, Kk {uz} N {O} (37)
Assuming harmonic motion, the forcing and response are in the form of equation 38.
— iwt. U — a1 iwt
F = Fye ,{uz} = {az}e (38)

Then, the frequency response functions and the dynamical effective mass can be

found as in equation 39, 40 and 41 respectively.

Hy, =% =ty (39)

Fo  (ka—miw?)(ka—myw?)—k;>

Hy =2 - (40)

Fo  (ka—miw?)(ky—-myw?)—k;>

23



— F Fy m; kz
m; =—= =m+———;wy = ’— 41
1 'Li.’l —(uzal 1 + 1—((1)2/(1)22) ’ 2 my ( )

It can be understood that if the excitation frequency is equal to the local resonance
frequency of the spring-mass subsystem, the effective mass tends to infinity
theoratically. Then, arranging given equations the external force and the inertia force

can be found that as in equation 42.
Fy = —kyay; F(t) = —kyuy(t) = myuiz (1) (42)

From this equality, it is shown that the external force is cancelled out by the inertia
force which is the same mechanism in the vibration absorbers. The responses are out
of phase in an optical mode where @>w> and the effective mass is negative. Also, the
responses are in phase in an acoustic mode where w<w and the effective mass is

positive.

Numerical examples show that the embedded local resonators can be used to reduce
peak vibration response values at resonance frequencies. Therefore, the broadband
vibration absorption can be achieved if the local resonators are properly designed. It
is relatively simple considering required natural frequency of the absorbers which is
equal or very close to the one of the natural frequency of the structure can achieved

with tuning the mass and stiffness of the vibration absorber along the structure.
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CHAPTER 3

FINITE ELEMENT MODELING OF THE BASE STRUCTURE WITH ADDED
SURFACE DAMPING TREATMENTS

3.1 Introduction

With advancing technology, lightweight structures can be easily manufactured using
additive manufacturing techniques. However, this leads to modelling complexity of
the designed system which leads to finding an analytical solution being very
complicated. Numerical approximation methods and finite element modelling can be
beneficial in this context. Since topology optimization generally results in very
complex geometries in boundaries, finite element modelling is used to model these
geometries. The proposed methodology and verification of the developed models are

explained in this chapter.

3.2 Methodology

ANSYS simulation software is chosen for finite element modelling. There is various
software in industry which have their own capabilities, element types, analysis types
and modelling techniques. Therefore, it can be noted that description of the element
types and which analysis types support them is very important. The simply supported
beam configuration is chosen to compare finite element model with analytical model.
Further, the fixed-free beam configuration is chosen to validate finite element model
using results in literature. After the developed model is verified, the fixed-fixed beam
configuration is used to find optimum thickness of the standoff layer. Boundary
conditions for the optimization are defined according to the effective beam length is
restricted on both ends which resembles inner section of the fuselage geometry is
constrained by stinger and frames as in Ulubalci’s previous work [36]. Harmonic

analysis system is used in ANSYS since frequency and temperature dependent

25



properties can be best modelled in this module. The material properties used
throughout this study in analysis are shown in table 3.1. The ISD — 112 material by
3M Company is chosen as a viscoelastic material for practical purposes. The
damping material properties are found using equations given in [34]. Soovere and
Drake extensively measure numerous industrial damping material properties in their
book. Equations found are based on these curve-fitted experimental data. The
complex shear modulus and the shift factor formulation are given in equation 43 and
44 respectively.

Gy

G"'=G(1+in) =G, +
(1 +in) =G Loy (R) -1+ @Ry

(43)

log(a(T)) = a (7 — 1) +2303 (2 = b)log () + (G = 75 = Saz) (T = T,)(44)

The unknown parameters a and b in equation 44 can be found using equations 45-51
respectively.

= (2-2) (45)
¢ =(7-7) (46)
Cc=(-5) (47)
Dy =(~-2) (49)
Dy =(7-—1) (49)
b= (25 -) =0
Dg = (DgCy — D4Cp) (51)
a = (DgCc — DcCpg)/Dg (52)
b = (DcCy — DyCc)/Dg (53)
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The other unknown parameters for both equations are given in table 3.2. Therefore,
the complex shear modulus can be found at any given frequency and temperature

using these equations.

Table 3.1 Material Properties

Material Property Value | Units | Symbol
Density of the Base Layer 2700 | kg/m* | ps
Aluminum | Young's Modulus of the Base Layer 70000 | MPa E:
Poisson's Ratio of the Base Layer 0.33 - V1
Density of the Standoff Layer 1040 | kg/m® p2
ABS M30 | Young's Modulus of the Standoff Layer |2400 | MPa =3
Poisson's Ratio of the Standoff Layer | 0.45 - V2
Density of the Viscoelastic Layer 900 kg/m? p3
Young's Modulus of the Viscoelastic Freq.
ISD 112 Layerg Der?. MpPa | Es
Poisson's Ratio of the Viscoelastic
Layer 0.49 - V3
Density of the Constraining Layer 2700 | kg/m® p4
Young's Modulus of the Constrainin
Aluminum Layerg Y |70000) mPa | Ed
Poisson's Ratio of the Constraining 033 i va
Layer
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Table 3.2 The Unknown Parameter for Equations 43 and 44

Property Value | Units
Ge 0.4307 MPa
G1 1200 MPa
f1 0.1543x107| Hz
C1 3.241 -
a1 0.18 -
B1 0.6847 -
T Reference K
To 290 K
TH 360 K
Saz 0.05956 K
SaL 0.1474 K1
SaH 0.009725 Kt

After defining material properties, it is essential to import these values into the finite

element model. Elastic materials can be defined easily since material properties

remain the same in all directions when they deform. However, the frequency

dependent complex modulus and loss factor values need to be carefully assigned in
ANSYS. ANSYS introduced various damping matrices for specific types of
problems. ANSY S defines the damping matrix given in equation 54 for the harmonic

analysis module where the full equation of motion is solved directly [35].

(€] = a[M] + (B +2) [K] + Zime o [M;] + X

. gE NMD
s (B + 2+ L) [ig] + 5y 5

N 1 e* *
lzgl[Gl] + ZZZ:JKk ]

Ngp
n=1rFq

MD
Nma Nsa

1 Yk Ap[Mili + -+

Km]

e v [
(Kl + Z’,Ll[Ck] + -+ Z%ﬂT +

[54]

Since the frequency-dependent structural damping coefficient for damping material

is the only damping source, the damping matrix is reduced to equation 55.
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[C] = Z?’;”l (i—’E) [K]] where [55]

g}s = structural damping coef ficient for material j

N,, = number of materials, w = excitation circular frequency
[K]] = portion of structural stif fness matrix based on material j

The structural damping coefficient can be defined using “TB, SDAMP,” command.
However, this command also needs “TBFIELD, FREQ” command for defining
certain frequency values and “TBDATA” command for importing data in table.
Thus, the structural damping command combined with frequency command for each
frequency point is defined. The example of defining damping values with respect to
frequency is given in figure 3.1. The elastic modulus is also defined in a similar
manner using “TB, ELASTIC,” command as given in figure 3.2. Thus, frequency
dependent elastic modulus and loss factor values can be defined in any frequency
range with proper units selected.

20020 TEB, SDAMP, MATID ——PThestructural damping is applied to the material.
20021 IBFIELD' FREQ' 1 ————pThe frequency is defined.

20022 TEBDATA, 1, 0.0€72——»The value of the coefficient is defined in table.
20023 TBFIELD, FREQ, 2

20024 TBDATA,1,0.105¢

20025 TBFIELD, FREQ, 3

2002¢ TBDATA,1,0.13€8

20027 TBFIELD,FREQ, 4

20028 TBDATA,1,0.1€39

20025 TBFIELD, FREQ, S

20030 TBDATA,1,0.1881

Figure 3.1. Defining damping values in ANSYS
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15 TB,ELASTIC ; matid ———»The elastic properties is applied to the material.
le TBFIELD,FREQ,1
17 TBDATA,1l,1.3320,0.49
8 TBFIELD, FREQ, 2
19 TBDATA,1l,1.3€14,0.49
20 TBFIELD,FREQ,3
21 TBDATA,l,1.38€4,0.49
22 TBFIELD,FREQ, 4
23 TBDATA,1,1.4088,0.45
24 TBFIELD,FREQ,S
25 TBDATA,l,1.4295,0.49

»The frequency is defined.

»The value of the coefficients is defined in table.

Figure 3.2. Defining elastic properties in ANSYS

It is also worth mentioning that SOLID 185 - 187 and PLANE 182/183 elements
support material dependent structural damping in ANSY'S. Therefore, the effects of
mesh density, the element type and the element order are observed considering the
computation time required and whether the structural damping is applied to the
structure properly. The reference case for this comparison analysis is chosen from
Eyyupoglu’s study [31]. The geometric properties of this reference beam are given
in table 3.3. Seven different cases are defined in the analysis. The frequency
dependent damping is only added to the damping layer while the global damping is
applied to the structure. The frequency range is defined as 0 to 130 Hz considering
the first natural frequency of the reference beam. The properties of these cases are

given in figure 3.3. Also, the frequency response function comparison is given in

figure 3.4.
Table 3.3 Geometric Properties of the Reference CLDT Beam
Property Value | Units | Symbol
Thickness of the Base Layer 3 mm Hi
Thickness of the Viscoelastic Layer 0.127 mm H2
Thickness of the Constraining Layer 0.254 mm Hs
Width of the Beam 12.7 mm Wh
Length of the Beam 150 mm Lb
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Property Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 Case-7

The element number 6000 6000 6000 4800 2400 2400 4800
The node number 8305 8305 8305 25021 7817 7817 6795
The element type SOLID185 | SOLID185 | SOLID186 | SOLID186 |PLANEI183|PLANE183| SOLIDI185
The element order linear linear linear quadratic quadratic | quadratic linear
Global damping yes yes yes yes yes yes yes
Structural damping 1no yes yes yes no yes yes

The computation time 3min37 sec| S5min31sec|5min23sec| 11 mnllsec| 35sec l mn |4 mn44 sec
The natural fequency [Hz.] 120 118 123 118 107 107 118

Figure 3.3. Comparison Table for Cases in Analysis

—CASE-1 —CASE-2 —CASE-3 ~CASE-4 —CASE-7 #CASE-5 —CASE-6

500.0

Vibration Amplitude [mm)]

90 91 92 93 94 95 96 97 98 99 100101102103104105106107108109110111112113114115116117118119120121122123124125126127128129130

0.5
Frequency [Hz.]

Figure 3.4. The FRF Comparison for Cases in Analysis

Comparing FRF results, it is found that case-2, case-4, and case-7 have well agreed
each other with slightly differences in vibration amplitudes, SOLID186 element
needs to be used in quadratic order since this element displays quadratic
displacement behavior and the structural damping can not be added to PLANE183
elements using commands. Also, case-2, case-4 and case-7 have very close first
natural frequency with the analytical result for reference beam. The comparison is
given intable 3.4. Thus, considering all of the results mentioned, SOLID185 element
with linear element order is found to be the best choice to use in finite element

modelling.
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Table 3.4 The Comparison with Analytical Results

Case in Analysis | Nat. Freq. [Hz.] | Loss Factor [-] |Error [%] |Error [%]
CASE-2 118.00 0.02864 0.55 11.19
CASE-4 118.00 0.02856 0.55 11.45
CASE-7 118.00 0.02873 0.55 10.92

Analytical Result 117.36 0.03225 NA NA

The bonding between layers in surface damping treatment applications is another
important factor. Generally, the layers are bonded together using very thin and stiff
adhesive as possible in real damping treatment applications. Thus, the connections
between layers must be well defined in the finite element model. However, it is
assumed that perfect bonding has occurred between layers in developed analytical
models. Generally, it is preferred that the adhesive layer is added to the finite element
model for only practical purposes when necessary. Thus, the connections between
layers are assumed to be perfectly rigid. Pure penalty, multi-point constraint (MPC),
normal Lagrange, and augmented Lagrange are contact types used in ANSYS. Also,
the shared topology option in SCDM can be used to define rigid connection between
layers. All of them have their own computational capabilities and simplifications.
Therefore, it is essential to observe the effects of these contact types. The geometric
properties of the beam used in contact type analysis are given in table 3.5. Also, the

frequency response function comparison is given in figure 3.5.

Table 3.5 The Geometric Properties of the Reference PSLDT Beam

Property Value | Units | Symbol
Thickness of the Base Layer 3 mm Hi
Thickness of the Standoff Layer 4 mm H>

Thickness of the Viscoelastic Layer |0.127 | mm Hs
Thickness of the Constraining Layer |0.254 | mm Ha
Width of the Beam 12.7 mm Wh
Length of the Beam 150 mm Lo
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Shared Topology Pure Penalty =MPC -=Normallagrange —Default
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Figure 3.5. The FRF Comparison for Contact Types Analysis

Comparing FRF results, it is found that MPC, normal Lagrange and the shared
topology contact methods have well agreed each other, the augmented Lagrange
method is the default for this harmonic analysis problem, and the pure penalty
method has higher vibration amplitudes since it does not encounter contact between
surfaces. Thus, considering all of the results mentioned, the shared topology method
is found to be the best choice to use in finite element modelling considering the

computation time is lesser than MPC and the normal Lagrange methods.

In summary, the frequency dependent damping is added using commands,
SOLID185 element with linear element order and the shared topology method for

contacting layers are chosen to develop finite element models throughout this study.

3.3 Comparison with Analytical Results

The finite element model and analytical results are compared to verify developed

model. The CLDT beam is chosen since the analytical results can be easily computed
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by solving forced vibration analysis problem for the simply supported beam. Since
frequency dependent material properties are also a function of the frequency itself,
iterative procedure is required to find loss factor and natural frequency values.
MATLAB software is used to compute analytical results and the FRF of the CLDT
beam. Iterative solution procedure of analytical model is given in figure 3.6. Also,
the frequency parameter table which can be used to find Bn values for different

boundary condition is given in figure 3.7 [37].

e )
* Geometric parameters: H,, H,, H3, L, width

define * Material Properties: PV, E1, pa,va, Eg, p3, 3, Eg

, * Boundary Condition B Cn .
AN /

.. L ﬁriz E, 1
start Initial Guess fa = 2eneL2 |we(py+Hy)

v

' ™\

find RKU equations (30-36) &, E*,G",g",D,EI;"

1 p,C [ real (EI");
calculate f"_zurrf}'\/u'l(pl-H1+p:'H:+Pg"HaJ

v

| f i+1 _ f fl NO, recalculate i=it+1
—Un n -8
calculate error €= [ <1le
fn
O%-
n= mode number ; /= step number find  fotn

Figure 3.6. Iterative Solution Procedure of Analytical Model
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m |C-C C-88 C-F §5-SS SS-F CTEF
1 22373 15418 3.516 9.8696 Same as Same as
2 61673 49.965 22.034 39.478 C-SS cases cC
3 120903 104.243% 61.697 88.826 Plus vne Plus two
4 [199859 178270 120.902 157.914 Zero oot Zero rools
5 298 556 272.031 190 860 246.740

25 | Em+ 1 a4 | @m+ 1Y 2 N6 | Zm-Dirt4 | mtA?

** C: Clamped  SS: Simply Supported  F. Free
Table: Frequency Parameters B’ =(a, ) =a, I* \Jp% ] for beams with elementary boundary condition.

Figure 3.7. The Frequency Parameter Table for Different Boundary Conditions[37]

After error condition is satisfied, the loss factor and natural frequency values can
be found as in equation 56 and 57.

i _ imag(EI])

N real(EI}) (56)
P Bn? real(EI})
fa = 2mL2 * width+(pyH1+p2Hy+p3Hz) (57)

The finite element model developed for comparison is shown in figure 3.8. The unit
harmonic forcing is applied to middle section while simply supported boundary
conditions are defined both ends of the CLDT beam. The geometric properties of
this CLDT beam are given in table 3.6.

Figure 3.8. The FEM for Simply Supported CLDT Beam
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Table 3.6 The Geometric Properties of the CLDT Beam

Property Value | Units | Symbol
Thickness of the Base Layer 1 mm Hi
Thickness of the Viscoelastic Layer |0.127 | mm H2

Thickness of the Constraining Layer |0.254 | mm Hs
Width of the Beam 12.7 mm Whp
Length of the Beam 150 mm Lb

The problem is solved in 0-3200 Hz. frequency range considering computation time
required to get high frequency modes in the FEM. Thus, the first three modes of the
CLDT beam are found. The FRF comparison plot and results are given in figure 3.9

and table 3.7 respectively.

—FEM —Analytical Model

10.00

100 4
U/ 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200

0.10

\/ T~

0.00

Vibration Amplitude [mm]

Frequency [Hz.]

Figure 3.9. The FRF Comparison for the CLDT Beam
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Table 3.7 The FRF Results

FEM | Analytical | Error [%]
1st | The Natural Frequency [Hz.] | 123.00 | 123.00 0.00
Mode | Loss Factor [-] 0.1466 | 0.1376 6.50
2nd | The Natural Frequency [Hz.] | 994.00 | 997.00 0.30
Mode | Loss Factor [-] 0.2177 | 0.2026 7.43
3rd | The Natural Frequency [Hz.] |2648.00| 2669.00 0.79
Mode | Loss Factor [-] 0.19726 | 0.2019 2.31

It can be concluded that the FEM and analytical results have agreed well with each
other with slight differences for loss factor values. Hence, the proposed methodology

to develop finite element model is quite accurate.

3.4  Comparison with Previous Studies

In order to further validate the FEM, the results of the reference CLDT beam in
literature are compared. Eyyupoglu in his thesis study proposed a cantilever CLDT
beam where the developed model experimentally verified [31]. Therefore, the
experimental and FEM results of the CLDT reference beam in his study will be
compared with the results found from the FEM proposed in this study. Also, it is
worth to mention that the 2D FEM developed using PLANE183 elements in his
work. Thus, it is expected to observe similar dynamic behavior in experiments with
the 3D FEM developed in this study. The geometric properties are given in table 3.3.
The problem is solved in 0-2500 Hz. frequency range considering only the first three
modes of the reference CLDT beam. The FRF comparison plot and results are given

in figure 3.10 and table 3.8 respectively.
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Figure 3.10. The FRF Comparison of the FEM Models

Table 3.8 The FRF Results for the FEMs

FEM (3D) |OE_FEM |Error [%)]
1st | The Natural Frequency [Hz.] 118.00 115.60 2.08
Mode | Loss Factor [-] 0.0287 0.0393 26.90
2nd | The Natural Frequency [Hz.] | 719.00 737.30 2.48
Mode | Loss Factor [-] 0.0600 0.0478 25.49
3rd | The Natural Frequency [Hz.] | 1991.00 | 2051.50 2.95
Mode | Loss Factor [-] 0.06654 | 0.0617 7.85

Comparing the results found, the first three natural frequency values are in close
agreement while only the loss factor of the third mode is very close. Due to
differences between loss factor values, the analytical model verified in section 3.3 is
used to compare the results of the 3D FEM used in this case. The FRF results are

given in table 3.9.
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Table 3.9 The FRF Results for the FEM and Analytical Model

FEM (3D) |Analytical | Error [%]
1st | The Natural Frequency [Hz.] 118.00 117.36 0.55
Mode | Loss Factor [-] 0.0287 0.0323 10.93
2nd | The Natural Frequency [Hz.] 719.00 718.69 0.04
Mode | Loss Factor [-] 0.0600 0.0634 5.34
3rd | The Natural Frequency [Hz.] | 1991.00 | 1981.44 0.48
Mode | Loss Factor [-] 0.06654 0.0720 7.62

Comparing the results found, the first three natural frequency values are very close
while loss factor values are well agreed to each other. The difference between loss
factors for the FEMs can be due to element type, contact method and the reference

temperature chosen.

After comparing the FEM results, the experimental result can be compared with the
developed FEM in this study. The geometric properties of the reference CLDT beam
in experiment is given in table 3.10. The FRF comparison plot and results are given
in figure 3.11 and table 3.11 respectively.

Table 3.10 The Geometric Properties of the Reference CLDT Beam in Experiment

Property Value | Units | Symbol
Thickness of the Base Layer 3.15 mm Hi

Thickness of the Viscoelastic Layer |0.127 | mm H2

Thickness of the Constraining Layer |0.254 | mm Hs
Width of the Beam 12.7 mm Wh
Length of the Beam 151.7 | mm Lb
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Experimental FEM (3D)
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Figure 3.11. The FRF Comparison with the Experiment
Table 3.11 The FRF Results for the FEM and the Experiment
FEM Experimental | Error [%]
1st Mode The Natural Frequency [Hz.] | 121.00 118.50 2.11
Loss Factor [-] 0.0274 0.0243 12.91
2nd Mode The Natural Frequency [Hz.] | 719.00 737.00 2.44
Loss Factor [-] 0.0581 0.0640 9.16
3rd Mode The Natural Frequency [Hz.] |2041.00| 2052.30 0.55
Loss Factor [-] 0.06308 0.0644 2.05

Comparing the results found, the first three natural frequency values are very close

while loss factor values are well agreed to each other.

35 The Performance Metric

The damping ratio and the loss factor are the most used damping measures in
literature. The half-power bandwidth method is the most practical and simplest to
measure these values from both measured test data and calculated FRFs of developed
models. It is simply finding corresponding natural frequencies of peak response
values and half-power bandwidth frequencies where the vibration amplitude is 22
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less than peak response values in a given frequency range. The half-power method
is illustrated in figure 3.12. The relationship between the damping ratio and loss

factor is given in equation 58.

Half-Power Bandwidth Method

Hmmx

Hmax f f,

V2

E e — /

0 10 20 30 40 50 60 70 80 S0 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300
Frequency [Hz.]
Figure 3.12. Half-Power Bandwidth Method
&= M; wheren = 2¢ (58)
2%fres

Although identifying damping is straight forward, evaluating damping performance
and vibration characteristics can be complicated. For instance, increasing the
damping ratio may result in decreasing vibration amplitudes around resonance.
However, the total vibration response can still increase. Moreover, unwanted
vibrations can appear at unexpected frequency regions. Also, the total weight of the
structure is expected to be at a certain level where vibration control techniques
cannot be easily applied to the structure due to weight limitations and design
complexity. Therefore, it is essential to define a suitable performance metric which
quantifies the vibration damping performance of the structure more precisely. Hence,
the performance metric defined in this study, total added mass, total added standoff
layer mass, total vibration response and the average of the damping values of the
first three modes in certain frequency range of the structure are used to evaluate
damping performance. This performance metric and these parameters are used to

find optimum design configuration.
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Ulubalci in his thesis defined performance metric which relates the total energy of
the output signal with given input signal [36]. This metric can be simply calculated
using the area under frequency response function in any frequency region of interest.
Similarly in this thesis, performance metric can be defined for a unit loading as given

in equation 59.

E[yz]defined frequency range = ffflu Sy(f)df = Z;L”H(f) IZ (59)

The area under the frequency response function can be calculated using numerical
methods. Therefore, Simpson's 1/3 general rule is applied to calculate performance
metric which is called “Power Value” throughout this thesis study. The general form

of Simpson’s 1/3 general rule is given in equation 60.

I'= ) f)dx ~ Z2(f(a) + 43855 F() + 23855 () + (b)) (60)
For a defined frequency range, equation 60 becomes:

h - -
I = Power Value = Z(IH(f)I* + 4 X555 [HFEII? + 2 X346 |1H(f)I? +

|H(f)1?) (61)

b—a

Where h = frequency spacing = n = number of point

—;
Finally, total added weight and total added standoff layer weight can be calculated
as given in equation 62 and 63 where material properties given in table 3.1 used.
Total Added Mass = p,V, + p3V3 + p,sV, (62)

Total Added Standoff Layer Mass = p,V, (63)

Hence, the evaluation of the damping performance will be achieved considering the
performance metric, total added masses, and the loss factor values of the structure in
a defined frequency region of interest throughout this thesis. The proposed
methodology and procedure to calculate all of these parameters are given in figure
3.13.
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Prepare CAD geometry in SCDM
1. Preparing geometry according to given width, length and thickness of the layers

2. Defining contact between layers with shared topology command in SCDM
3. Exporting CAD geometry in .stp or .scdoc format

Prepare the FE Model in ANSYS

. Defining material properties

. Adding frequency dependent properties to the damping layer (E.loss)

. Defining SOLID 185 element type with linear element order

. Generating Hex8 mesh to elements

. Obtaining FRF results by Harmonic Response Analysis (Full Method)
in a defined frequency range for defined boundary condition

. Exporting FRF results in .csv format

th Ja W bd —

=

Calculate parameters and the performance metric in Excel
1. Exporting FRF results to MATL.AB

\,
Calculate the Power Value in MATLAB

1. Finding the Power Value using total vibration response for the given
data set by Simpson’s 1/3 numerical integration method

. Calculating total added weight to the base beam

. Calculating total added standoff layer weight to the base beam

. Calculating first three loss factor values using Half-Power Bandwidth Method
. Tabulating results

L I EN A R

Figure 3.13. The Proposed Methodology to Find Unknown Parameters

The proposed methodology is used to find results in section 3.6 and chapter 4. The
developed finite element models for any case will have similar mesh densities,

computation time and same boundary conditions.
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3.6 Thickness Optimization of the Standoff Layer

Although increasing thickness of the damping layer improves damping performance,
it also increases total weight of the structure. In a similar approach, increasing
thickness of the standoff layer does not result required static and dynamic properties
of the system. Therefore, there is always an optimum design point where the required
properties are satisfied best. However, there might still be challenging to design and
manufacture such a system. The thickness of the standoff layer is optimized for
PSLDT where it introduces the best damping performance and is easy to
manufacture. Considering surface damping treatment designs mostly used in very
thin sheet metals, the base layer thickness is decided to be 1 mm thick. The thickness
of the base beam will be used in reference base beam configuration after other
geometrical parameters are decided. The fixed-free and the fixed-fixed boundary
condition is chosen to find optimum thickness of the standoff layer and reference
geometrical properties. The results and developed models are explained in the

following sections.

3.6.1 The Fixed-Free Beam Configuration

The fixed-free beam configuration was used to validate develop finite element
model. Similarly, length and width of the beam are also chosen reference CLDT
beam given in table 3.3. The example of finite element model is given in figure 3.14.
The geometric properties of the PSLDT configurations are given in table 3.12.

Figure 3.14. The Fixed-Free Beam Configuration
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Table 3.12 The Geometric Properties of the PSLDT Configurations

Property Value | Units | Symbol
Thickness of the Base Layer 1 mm Hi
Thickness of the Standoff Layer 0.5-4 | mm H>
Thickness of the Viscoelastic Layer |0.127 | mm Hs

Thickness of the Constraining Layer [0.254 | mm Ha
Width of the Beam 12.7 mm Whp
Length of the Beam 150 mm Lo

The finite element model is developed using similar mesh densities as possible due
to prevent modeling differences. The average of loss factor values, total added
masses, the percentage of total added mass to base beam mass in structure and power
value are calculated for 19 cases in analysis where the uniform standoff layer
thickness varies between 0.5-4 mm. These results are given in table 3.13. The

developed FEMs are based on methodology introduced before.
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Table 3.13 The Results for Various PSLDT Designs

Total
Thickness | Added Total Total Avg. of First Power
Case | ofthe Standoff | Added Added Three Loss Value
SOL[mm] Layer Mass [g] | Mass [%] Factor [-]
Mass [g]
1 0.5 0.99 2.51 48.89 0.22 1935.8
2 0.75 1.49 2.94 57.23 0.24 1094.9
3 1 1.98 3.93 76.31 0.25 674.3
4 1.25 2.48 4.91 95.39 0.25 441.8
5 15 2.97 5.89 114.47 0.25 304.0
6 1.75 3.47 6.87 133.55 0.24 217.7
7 2 3.96 7.85 152.63 0.24 161.0
8 2.25 4.46 8.83 171.70 0.23 122.3
9 2.5 4.95 9.81 190.78 0.23 95.0
10 2.75 5.45 10.79 209.86 0.22 75.2
11 3 5.94 11.78 228.94 0.21 60.6
12 3.25 6.44 12.76 248.02 0.21 495
13 3.5 6.93 13.74 267.10 0.20 40.9
14 3.75 7.43 14.72 286.17 0.19 34.2
15 4 7.92 15.70 305.25 0.19 28.9
16 0.8 1.58 3.14 61.05 0.24 988.5
17 0.9 1.78 3.53 68.68 0.24 811.4
18 1.1 2.18 4.32 83.94 0.24 565.7
19 1.2 2.38 4.71 91.58 0.25 478.7
Base NA NA NA NA NA NA
1x NA NA 1.52 29.63 NA NA
2X NA NA 3.05 59.27 NA NA
3X NA NA 4.57 88.9 NA NA

From the results given in table 3.13, it can be understood that increasing thickness

of the standoff layer improves damping performance at certain design points as

expected. After reaching its optimum design value, the loss factor value introduced

in the structure tends to be the loss factor value of the standoff layer itself. Also,

single, double and triple constrained layer damping treatment without any standoff

layer is used to constraint total added mass percentage. Therefore, the total added
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mass percantage is decided to be around sixty percent of the baseline structure.
Hence, it is found that optimum thickness is in between 0.5-0.8 mm. The FRF

comparison is given for this thickness range in figure 3.15.
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Figure 3.15. The FRF Comparison for Optimized PSLDT Designs

Comparing the FRF results, it can be concluded that although the total added mass
percentage of case 2 is slightly less than case 16, case 16 is still superior to case 2
since it has lower power value while it has almost same mass with multiple

constrained layer damping treated beam.

3.6.2 The Fixed-Fixed Beam Configuration

Ulubalci in his thesis studied various standoff layer geometries to improve damping
performance of plates [36]. He proposed a fuselage geometry which is composed of
outer skin plate, stringer, C-frame, and L-bracket. These parts are assembled together

by riveting process. The proposed standoff layer geometries with single CLDT are
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applied to the outer skin plate to improve damping performance. The geometric

properties of the fuselage geometry are given in table 3.14.

Table 3.14 The Geometric Properties of the Fuselage Geometry

Length [mm] | Width [mm] | Depth [mm] | Thickness [mm]
Stringer 260 30 25 1
C-Frame 300 20 40 1.6
L-Bracket 15 15 15 1
Outer Skin 300 300 . 1

For this study, the proposed fixed-fixed beam configuration is defined considering
the fuselage geometry given above. The length of the beam portion is defined such
that the outer skin plate and C-frames are riveted on both sides with a width of 20
mms. Therefore, the effective length of the beam becomes to be 260 mm long with
the fixed-fixed boundary condition which is shown in figure 3.16. The width of the
beam is decided to be 10 mm, considering the computation time required in the finite
element model and practical purposes for the experiment. The design strategy aims
that if the damping performance of the fixed-fixed beam can be improved, the
proposed optimized designs can be periodically placed along the fuselage geometry
to improve the damping performance of the fuselage geometry. The logic resembles
a metastructure design where internal absorbers are placed periodically to the base
structure. In this section, the geometric properties of the reference baseline and
constrained layer damping geometry are decided. Moreover, defining reference
constrained layer damping treatment with a uniform standoff layer is another
objective of this study. Therefore, the optimum thickness of the standoff layer is
decided considering both the fixed-free and fixed-fixed boundary conditions in this
section using the proposed methodology explained before. The results of the finite
element model of the reference base and CLDT beam are given in detail in this

section.
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Figure 3.16. The Effective Beam Portion [36]

3.6.2.1 Vibration Characteristics of the Reference Base Beam

The reference base beam is fixed on both ends. The loading is applied between 1/5
and 1/4 of the beam length from the left tip in order to capture the first three mode
shapes. The frequency response function results are found by measuring the
displacement at the same location. Also, global damping is applied to the structure
to prevent higher vibration amplitudes at resonance. The finite element model of the
base beam and the boundary condition are given in figure 3.17. The geometric

properties of the base beam are given in table 3.15.

ANSYS

2019 R2

ANSYS

2019 R2

Figure 3.17. The Finite Element Model of the Reference Base Beam

49



Table 3.15 The Geometric Properties of the Base Beam

Property Value | Units | Symbol
Thickness of the Base Layer 1 mm Hi
Width of the Beam 10 mm Whp
Length of the Beam 260 mm Lo

The FRF plot and results are given in table 3.16 and figure 3.18 respectively. It can
be concluded that the average of the loss factor values seems quite reasonable since
most metals have very low structural damping. Also, the finite element model and
analytical results have agreed well with each other. Here, only the first three modes
of the base beam are considered. However, the FEM is solved in a 0-800 Hz.
frequency range considering novel design alternatives in chapter 4 need at least 800
Hz. to capture the first three natural frequencies and mode shapes. Therefore, another
resonance peak is occurred around 690 Hz. in the FRF plot since the fourth mode
shape of the base beam is 691.63 Hz..

Table 3.16 The FEM Results of Reference Base Beam

FEM FEM - o1 | LOSS
Base Beam (Modal) | (Harmonic) Analytical | Error [%] Factor
1st The Natural
Frequency 77.88 78.00 77.42 0.74 0.009
Mode
[Hz]
ond The Natural
Frequency | 214.66 215.00 213.42 0.74 0.005
Mode
[Hz.]
ard The Natural
Frequency | 420.88 421.00 418.40 0.62 0.002
Mode [Hz]
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Figure 3.18. The FRF Plot of the Reference Base Beam

3.6.2.2  Vibration Characteristics of the Reference Single CLDT Beam

The boundary conditions and properties of the finite element model of the reference
single layer constrained layer damping treated beam is same with the finite element
model of the reference base beam. The frequency response function results are found
by measuring the displacement at the same location. The finite element model of the
base beam and the boundary conditions are given in figure 3.19. The geometric

properties of the reference base beam are given in table 3.17.
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Figure 3.19. The Finite Element Model of the Reference Single CLDT Beam

Table 3.17 The Geometric Properties of the Reference Single CLDT Beam

Property Value | Units | Symbol
Thickness of the Base Layer 1 mm Hi
Thickness of the Viscoelastic Layer [0.127 | mm Hs
Thickness of the Constraining Layer |0.254 | mm Hs
Width of the Beam 10 mm Wh
Length of the Beam 260 mm Lo

The FRF plot and results are given in table 3.18 and figure 3.20 respectively. It can
be concluded that the finite element model and analytical results have agreed well

with each other. Moreover, applying constrained damping layer to the base beam

improves loss factor values as expected.

Table 3.18 The FEM Results of Reference Single CLDT Beam

Single CLDT Beam (FE ::Im onicy | Analytical | Error [%] :;;)sfor
Vode | Froquena Tz] | 8700 9096 | 435 | 0162
ﬁ/rl]gde Zre?]s:r:g;a;Hz.] 233.00 242.11 376 | 0.193
e Ere?ﬂ:rt]‘é;ab_lz_] 45400 | 45845 | 097 | 0192
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Figure 3.20. The FRF Plot of the Reference Single CLDT Beam

After FRF plots and FEM results of the reference base and CLDT beam are
introduced, optimum thickness of the uniform standoff layer can be found.
Consequently, the reference constrained layer damping treatment with a uniform
standoff layer beam configuration can be decided. The scaled baseline geometries
and the geometric properties are given in figure 3.21 and table 3.19 respectively. The
finite element model is developed using similar mesh densities as possible due to
prevent modeling differences for the fixed-fixed boundary condition in ANSYS. The
average of loss factor values, total added masses, the percentage of total added mass
to base beam mass in structure and power value are calculated for 7 cases in analysis

where the uniform standoff layer thickness varies between 0.5-1 mm. In order to
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constrain the percentage of total added mass, the multiple and triple CLDT beam

cases are also included to compare them with a uniform PSLDT cases.

Ansys

Base Beam zome

CLDT (1x damping sheet) A
Double CLDT (2x damping sheet) Ansys
Triple CLDT (3x damping sheet) Ansys
Ansys

CLDT with uniform standoff layer o

Aluminum ISD-112 - ABS-M30

Figure 3.21. The Scaled Baseline Geometries

Table 3.19 The Geometric Properties of the PSLDT Configurations

Property Value | Units | Symbol
Thickness of the Base Layer 1 mm Hi
Thickness of the Standoff Layer 0.5-1 | mm H2
Thickness of the Viscoelastic Layer |0.127 | mm Hs

Thickness of the Constraining Layer |0.254 | mm Ha
Width of the Beam 10 mm Wh
Length of the Beam 260 mm Lo
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The results for the fixed-fixed PSLDT beam and the FRF comparison between cases
are given in table 3.20 and figure 3.22 respectively. Comparing the results, the
calculated power value is reduced so that the damping performance is improved
while thickness of the standoff layer is increasing. However, the amount of the total
added mass has also increased. Comparing the total added mass of single CLDT,
double CLDT and triple CLDT beam with cases proposed here, the total added mass
percentage of double CLDT beam decided to be a reference value. Comparing the
FRF results, it can be concluded that although the total added mass percentage of
case 4 is slightly less than case 5, case 5 is still superior to case 4 since it has lower
power value while it has almost same mass with multiple constrained layer damping
treated beam. Thus, the optimum standoff layer thickness of the reference PSLDT
configuration is decided to be 0.8 mm thick. After geometric properties of the
reference PSLDT beam are decided, the novel standoff layer geometries will be

proposed and explained in detail in chapter 4.
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Table 3.20 The Results for The Fixed-Fixed PSLDT Cases

Total

Added

Added

Avg. of

CASE Mzztsa['g] Added | SOL | Total | FirstThree | © o
Mass[g] | Mass[g] | Mass[%] | Loss Factor

gzzfn 702 | NA | NA NA 0.005 | 10000.07
f{‘g‘? 910 | 208 | NA | 2963 0.18 54.13
[C’E‘E)bT'e 1118 | 416 | NA | 5927 0.28 29.34
EEFE’)'GT 1326 | 6.24 NA 88.90 0.29 19.23
(ﬁ%sfol.s) 1045 | 343 | 135 | 4889 0.32 17.66
(ﬁazsfozﬁ) 1072 | 370 | 162 | 52.74 0.35 14.63
(ﬁazsfo%) 1099 | 3.97 1.89 56.60 0.36 12.20
(ﬁazsfo%s) 1113 | 411 2.03 58.52 0.37 11.16
(?25505.8) 1126 | 424 | 216 | 60.45 0.38 10.22
(ﬁzsfoég) 1153 | 451 | 243 | 64.30 0.38 8.61
(ﬁ;sfl; 1180 | 478 | 270 | 6815 0.39 7.28
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Figure 3.22. The FRF Comparison Plot for the Optimization Cases
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CHAPTER 4

THE OPTIMIZATION OF THE NOVEL DESIGN ALTERNATIVES FOR
STANDOFF LAYER GEOMETRIES

The results of the reference base, CLDT and CLDT with a uniform standoff layer
beam and the novel design alternatives are compared and explained in this section.
Several design alternatives are introduced from previous studies of Eyyupoglu [31],
Ulubalci [36] and Sun [38]. Also, the design logic used in Ulubalci’s thesis is
extended to propose novel standoff layer geometries. Moreover, the structural
optimization module of the ANSYS is used to optimize the standoff layer geometries
in a width direction. The standoff layer geometries are created by removing materials
periodically along the beam length in width direction which is called shape
optimization throughout this study. After novel standoff layer geometries are found,
the finite element model is developed as explained in chapter 3 for the fixed-fixed
boundary condition. Therefore, the optimized novel design alternatives are fixed on
both ends. The loading is applied between 1/5 and 1/4 of the beam length from the
left tip in order to capture the first three mode shapes. The frequency response
function results are found by measuring the displacement at the same location. It is
also essential to indicate that the total added mass of the novel design alternatives
and reference configuration for CLDT with a uniform standoff layer will be similar

which is one of the objectives of this study.
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41 Vibration Characteristics of the Reference CLDT Beam with a
Uniform Standoff Layer

The geometric properties, the finite element model, and the boundary conditions of
the reference CLDT beam with a uniform standoff layer, which can be named
reference PSLDT beam for simplicity, are given in table 4.1 and figure 4.1

respectively.

Table 4.1 The Geometric Properties of the Reference PSLDT Beam

Property Value | Units | Symbol
Thickness of the Base Layer 1 mm Hi

Thickness of the Standoff Layer 0.8 mm H:
Thickness of the Viscoelastic Layer |0.127 | mm Hs

Thickness of the Constraining Layer |0.254 | mm Ha
Width of the Beam 10 mm Wh
Length of the Beam 260 mm Lo

Figure 4.1. The Finite Element Model of the Reference PSLDT Beam

The results and FRF comparison plot are given in table 4.2 and figure 4.2
respectively. Comparing the frequency response function, it can be concluded that
adding damping layer and the standoff layer to the structure improves damping
performance of the structure as indicated in literature. Moreover, the reference
PSLDT beam is superior to double CLDT application since the vibration amplitudes

and total vibration response are less with similar total added mass.
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Table 4.2 The FEM Results of Reference PSLDT Beam

The Reference PSLDT FEM (Harmonic)
1st | The Natural Frequency [Hz.] 121.00
Mode | Loss Factor [-] 0.362
2nd | The Natural Frequency [Hz.] 321.00
Mode | Loss Factor [-] 0.367
3rd | The Natural Frequency [Hz.] 623.00
Mode | Loss Factor [-] 0.395
Ref. Base Beam ——Ref.CLDT —Double CLDT ——Ref.PSLDT
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Figure 4.2. The FRF Comparison Plot between Reference Baseline Configurations
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4.2 Vibration Characteristics of the PSLDT Beam in Literature [31] (OE)

Eyyupoglu proposed various novel standoff layer geometries using topology
optimization with genetic algorithms in his study [31]. Enhanced genetic algorithm
solution, namely, case 10 has the best performance among the results. Therefore, the
proposed geometry is implemented in this study for comparison purposes. The
solution of the topology optimization which demonstrates material distribution is

given in figure 4.3.

—
—
I
-
—
[m—
-
(-

Figure 4.3. Material Distribution of the Novel Standoff Layer Geometry [31]

The proposed standoff layer geometry in his study is 150 mm long and 4 mm thick.
In order to apply material distribution to the standoff layer geometry of this study, it
is scaled such that the first 13 portion of material distribution along the beam length
is doubled continuously so that the beam length is fully covered. Moreover, thickness
of the standoff layer geometry is reduced to 0.8 mm since the total added mass
percentage is restricted to around sixty percent. Designed standoff layer geometry in
full scale and small portion of the proposed optimized PSLDT design are given in

figure 4.4.
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Figure 4.4. Optimized PSLDT Design (OE)

The results and FRF comparison plot are given in table 4.3 and figure 4.5
respectively. Comparing the frequency response function, the vibration amplitudes
around resonance frequencies are increased. Also, the loss factor value for the first
mode is increased compared to reference PSLDT beam.

Table 4.3 The FEM Results of Optimized PSLDT Design (OE)

Optimized PSLDT (OE) FEM (Harmonic)
1st | The Natural Frequency [Hz.] 113.00
Mode | Loss Factor [-] 0.378
2nd | The Natural Frequency [Hz.] 299.00
Mode | Loss Factor [-] 0.324
3rd | The Natural Frequency [Hz.] 568.00
Mode | Loss Factor [-] 0.354
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Figure 4.5. The FRF Comparison Plot for the Optimized PSLDT (OE)

4.3  Vibration Characteristics of the PSLDT Beam in Literature [36] (BU)

Ulubalci proposed various standoff layer geometries considering slotted standoff
layer geometry can be placed periodically along the plate length and width in his
study [36]. Parametric design solution is used to adjust tower height and length to
increase neutral axis shift so that damping performance of the structure is also
improved. Twice width of tower to slot configuration, namely, “slotted 15 mm 2v1”
has the best performance among the parametric design alternatives. Therefore, the
proposed geometry is implemented in this study for comparison purposes. The

proposed material layout for standoff layer geometry is given in figure 4.6.
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Figure 4.6. Material Layout for the Slotted Standoff Layer Geometry [36]

Tower height is adjusted for slotted design such that removed material is placed top
of the 10 mm portion in each 15 mm length so that total mass is maintained same. In
order to apply the proposed design to the standoff layer geometry, uniform thickness
of 0.8 mm is adjusted and scaled to fully cover beam length. Designed standoff layer
geometry in full scale and small portion of the proposed optimized PSLDT design
are given in figure 4.7.

\ Ansys

2021 R2

Figure 4.7. Optimized PSLDT Design (BU)

The results and FRF comparison plot are given in table 4.4 and figure 4.8
respectively. Comparing the frequency response function, total vibration response is
decreased. Also, the loss factor value for each mode is increased compared to
reference PSLDT beam.
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Table 4.4 The FEM Results of Optimized PSLDT Design (BU)

Optimized PSLDT (BU) FEM (Harmonic)
1st | The Natural Frequency [Hz.] 129.00
Mode | Loss Factor [-] 0.577
2nd | The Natural Frequency [Hz.] 341.00
Mode | Loss Factor [-] 0.457
3rd | The Natural Frequency [Hz.] 658.00
Mode | Loss Factor [-] 0.396
Ref. Base Beam —Ref.CLDT —BU ——Ref.PSLDT
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Figure 4.8. The FRF Comparison Plot for the Optimized PSLDT (BU)
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4.4  Vibration Characteristics of the PSLDT Beam in Literature [38] (ES)

Sun proposed various novel standoff layer geometries using topology and parametric
optimization with optimization algorithms in his study [38]. Multi objective genetic
algorithm (MOGA) solution of his study has good performance among the results.
The algorithm suggests reduced thickness with material removal from each 10 mm
portion along the beam length instead of uniform 10 mm thick standoff layer
geometry. The proposed material layout and optimum values for standoff layer
geometry are given in figure 4.9.

i = N N | BN EEE | 1 | el N o

Ho -0l p2- b3 i oS pb.  pf p8 p9 pi10 pi1 pi2 pi13 pi4 pi5S p16 p17 pi8 pi19 p20 p21
3.12 2.90 6.89 8.80 9.35 1.04 6.89 10.00 1.15 9.56 1.23 1.13 9.98 1.25 2.72 1.69 9.33 1.53 3.77 1.79 9.91 5.09

Figure 4.9. Material Layout and Optimum Values for the Slotted Standoff Layer
Geometry [38]

The material layout is adjusted to cover fully beam length such that the first 5 portion
of the material removal doubled from the right end of the proposed design.
Therefore, a total of 26 portion where each portion is 10 mm long is created. The

small portion of the proposed optimized PSLDT design is given in figure 4.10.

|| | | | ] | | | =

Figure 4.10. Optimized PSLDT Design (ES)

The results and FRF comparison plot are given in table 4.5 and figure 4.11
respectively. Comparing the frequency response function, the vibration amplitudes
around resonance frequencies are increased. Also, the loss factor value for the first

mode is increased compared to reference PSLDT beam.
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Table 4.5 The FEM Results of Optimized PSLDT Design (ES)

Optimized PSLDT (ES) FEM (Harmonic)
1st | The Natural Frequency [Hz.] 105.00
Mode | Loss Factor [-] 0.416
2nd | The Natural Frequency [Hz.] 277.00
Mode | Loss Factor [-] 0.353
3rd | The Natural Frequency [Hz.] 546.00
Mode | Loss Factor [-] 0.376
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Figure 4.11. The FRF Comparison Plot for the Optimized PSLDT (ES)
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4.5  Vibration Characteristics of Novel Design Alternative (ND-1)

Parametric design optimization is used to adjust tower height and length to increase
neutral axis shift so that the damping performance of the structure is also improved.
In this alternative, equal width of tower to slot configuration in a length of 15 mm
portion is used so that the tower height, that is the uniform layer thickness, is adjusted
for slotted design such that removed material is placed top of the 7.5 mm portion in
each 15 mm length so that total mass is maintained same. In order to apply the
proposed design to the standoff layer geometry, uniform thickness of 0.8 mm is
adjusted and increased to 1.4 mm. The total of 17 slotted portion is placed
periodically along the beam length. Designed standoff layer geometry in full scale

and small portion of the proposed novel design alternative are given in figure 4.12.

| Ansys
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Ansys
- 7 : 2021 R2

Figure 4.12. Novel Design Alternative (ND-1)

The results and FRF comparison plot are given in table 4.6 and figure 4.13
respectively. Comparing the frequency response function, the total vibration
response is decreased. Also, the loss factor value for each mode is decreased

compared to reference PSLDT beam.

69



Magnitude [mm]

Table 4.6 The FEM Results of Novel Design Alternative (ND-1)

ND-1 FEM (Harmonic)
1st | The Natural Frequency [Hz.] 130.00
Mode | Loss Factor [-] 0.531
2nd | The Natural Frequency [Hz.] 345.00
Mode | Loss Factor [-] 0.524
3rd | The Natural Frequency [Hz.] 656.00
Mode | Loss Factor [-] 0.400
Ref. Base Beam ——Ref. CLDT ——Ref.PSLDT ND-1
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Figure 4.13. The FRF Comparison Plot for Novel Design Alternative (ND-1)
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4.6  Vibration Characteristics of Novel Design Alternative (ND-2)

Parametric design optimization is used to adjust tower height and length to increase
neutral axis shift so that the damping performance of the structure is also improved.
In this alternative, equal width of tower to slot configuration in a length of 20 mm
portion is used so that the tower height, that is the uniform layer thickness, is adjusted
for slotted design such that removed material is placed top of the 10 mm portion in
each 20 mm length so that total mass is maintained same. In order to apply the
proposed design to the standoff layer geometry, uniform thickness of 0.8 mm is
adjusted and increased to 1.4 mm. Considering boundary condition, 6 slotted portion
is placed on both ends. Therefore, a total of 12 slotted portion is used along the beam
length. Designed standoff layer geometry in full scale and small portion of the
proposed novel design alternative are given in figure 4.14.

| Ansys
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Figure 4.14. Novel Design Alternative (ND-2)

The results and FRF comparison plot are given in table 4.7 and figure 4.15
respectively. Comparing the frequency response function, the total vibration
response is decreased. Also, the loss factor value for each mode is decreased

compared to reference PSLDT beam.
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Table 4.7 The FEM Results of Novel Design Alternative (ND-2)

ND-2 FEM (Harmonic)
1st | The Natural Frequency [Hz.] 129.00
Mode | Loss Factor [-] 0.518
2nd | The Natural Frequency [Hz.] 349.00
Mode | Loss Factor [-] 0.493
3rd | The Natural Frequency [Hz.] 655.00
Mode | Loss Factor [-] 0.392
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Figure 4.15. The FRF Comparison Plot for Novel Design Alternative (ND-2)
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4.7  Vibration Characteristics of Novel Design Alternative (ND-3)

Parametric design optimization is used to adjust tower height and length to increase
neutral axis shift so that the damping performance of the structure is also improved.
In this alternative, quadruple width of tower to slot configuration in a length of 20
mm portion is used so that the tower height, that is the uniform layer thickness, is
adjusted for slotted design such that removed material is placed top of the 16 mm
portion in each 20 mm length so that total mass is maintained same. In order to apply
the proposed design to the standoff layer geometry, uniform thickness of 0.8 mm is
adjusted and increased to 0.96 mm. Considering boundary condition, 6 slotted
portion is placed on both ends. Therefore, a total of 12 slotted portion is used along
the beam length. Designed standoff layer geometry in full scale and small portion of
the proposed novel design alternative are given in figure 4.16.
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Figure 4.16. Novel Design Alternative (ND-3)

The results and FRF comparison plot are given in table 4.8 and figure 4.17
respectively. Comparing the frequency response function, the total vibration
response is decreased. Also, the loss factor value for each mode is decreased
compared to reference PSLDT beam.
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Table 4.8 The FEM Results of Novel Design Alternative (ND-3)

ND-3 FEM (Harmonic)
1st | The Natural Frequency [Hz.] 125.00
Mode | Loss Factor [-] 0.454
2nd | The Natural Frequency [Hz.] 331.00
Mode | Loss Factor [-] 0.411
3rd | The Natural Frequency [Hz.] 642.00
Mode | Loss Factor [-] 0.328
Ref. Base Beam ——Ref. CLDT ——Ref. PSLDT ++--+ ND-3
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Figure 4.17. The FRF Comparison Plot for Novel Design Alternative (ND-3)
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4.8  Vibration Characteristics of Novel Design Alternative (ND-4)

The structural optimization module of the ANSYS is used to find parametrically
optimized standoff layer geometry. The thickness is increased to 1.35 mm for an
analysis where volume constraint is defined as 60 percent since the total added mass
percentage is restricted to around sixty percent so that optimized standoff layer
geometry has similar total added mass. Here, the shape optimized small portions are
placed periodically along the beam. The results of the shape optimization in full scale
and small portion of the proposed novel design alternative are given in figure 4.18.
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Figure 4.18. Novel Design Alternative (ND-4)

The results and FRF comparison plot are given in table 4.9 and figure 4.19
respectively. Comparing the frequency response function, the total vibration
response is decreased. Also, the loss factor value for each mode is decreased
compared to reference PSLDT beam.
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Table 4.9 The FEM Results of Novel Design Alternative (ND-4)

ND-4 FEM (Harmonic)

1st | The Natural Frequency [Hz.] 190.00
Mode | Loss Factor [-] 0.27

2nd | The Natural Frequency [Hz.] 509.00
Mode | Loss Factor [-] 0.273
3rd | The Natural Frequency [Hz.] 997.00
Mode | Loss Factor [-] 0.25
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Figure 4.19. The FRF Comparison Plot for Novel Design Alternative (ND-4)
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4.9  Vibration Characteristics of Novel Design Alternative (ND-5)

The structural optimization module of the ANSYS is used to find parametrically
optimized standoff layer geometry. The thickness is increased to 1.6 mm for an
analysis where volume constraint is defined as 50 percent since the total added mass
percentage is restricted to around sixty percent so that optimized standoff layer
geometry has similar total added mass. Here, the shape optimized small portions are
placed periodically along the beam. The results of the shape optimization in full scale

and small portion of the proposed novel design alternative are given in figure 4.20.
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Figure 4.20. Novel Design Alternative (ND-5)

The results and FRF comparison plot are given in table 4.10 and figure 4.21
respectively. Comparing the frequency response function, the total vibration
response is decreased. Also, the loss factor value for each mode is decreased

compared to reference PSLDT beam.
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Table 4.10 The FEM Results of Novel Design Alternative (ND-5)

ND-5 FEM (Harmonic)
1st | The Natural Frequency [Hz.] 205.00
Mode | Loss Factor [-] 0.299
2nd | The Natural Frequency [Hz.] 550.00
Mode | Loss Factor [-] 0.281
3rd | The Natural Frequency [Hz.] 1072.00
Mode | Loss Factor [-] 0.262
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Figure 4.21. The FRF Comparison Plot for Novel Design Alternative (ND-5)
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4.10 Vibration Characteristics of the Novel Design Alternative (ND-6)

Essink utilizes metastructure concept in her thesis where the zigzag beam is placed

top of the base structure [39]. The material is removed in a width direction which is

resembled to her thesis study. The thickness of the standoff layer is increased so that

the total added mass percentage is restricted to around sixty percent. Therefore,

optimized standoff layer geometry has similar total added mass with other novel

design alternatives. The zigzag beam geometry and its geometric properties are given

in figure 4.22.

Zigzag Dimension Symbol Value

Units

a-Beam Length a 2.794
a-Beam Width W, 5.080
b-Beam Length b 6.096
b-Beam Width wy, 4.064
Thickness h 1.588
Number of a-Beams Na 11

cm

mm

mm

mm

mm

Figure 4.22. The Zigzag Beam Geometry and its Geometric Properties [39]
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Designed standoff layer geometry in full scale and small portion of the proposed
novel design alternative are given in figure 4.23.
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Figure 4.23. Novel Design Alternative (ND-6)

The results and FRF comparison plot are given in table 4.11 and figure 4.24
respectively. Comparing the frequency response function, total vibration response is

decreased. Also, the loss factor value for each mode is decreased compared to
reference PSLDT beam.

Table 4.11 The FEM Results of Novel Design Alternative (ND-6)

The Reference PSLDT FEM (Harmonic)
1st | The Natural Frequency [Hz.] 184.00
Mode | Loss Factor [-] 0.236
2nd | The Natural Frequency [Hz.] 494.00
Mode | Loss Factor [-] 0.253
3rd | The Natural Frequency [Hz.] 966.00
Mode | Loss Factor [-] 0.216
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Figure 4.24. The FRF Comparison Plot for Novel Design Alternative (ND-6)

4.11 The Evaluation of the Results

4111 The Broadband Vibration Evaluation

In this section, the reference base, CLDT and CLDT with a uniform standoff layer
beam are compared with proposed novel design alternatives. The various standoff
layer geometries are developed using literature knowledge and analysis tools. It is
crucial to notice that even though the loss factor values are decreased, the total
vibration response can still decrease. Therefore, the primary evaluation of these
results can be performed using the proposed performance metric, total added mass

percentage and loss factor values from a broader perspective. The results and the
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FRF comparison between novel design alternatives and reference beams are given

in table 4.12 and figure 4.25 respectively.

Table 4.12 Results for Reference Baseline Configurations and Novel Design

Alternatives

ol | TOtI | Added | Added A;’ﬁ'st"f
Added | SOL | Total Power
CASE Mass Three
Mass | Mass | Mass Value
[a] Loss

O | [ | [ | o

Ref. Base | 7.02 NA NA NA 0.005 10000.07

Ref. CLDT | 9.10 | 2.08 NA | 29.63 0.182 54.13

Ref.
PSLDT 11.26 | 4.24 2.16 60.45 0.375 10.22
BU 11.33 | 4.31 2.23 61.34 0.477 7.57

OE 10.60 | 3.58 1.50 | 50.97 0.352 13.97

ES 11.08 | 4.06 198 | 57.78 0.376 20.37

ND-1 1129 | 4.27 2.19 | 60.89 0.485 6.94
ND-2 1139 | 4.37 2.29 | 62.23 0.467 7.06
ND-3 11.30 | 4.28 2.20 | 60.92 0.398 8.78
ND-4 1129 | 4.27 2.19 | 60.83 0.264 2.64
ND-5 11.26 | 4.24 2.16 | 60.45 0.281 2.06
ND-6 1131 | 4.29 221 | 61.14 0.235 3.09
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Figure 4.25. The FRF Comparison Plot for Reference Baseline Configurations and

Novel Design Alternatives

From these results, the vibration characteristics of the reference PSLDT beam are
significantly improved compared to the reference base and CLDT beam considering
the loss factor values and the total vibration response. Therefore, novel design
alternatives are developed to improve the vibration characteristics of the reference
PSLDT beam. The total added mass is restricted to around sixty percent. Thus, the
average of the first three loss factors and power value are the only parameters used

to compare cases.

Firstly, three different optimized standoff layer geometries in literature are adjusted
to use for this study. The result of the optimized PSLDT (BU) showed that both the
loss factor values and total vibration response are greatly improved. Although the
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loss factor values of the optimized PSLDT (ES) is improved, the total vibration
response is also increased. It can be easily noticed since the power value of the
optimized PSLDT (ES) is almost doubled compared to the reference PSLDT beam.
Moreover, the optimized PSLDT (OE) does not provide any enhancement, so it has
insufficient damping performance for the fixed-fixed boundary condition. It can be
expected since the proposed material layout is optimized for the cantilever boundary

condition.

Secondly, five different novel design alternatives are proposed using the structural
optimization module of the ANSYS and parametric optimization. Although the loss
factor values for novel design alternatives 4 and 5 are reduced, the total vibration
response is significantly improved. The power value for novel design alternatives 4
and 5 is almost reduced to one quarter of the reference PSLDT beam while the power
value of other alternatives (ND-1, 2, and 3) is reduced to sixty percent of it. Hence,
it is concluded that the proposed novel design alternatives improved damping
performance in this frequency range of interest. Also, the material is removed in
width direction similarly to the developed zigzag geometry of Essink’s thesis study.
The novel design alternative is called ND-6. It is shown that the total vibration

response is greatly improved while the loss factor values are decreased.

Comparing all of these results, proposed novel design alternatives of ND-1, ND-2,
ND-3, ND-4, ND-5 and ND-6 significantly improved the damping performance of
the reference PSLDT beam. Although the average loss factor values for ND-1, ND-
2 and ND-3 are greater than ND-4, ND-5 and ND-6 the total vibration response of
these alternatives does not improve significantly. It can be concluded that novel
design alternative 5 (ND-5) gives the best damping performance since it has a lower
power value and higher loss factor values than ND-4 and ND-6. The FRF comparison

plot for these novel design alternatives is given in figure 4.26.
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Figure 4.26. The FRF Comparison Plot for Novel Design Alternatives

4.11.2 The Narrowband Vibration Evaluation

In this section, the results of best design alternatives are compared using the defined
frequency bands to examine whether the best design alternative is effective around
resonance frequencies. For this purpose, the resonance frequencies are chosen to be
central frequencies. Therefore, the lower and higher frequency limits are defined
below and above 25 Hz. for the first central frequency, 50 Hz. for the second central
frequency and 100 Hz. for the third central frequency since the frequency shift occurs
between design alternatives. The area under the frequency curve squared function is
calculated using the trapezoidal numerical integration method in defined frequency

limits. The results are given in table 4.13.
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Table 4.13 The Result Comparison for Defined Frequency Bands

CASE 1st Loss | Power | 2nd Loss | Power | 3rd Loss | Power
Factor | Value | Factor | Value | Factor | Value

Ref. PSLDT | 0.362 3.87 0.367 1.29 0.395 0.32
BU 0.577 2.39 0.457 0.80 0.396 0.22
ND-1 0.531 1.98 0.524 0.67 0.400 0.21
ND-2 0.518 2.02 0.493 0.74 0.392 0.23
ND-3 0.454 3.01 0.411 1.02 0.328 0.27
ND-4 0.270 0.88 0.273 0.33 0.250 0.08
ND-5 0.299 0.62 0.281 0.24 0.262 0.06

Moreover, the defined overall frequency range is divided into 16 equal frequency
bands in order to compare energy reduction between design alternatives based on the
reference CLDT with a uniform standoff layer beam. For this purpose, the power
value calculated for the reference baseline configuration is subtracted from the power
value calculated for novel design alternatives in each defined frequency bands. The
difference between these cases is defined as vibratory reduction in DB scale which
is given in equation 64. Hence, it can be used to compare and evaluate damping
performance of the novel design alternatives in the defined frequency band. The
frequency band reduction comparison is given in figure 4.27.

Reduction[dB] = Power Valueyoye; pesign — Power Valueg, ¢ pasetine (64)
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Figure 4.27. The Vibratory Reduction Comparison between Design Alternatives

Comparing all of these results, proposed novel design alternatives of ND-1, ND-2,
ND-3, ND-4, ND-5 and BU significantly improved the damping performance of the
reference PSLDT beam around resonance frequencies over the defined frequency
limits. Although the loss factor values for the first three modes of ND-1, ND-2, ND-
3 and BU are greater than ND-4 and ND-5, the vibration response of these
alternatives does not improve significantly as ND-4 and ND-5. It can be concluded
that novel design alternative 5 (ND-5) gives the best damping performance since it
has lower power values for the first three modes over the defined frequency limits
and higher loss factor values than ND-4. Moreover, the proposed novel design
alternatives of ND-4 and ND-5 have greater vibratory reduction except 5 frequency

bands. This is expected result since the frequency shift occurs for these novel design
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alternatives compared to ND-1, ND-2 and ND-3 which results in higher vibration
amplitudes where these design alternatives does not effective in these frequency
bands. As a result, novel design alternative 5 (ND-5) gives the best vibratory

reduction since it has bigger reduction values almost all of the frequency bands.
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CHAPTER 5

CONCLUSION

The main objective of this study is to develop a novel standoff layer geometry which
provides the best damping performance according to design parameters defined
using the concept of the surface damping treatment applications. The 3D finite
element model is developed to find harmonic analysis results of the proposed design
alternatives. The effects of the element types, element order and contact types are
investigated to describe dynamic behaviour correctly. It is found that SOLID185
element with linear element order and the shared topology method for contacting
layers must be used. The developed finite element model is verified using
experimental data in the literature and analytical results. In order to compare the
damping performance of the proposed design alternatives, another objective of this
study is defined. For this purpose, the performance metric is defined to quantify the
damping performance of the structure more precisely. This metric includes the total
vibration response, total added mass to the base structure and the average of the loss

factor values.

Ulubalci, in his thesis, proposed fuselage geometry to improve the damping
performance of plates [36]. The thickness of the base beam is chosen to be 1 mm
considering the proposed fuselage geometry and most sheet metals have very low
thickness. Therefore, the reference base and CLDT beam geometry are defined
accordingly. In order to optimize the thickness of the standoff layer, both the fixed-
free and fixed-fixed boundary conditions are considered. The reference CLDT with

a uniform standoff layer beam is found using the performance metric defined.

Finally, the results of the reference base, CLDT and CLDT with a uniform standoff
layer beam and proposed novel design alternatives are compared and evaluated. The
total added mass percentage of the double CLDT beam decided to be a reference

value so that it is restricted to around sixty percent for optimized PSLDT designs. 3
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design alternatives in previous literature on surface damping treatment application
and 6 design alternatives using structural and parametric optimization methods are
developed. The structural optimization module of the ANSYS is used for parametric
optimization of the standoff layer geometry. From the result comparison, it is shown
that the proposed novel design alternatives found using parametric optimization
greatly improved the damping performance of the reference CLDT with a uniform
standoff layer beam. The power value for the proposed novel design alternatives
almost decreased to 25% of the reference CLDT with a uniform standoff layer beam.
It can be understood that the proposed novel design alternatives for standoff layer
geometries can significantly improve the damping performance. Also, the results of
parametric optimization which resembles removing material periodically along the
beam in width direction, gives the best damping performance since it has lower

power value and higher loss factor values among the best design alternatives.

As a future work, the results of the finite element model for the novel design
alternatives can be verified by the experiment. The structural damping values of the
base and the standoff layer can be implemented in the finite element model to
improve accuracy. The contact between layers was assumed to be rigid. These layers
are generally bonded using adhesives. It can be implemented in the finite element
model using experimental data. The concept of metamaterials can be further

investigated to develop metastructure for a broader frequency range.
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