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Abstract

The present project is focused on the analysis of the dynamic response of a rotating disk in air and
submerged in water. The main objective is to create a mathematical model that can reproduce the
behavior of the actual geometry in the specified conditions. The approach has been to use the ANSYS
WORCHBECH environment to perform different types of modal analysis, in air, in water, with and without
the rotation using the modal analysis and the harmonic analysis tools. The first tool is used to find out
the modes of vibrations of the structure, or what is the same, the natural frequencies and the mode
shapes characterized by the orientation of the nodal lines. The second tool is used to analyze the
response to an external load applied with a piezoelectric patch excited with a voltage signal. With this
simulation, it is possible to calculate the strains and deformations induced by the natural frequencies on
the body.

Firstly, the model has been validated in the air without and with rotation to validate the model by
comparison with experimental results. Then, the effect of the rotation on the natural frequencies has

been analyzed.

Secondly, the disk submerged in water has been investigated with a series of simulations to analyze the
effect of water on the natural frequencies and the mode shapes. To carry out these analyses, it has been
necessary to add a new component to the geometry, which is a tank full of water, and to develop a new
numerical model based on the acoustic-structural Finite Element Modelling approach. Again, the results
have been compared with the ones of the laboratory for validation with the use of a series of harmonic
analyses.

It must be noted that to obtain reasonable results with these models, the boundary conditions for
bearings and the materials are of particular importance and an important effort has been devoted to

obtaining accurate results.

Lastly, from the analysis performed and from the comparison with the test results the model is validated
both in air and in water with good accuracy, the model can simulate both the effect of the presence of

the water on the natural frequencies and the effect of the rotation on the natural frequencies.
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Resumen

El presente proyecto se centra en el analisis de la respuesta dinamica de un disco giratorio en el aire y
sumergido en el agua. El objetivo principal es crear un modelo matematico que pueda reproducir el
comportamiento de la geometria real en las condiciones especificadas. El planteamiento ha consistido
en utilizar el entorno ANSYS WORCHBECH para realizar diferentes tipos de analisis modales, en
aire, en agua, con y sin la rotacion utilizando las herramientas de analisis modal y de analisis
armonico. La primera herramienta se utiliza para averiguar los modos de vibracion de la estructura, o
lo que es lo mismo, las frecuencias naturales y las formas modales caracterizadas por la orientacion
de las lineas nodales. La segunda herramienta se utiliza para analizar la respuesta a una carga
externa aplicada con un parche piezoeléctrico excitado con una sefial de tensién. Con esta simulaciéon
es posible calcular las deformaciones y deformaciones inducidas por las frecuencias naturales en el
cuerpo.

En primer lugar, el modelo se ha validado en el aire sin y con rotacion para validar el modelo por
comparacion con los resultados experimentales. A continuacién, se ha analizado el efecto de la
rotacion sobre las frecuencias naturales.

En segundo lugar, se ha investigado el disco sumergido en agua con una serie de simulaciones para
analizar el efecto del agua en las frecuencias naturales y las formas modales. Para llevar a cabo estos
andlisis, ha sido necesario afiadir un nuevo componente a la geometria, que es un tanque lleno de
agua, y desarrollar un nuevo modelo numérico basado en el enfoque de modelado acustico-
estructural por elementos finitos. Una vez mas, los resultados se han comparado con los del
laboratorio para su validaciéon mediante una serie de analisis armoénicos.

Hay que sefialar que para obtener resultados razonables con estos modelos, las condiciones de
contorno de los cojinetes y de los materiales son de especial importancia y se ha dedicado un
importante esfuerzo a la obtencion de resultados precisos.

Por dltimo, a partir de los analisis realizados y de la comparacion con los resultados de las pruebas, el
modelo se valida tanto en el aire como en el agua con una buena precision, el modelo puede simular
tanto el efecto de la presencia del agua en las frecuencias naturales como el efecto de la rotacién en

las frecuencias naturales.
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Resum

Aquest projecte se centra en l'analisi de la resposta dinamica d'un disc giratori a I'aire i submergit a
l'aigua. L'objectiu principal és crear un model matematic que pugui reproduir el comportament de la
geometria real a les condicions especificades. El plantejament ha consistit a utilitzar I'entorn ANSYS
WORCHBECH per realitzar diferents tipus d'analisis modals, en aire, en aigua, amb rotacio i sense
utilitzant les eines d'analisi modal i d'analisi harmonica. La primera eina es fa servir per esbrinar els
modes de vibracio de l'estructura, o el que és el mateix, les freqliencies naturals i les formes modals
caracteritzades per l'orientaci6 de les linies nodals. La segona eina s'utilitza per analitzar la resposta
a una carrega externa aplicada amb un pegat piezoeléctric excitat amb un senyal de tensi6. Amb
aguesta simulacio és possible calcular les deformacions i deformacions induides per les frequiencies
naturals al cos.

En primer lloc, el model s'ha validat a I'aire sense i amb rotacié per validar el model per comparacio
amb els resultats experimentals. Tot seguit, s'ha analitzat I'efecte de la rotacio sobre les freqiieéncies
naturals.

En segon lloc, s'ha investigat el disc submergit en aigua amb una série de simulacions per analitzar
I'efecte de l'aigua a les frequéncies naturals i les formes modals. Per fer aquestes analisis, ha calgut
afegir un nou component a la geometria, que és un tanc ple d'aigua, i desenvolupar un nou model
numeric basat en I'enfocament de modelatge acustic-estructural per elements finits. Un cop més, els
resultats s'han comparat amb els del laboratori per validar-los mitjancant una serie d'analisis
harmoniques.

Cal assenyalar que per obtenir resultats raonables amb aquests models, les condicions de contorn
dels coixinets i dels materials son d'especial importancia i s'ha dedicat un esfor¢c important a
l'obtencié de resultats precisos.

Finalment, a partir de les analisis realitzades i de la comparacié amb els resultats de les proves, el
model es valida tant a l'aire com a l'aigua amb una bona precisid, el model pot simular tant I'efecte
de la preséncia de l'aigua a les frequéncies naturals com l'efecte de la rotacié a les frequiencies

naturals.
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Acronyms

AVMI: added virtual mass incremental
CAD: computer-aided design

E: Young modulus [N/m?]

FFT: Fast Furier transformation
FRF: Frequency response function
FRR: frequency reduction ratio
ND: nodal diameter

NC: nodal circle

P: density

SFR: Strain frequency response
SHM: Structural Health Monitoring
SG: strain gauge

SFR: strain frequency response
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1. Preface

In this Project, experimental tests have been analyzed and mathematical models have been developed
to analyze the behavior of a circular disk subject to harmonic stress. The purpose is to create a
mathematical model that can describe the modes of vibration in air and water, stationary and rotate of
this simple structure and in the future can be used for simulation of more complex structures, such as

hydraulic turbines.

The project is part of the EU-funded AFC4Hydro project that is developing a structural health monitoring
system (SHM) to analyze the operating conditions of turbines under both nominal and off-design
conditions. The overall objective of the AFC4Hydro research project is to design, implement and validate
a full-scale water turbine active flow system that permits to increase efficiency and reducing the
dynamics loads on the structure at any off-design operating conditions and during transient operations.
Specifically, the system will modify the draft tube flow field to mitigate or suppress the pressure
fluctuations induced by the vortical flow which limits the operation of actual hydraulic machines. Special

attention will be given to the flow instability leading to the formation of the vortex rope in the draft tube.

This project represents a part of the work developed in UPC, that is centered on the study of the dynamic

behavior of a rotating and submerged structure built in the laboratory by the IFLUIDS’s research group.
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2. INTRODUCTION

Complex systems submerged in water, such as hydraulic turbines, are subject to extreme and continuos
forces that produce vibration during transient and off-design operations, which produces a decrease in
efficiency and lifetime, in particular, the off-design conditions in hydraulic turbines are different from a
design point, which is the set of operating conditions at which the turbine was optimized for maximum
efficiency and performance. As part of an EU-funded AFC4Hydro project, the IFLUID’s research group
from UPC has built a test rig in the laboratory with a rotating and submerged disk to investigate the
dynamic response of that structure. On the disk are present different types of sensors and actuators that
extract information.

The structure that is analyzed during this project is simple geometry, a disk, and is investigated its
behavior during the vibrations at different frequencies, moreover, this project aims to create a model for
matching the data collected during the experiments and to find out how the water changes the natural
frequencies and the mode shapes. To identify the structure response, a piezoelectric patch has been
used to create and excitation, to measure the deformations several strain gauges are present on the
bottom of the disk, while to measure the acceleration is present an accelerometer on the edge of the
disk.

The structure of the thesis considers the following steps the first part is concentrated on the investigation
of the vibration in the air using the Ansys environment modal analysis and harmonic analysis, and the
second part analyzes the vibrations in water using different Ansys tools that permit define a solid-fluid
interface, those tools are modal acoustic and harmonic acoustic. After these simulations, there will be a
chapter in which is presented a comparison between the results in air and water to investigate the effect
of the water on the structural response of the disk. The last chapter is dedicated to summarizing the
results obtained.

Lastly, to validate the model all the results of the simulation are compared with the experimental data
obtained in air and in water, in particular, the focus is on the comparison between the strain frequency
response curves and the peaks of it in the laboratory and simulation, to observe the presence of the
mode shapes in the air and to investigate the effect of the water on them. In addition, for the simulation
in the air it is present an analysis and comparison of the effect of a rotational velocity on the natural
frequencies.
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2.1. Objectives

In the frame of the AFC4Hydro project which is developing a monitoring system (SHM) to analyze the
structural response of turbines under both nominal and off-design conditions, the objective of this project
is to simulate correctly the structural response of a simpler structure, in particular a disk, in air and

submerged in water. To complete the analysis in air, the influence of the rotation will also be investigated.

To do it, first It is necessary to obtain a numerical model of the system that represents its dynamic
behavior under the same operating conditions as in the laboratory. Then, this model must be validated
using experimental data to ensure that it represents the dynamic behavior of the tests. For that,
piezoelectric actuators will be used to excite the structure, and strain gauges will be used to measure its
response. In the end, this numerical model will be used to analyze the behavior of the structure in water

and rotation.

2.2. Scope of the project

During this project, several fields will be covered, starting with the analysis of the experimental tests
performed in UPC’s laboratory, and continuing with the investigation of the best way to obtain and
develop a numerical model to perform accurate and reliable numerical simulations. The results of the
present work should serve to validate a more complex mathematical model to analyze the structure

response of an actual hydraulic turbine in water and rotating.

The IFLUIDS research group has already built and validated the test ring, as well as the installation of
the sensors on the bottom of the disk and the acquisition of the experimental data. These measurements

will be used to validate the models developed during this project.
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2.3. Methodology

The model of the disk is done numerically, simulating the structure and obtaining the different natural
frequencies, the modal properties, and the frequency response function, which is the structural response
measures over a frequency range containing several resonance frequencies. The methodology that is
followed during the project is consistent with the tests performed in the laboratory, firstly the model is
validated in the air without and with a rotational velocity, secondly, it is added a tank full of water and the
disk is submerged in the fluid, finally the structural response of the disk is analyzed and validated. The

steps followed are listed below:

» Define all the relevant physical properties of the real structure needed to build a simplified

numerical model in ANSYS.
» Add the piezoelectric patch to simulate the excitation.
» Obtain numerically the dynamic response of the system in air and water.

» Obtain the natural frequency and the corresponding mode shapes of the structure in air and

water.
» Obtain numerically the frequency response of the system in air and water.
 Determine the influence of a rotational velocity on the frequency and the mode shapes.

* Validate the models through the experimental results.
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3. BASIC CONCEPTS

Structural vibrations are defined as continuous cyclic motions that can be measured and observed in a
structure due to excitation. When the structure is subjected to external forces, it tends to vibrate naturally
at certain frequencies, known as the natural frequencies of the structure. These natural frequencies are
dependent on the mass and stiffness of the structure, as well as its geometry. Due to those natural
frequencies, when a structure is subject to a cyclic force whose frequency is equal or nearly equal to its
natural frequency, it occurs a phenomenon called resonance. This resonance phenomenon makes the
structure vibrate with a larger amplitude than when the same cyclic force is applied at other frequencies,

producing different motion patterns, which are known as structural mode shapes.

The natural frequency changes due to the presence of fluid and this problem are known as the fluid-
structure interaction problem, the frequency at which the natural frequency shows up decreased in base
at how much mass is added. This influence of the fluid is interesting, especially for applications where

the structure is submerged, like hydraulic turbines.

3.1. Vibration

Vibrations are defined as continuous cyclic motions and they can be experienced by any system, living
or not, from a person walking in a park to a steel structure oscillating because of vibrating machinery.
Based on the excitation applied to the system, it could experience either periodic vibrations, such as the
oscillatory motion of a vibrating feeder used in a mine, or random vibrations, such as the cyclic motion
of a vehicle traveling on a rough, bumpy road. Vibrations happen literally everywhere. Drilling, blasting,
construction or demolition work, jackhammers, piledrivers, heavy loaders, turbines, blowers, generators,
transformers, and transportation: are all great examples of activities and equipment that generate
significant vibration levels for anyone or anything standing in their vicinity. Each human and structure
exhibit individual vibration properties that depend on their mass and stiffness and are typically
characterized using the frequency of vibration. The latter, measured in Hertz (Hz), is simply the number
of cycles per second. In the field of vibration engineering, these frequencies are called natural
frequencies because they are inherent to the system, in some way, like their mass or shape.

When a structure is subject to a cyclic force whose frequency is equal or nearly equal to its natural
frequency, they start presenting a very important phenomenon in engineering called resonance. This
phenomenon makes the structure vibrate with a larger amplitude than when the same cyclic force is
applied at other frequencies. Resonance may cause violent swaying motions and even catastrophic

failure in poorly designed structures including bridges, buildings, trains, and airplanes.
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In structures, a high level of vibration can cause cracks, loose bolts, heavy noise, or even failure.

Vibrations can be classified into two main categories: free vibrations and forced vibrations. Free
vibrations occur when a system is set into motion by an initial disturbance and then continues to
oscillate without the presence of an external force. Forced vibration occurs when an external force is

continuously applied to a system resulting in a steady-state motion.

Regarding, the natural frequency, which is set by the properties of the system, the easiest way to
find the natural frequency of a system is to give the system a quick excitation and a look how its
responses. For a system with a single natural frequency, the response will be at that natural
frequency, if the system has a single natural frequency, it will respond by vibrating in a complex
motion that includes many natural frequencies. The response of a system to a different input of
different frequencies is called frequency response. It measures how much a system multiplies the
amplitude of a given input at different frequencies, to represent it as a frequency response curve. A
frequency response curve is characterized by the frequency along the x-axis and the gain along the

y-axis. Figure 1 below shows the frequency response of a system with just one natural frequency

[1].

natural

frequency

Gain

Y Spp————

Frequency

Figure 1 Frequency response graph with just one natural frequency

When a structure reaches the natural frequency, it forms motion patterns called mode shapes, every
mode shapes its characterized by zones with zero deformation and zones where the deformation is
maximum. In a structure, in general, there are several mode shapes, higher is the number of the mode

shape and higher is the frequency at which it appears, and more complex it will be.

To calculate the natural frequency the following formula is used:
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Where w is the angular frequency and it can be rewritten in the following way:

W= % 3.2

Where f is the natural frequency, k is the spring constant for the spring, and m is the mass of the ball.

To determinate the mode shapes a modal analysis must be performed, in the general case with

degrees of freedom the following equation is used:

[MK{ G} +[CI{u} +[KKu}={f(t)} 3.3

Where M is the mass, C is the damping, K is the stiffness, {U} is the acceleration, {U} is the velocity,

{u} is the displacement, and f(t) is the load [2][3].

The steps to find the mode shapes are explained in chapter 3.5.1.

3.2. Mode shapes

When a structure reaches a natural frequency, it will vibrate in a mode shape. Mode shape, also known
as natural mode or normal mode, is a pattern of vibration of a system when it is excited by an external
force, it describes the shape and displacement of a system at a specific natural frequency of vibration.
In mechanical systems, mode shapes are often represented graphically as displacement plots, showing
the displacement of various points on the system as a function of time. It can also be represented
mathematically as a set of coefficients that describe the amplitude and phase of the displacement at
each point of the system. The number of mode shapes of a system has been determined by the number
of degrees of freedom of the system. For example, a simple one-dimensional system such as a mass-
spring system will have one mode shape, while a more complex three-dimensional system such as a
building will have multiple mode shapes. It is important to note that the same system can have multiple
mode shapes, each corresponding to a different natural frequency of vibration. The set of all mode
shapes and the corresponding natural frequencies is called the system’s modal pattern. In engineering
and physics, mode shapes are important for predicting the behavior of a system under different loads,

and for designing systems that are less susceptible to vibrations and resonances.

In the case of the project, the structure that is analyzed is a disk, the mode of a vibrating disk is
determinate by the numbers of NODE. A node is a place where the medium doesn’t move opposed to
an anti-node which as maximum movement. There are two types of nodal lines for a disk, the diametric
nodal lines or nodal diametric (ND) and the concentric nodal lines or nodal circle (NC), the first one is a

oin

—

£SSx

A
ETSE

@ Feqel



Numerical simulation of the structural response of a simple submerged structure Pég. 26

line in space along which the displacement of the vibrating system is zero, the second one is a circle in
which the displacement of the vibrating system is zero. The number of nodes defines the mode number,
and each mode or pattern of vibration corresponds to a unique set of nodal lines or nodal circles, in
addition, it is possible to have a composite mode, which is a combination of the two as it is shown in
Figure 3. The position and the number of the nodal lines in a vibrating system can provide important
information about the natural frequencies and mode of vibrations of the system, more nodal lines there
are and higher the frequency will be [20].

1st Diametric Node

Figure 2 Representation of node and anti-node for the 1ND. Image from [20]

Figure 3 Nodal lines of a composite mode shapes. Image from [20]

Ny O
ETSEIB



Numerical simulation of the structural response of a simple submerged structure Pég. 27

3.3. The influence of the rotation on the vibration

A very interesting phenomenon is the influence of rotation on the vibrations of a structure, it has been
studied hard in the last years due to its relevance in real engineering applications such as

turbomachinery components.

The vibration of a non-rotating disk was fully discussed by Kirchhoff in two papers, and the other extreme
where the disk is so thin and the rotation so rapid that the flexural forces are negligible, and the problem
admits a simple solution. Regarding the rotation, the problem was analyzed by Lamb and Southwell
[15][16][17].

The equation of the motion for the free transverse vibration of a rotating thin circular plate in space fixed

coordinates is given by Wang:

pvtw = 2[2 (671 22) + 2 (50 22)] + phiZ2] = 0 3.4

r Lor ar

In this equation, the D is the bending stiffness of the plate, and it is defined in the following way:

_ En®
T 12(1-v2)

3.5

There are other symbols to define V* and o%(r,2), o"(r,2) that are stresses due to the centrifugal
effect.

r _34v a0 o oy p202(1-v?)[a?B+v)-b2(1+v)] a?
o' (r, 1) = 8 pR%(a” =77 + 8[b2(1-v)+a2(1+v)] (r2 D 3.6
0 _ p0? 2 _ 27 _ p22p2(1-v?)[a®(3+v)-b?(1+V)] a?
o’(r,0) == [B+v)R? — (1 +3v)r?] S22 L] -1 3.7

In those equations the w(r, 6, t) denotes the transverse displacement concerning (r, ) frame, p is the
density of the plate, v is the Poisson’s ratio, (2 is the angular speed of the plate and h is the thickness of
the plate [6][7].

In the air and water, the rotation affects the natural frequencies of a vibrating system. In a system that is

rotating at a constant angular velocity, the natural frequencies of the system will be shifted by an amount
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proportional to the angular velocity. This is known as the centrifugal stiffening effect.

The results of the effect of the rotation are that the modal frequencies increase with a forward mode and
decrease with a forward mode for all the modes due to the fact the rotation generates a centrifugal force
field whose net effect is an apparent increase of the stiffness causing, in turn, an increase of the natural

frequency with speed.

Moreover, in water, it is possible to observe the double modes phenomena for which for every mode
shape there are two picks due to the asymmetry of the geometry, when the disk is rotating the center of
these two peaks remains nearby constant and equal to the non-rotating case. The difference between

them increases linearly with the rotating speed [8].

3.4. The influence of the water on the vibration

There are several applications with structures in fluid and it is important to know the effect of the water
on the vibrations. It is well known that the natural frequencies of structures in a fluid are different from
those | water due to the added virtual mass incremental (AVMI) that can be defined as the ration between
the Kinetic energy of the plate due to the motion of the plate over the kinetic energy of the circular plate

itself.

3.4.1. Mathematical formulation

To analyze the effect of a fluid over a structure a plate will be considered. Therefore, a circular plate is
in contact with water and its dimensions are a (radius) and h (thickness) as is possible to see in Figure
4, moreover, it is defined as a Fluid domain F, Lais the surface between the fluid and the wall, Ly is the

surface between the fluid and the plate and Lo is the surface at infinity [25][14].

v

Figure 4 Circular plate in contact with fluid. Image from [14]
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The hypothesis on the fluid is that it is incompressible, inviscid, and irrotational, due to this last hypothesis

there should be a velocity potential that can be represented throughout the following equation:

U(r,0,z,t)=0(r,0,z)T(t)= O(r,z)T(t) 3.8

The term @(r,z) is the spatial velocity and it satisfies the Laplace equation in the domain F:

2 2
rip =22,122, 99 3.9
or

r or 0z2

Adopting the infinitely rigid wall condition, that was adopted by Lamb and McLachlan, it is
possible to write on La

00(r,z)

P 0 3.10

Furthermore, it is necessary to consider the interaction between the plate and the fluid. This condition

can be present throughout the following equation, which is defined on Lp:

0®(r,z) _ _

In this equation, the term W(r) is the mode shape of the plate vibrating in contact with the fluid.

Now, the radiation condition requires an attenuation of the disturbance when that distance from the plat

becomes large. This condition implies the following effects on Loo:

> 90
¢, —,——>0asr,z—> © 3.12
or " 0z
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All the boundary conditions are defined, to find the added virtual mass incremental factor (AVMI factor)

it is necessary to start using Rayleigh’s quotient:

and f2a (V—’j + Tl*) 3.13
Ty liquid

e()

air

The terms in the equations are f, is the natural frequency of the plate, f; is the natural frequency of the
plate in contact with the fluid, T,y and 1}, are respectively the reference Kinetic energy and the maximum

potential energy of the plate, T} is the reference Kinetic energy of the fluid due to the plate’s movement.

It is possible to define a relation between reference and maximum kinetic energies in which w is the
frequency in rad/s:

Ty = T 2 3. 14

It is possible to obtain a relation from equation (3. 6) that draws a relationship between f, and f; ,

based on the assumption that the dynamic loading of the fluid as no effect on mode shapes.

= 3.15

The term g is the AVMI, and, how it is possible to notice it defines a ratio of the kinetic energy of the

plate due to the motion of the plate over the kinetic energy of the circular plate itself.

It can be defined in another way:

g=0 3. 16

In conclusion, the natural frequency value of a body submerged in a fluid is lower than in the water due

to the added mass (Ma) and the AVMI can be expressed as the added mass over the modal mass:

=% =y 3.17
p=4= .
gn\

Y
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Where:
1 K 1 |K
fl =0 MM, and fa = E\/% 3.18
Where K is the spring constant
As it possible to ascertain from the equation
fi== |—— and f, = 127AM 3.18
U™ o2n \|M+M, a~— .

The presence of water has a significant impact on the vibration of a system. In general, the addition of
water to a system can increase its mass, which can result in a decrease in the natural frequencies of the
system. When a system is submerged in water, it experiences added mass effect due to the water, which

leads to a reduction in the natural frequencies of the system.

The presence of water can have a significant effect on the damping of the vibrations in a system, in fact
when a structure is submerged in water, the water can act as a damper due to the viscous drag forces
it exerts on the system. This can increase the damping ratio which can decrease the amplitude and

decay rate of the vibrations.
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3.5. Dynamic response of the structure

This chapter has described the equations used to investigate the mode shapes and the strain frequency
response of a general structure, in particular, it will describe how to perform a modal analysis and a

harmonic analysis.

3.5.1. Modal analysis

First of all, it is important to determine the dynamic characteristics of the model and the vibration
characteristics of the structure, such as natural frequencies, damping, mode shapes, the dynamic
properties. The way to investigate those properties is the modal analysis which is a process whereby a
structure is described in terms of its natural characteristics.

Governing equations of Modal Analysis in ANSYS

Modal analysis is a linear dynamics analysis, based on the general equation of motion, for solving the
dynamic response of a structure. In the equation, the unknowns are acceleration, velocity, and
displacement for all points over the structure.

[MK G} +[CH{u} +[KKu}={f(t)} 3.19

Where M is the mass, C is the damping, K is the stiffness, u is the acceleration, u is the velocity, u is the
displacement, and f(t) is the load. To simplify the equation is possible to do some assumptions, in
particular, the external force is forced to be 0 and the damping effects are ignored. This is possible to do
because natural frequencies and mode shapes are independent of loads. The matrix form of the
equation used in ANSYS is represented by the equation 6. 2 where the unknowns are the acceleration
vector {U} and the displacement vector {u}, to describe the motion of the free and undamped system

are used only the mass matrix of the structure [M] and the stiffness matrix [K].

[MI{di}+[KKu}=0 3.20

Assuming that every point of the structure is withstanding a harmonic motion I, that equation is solved



Numerical simulation of the structural response of a simple submerged structure Pég. 33

as a frequency domain problem explained by an amplitude {®}i, an angular frequency wi, and a phase
angle 6. Itis possible to define the displacement and the acceleration with the following equations, where

the acceleration is the second derivate of the displacement:

{U}= {®}, sin(w t+ ) 3.21

{li}= - w? {®} sin(w; t+ 6) 3.22

To obtain the angular frequency wi, called eigenvalue, and the mode shapes &, called eigenvector, it is
necessary to substitute the equations (3. 21) and (3. 20) into the equation (3. 18) to obtain the (3. 21),
the typical eigenvalue problem solved by the Modal analysis of ANSYS:

(IK]- wi [M]) {®}= {0} 3.23

To obtain the frequency f; for every desired mode i, it is necessary to use the equation (3. 22)
once obtained ®;and w;

3.24

These equations are used by Ansys to perform the simulation, in addition, to investigating vibrational
modes, strain is also analyzed using three different analyses are used equivalent (van-mises) Strain,

Principal elastic strain, Normal elastic strain, and frequency response.

Strain and stress are closely related properties of materials that describe how they deform and respond
to applied forces. Strain is a measure of the deformation of a material in response to the applied force.
It si usually expressed as a fraction or percentage of the original length of the material. Stress, on other
hand, is a measure of the internal forces within a material caused by an applied force. It is usually
expressed in units of forces per unit area. The equations used for this analysis are explained in the
following part remembering that the relationship between stress and strain is given by Hooke’s low,
which states that the strain in a material is proportional to the stress applied to it, within the elastic limit

of the material. Mathematically, it is represented as:
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Stress= E*Strain 3.25

Where E is Young’s modulus, the relationship is valid only for materials that are in the elastic range,
when a material is under stress and strain, when it is under the elastic limit, and when the material returns

to its original shape after the stress is removed.

Equivalent (von-mises) Strain

To evaluate the strain using the equivalent Strain the software starts from the information that each

material point has a strain state which is represented by a strain tensor, that has nine components,[22].

Exx  Exy Exz
Eyx E€yy &yz strain tensor

From this tensor is possible to calculate the equivalent strain using the following equation:

2 2
1 (exx—eyy) +(eyy—€22) +(€27—Exx)?+6(e2y+e2,+€2,) 3. 26
gequivalent - (1+v) 2 .

The problem with this way is that the equivalent strain does not represent the complete information of

the strain state.

Maximum principal strain

Looking at the strain tensor, the nine values are not absolute, with a different coordinate system, the

values are different, but they still can represent the same stress status.

The principal stresses are the component of the tensor when the shear stress components are zero,
[23].

&g 0 0
0 & O
0 0 &
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Normal principal

Normal strain is a term that describes the response of a solid to the application of a force. The strain can

be defined by the equation below:

£=— 3.27

The normal principal strain is defined along a specific direction, in Ansys is necessary to define an axis

of a coordinate system to obtain the result.

Where ¢ is the normal strain, AL is the change in length and L is the original length.
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3.5.2. Harmonic analysis

As aforementioned, structures are subject to resonance, which can lead to structural problems due
to excessive motion, stress, noise, vibrations, fatigue damage, and potential failure due to the
cyclically repeating load. To analyze the response of the structure under a steady-state sinusoidal
harmonic load excited at a given frequency, harmonic analysis is performed. This harmonic analysis
will give an idea of the strain amplitude measured at each natural frequency obtained from the modal

analysis.

In the harmonic analysis, there can be multiple loadings, but all are sinusoidal, and the excitation and

response are steady-state oscillatory behavior.

Governing equation of the harmonic analysis

The mostrelevant assumptions made in an ANSYS harmonic analysis are that the entire structure has
a constant or frequency-dependent stiffness, damping, and mass effects and that all loads and

displacements vary sinusoidally at the same known frequency (but they can be in a different phase).

The general equation of motion, for solving the dynamic response of a structure. In the equation, the

unknowns are acceleration, velocity, and displacement for all points over the structure.

[MI{d} +[Cl{u} + [KI{u} = {F} 3.28

where {u}, {u}, {li} are the vectors of nodal displacement, velocity, and acceleration of the n discretized
points in the time domain, respectively. [M] is the structural mass matrix, [C] is the structural damping
matrix of the system, [K] is the stiffness matrix, and {F} is the force vector that expresses the force

applied on each point in the time domain, which varies sinusoidally at a given frequency Q.

All the points in the structure are assumed to be oscillating at the same frequency, so the complex force
and displacement vector can be defined as the sinusoidal signal of equation (3. 28), as a function of

time t and a circular frequency Q:

{F} = Fmaxe¥e'® = Fmax(cos g + i sin p)el® = ({F1} + i{F2})el™ 3.29

{U} = Umaxe€¥e® = 1, ., (cosp + isend)e™t = ({u,} + i{u,})e* 3.30
oo,

‘-"';x“"b
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where Q is the excitation frequency at which the loading occurs,  is the force phase shift that may
be present if different loads are excited at different phases and ¢ is the displacement phase shift that

may exist if damping or a force phase shift is present.

By substituting the expressions of equations (3. 29 and 3. 30) into the general equation of motion of
(3. 28), and differentiating the displacements to get velocity and acceleration, it can be obtained the

harmonic equation of motion:

(=M ] +1Q[C] + [KD({us} + {uz}) = ({Fi} + i{F2}) 3.31

where {u1} = {umax COs @} is the real displacement vector, {uz} = {Umax Sin @} is the imaginary displacement

vector, {F1} = {Fmax cos W} is the real force vector and {F2} = {Fmax COs @} is the imaginary force vector.

ANSYS has two ways of solving the harmonic equation of motion (3. 31), depending on the solution
method selected, which can be either the Mode Superposition Method or the Full Method. The Mode
Superposition Method solves the harmonic equation in modal coordinates, as shown in equation
(3.32), where all the displacements are uncoupled and can be expressed as a linear combination of

the mode shapes ¢;.

Y+ 2wl + wfyj = T 3.32

Therefore, it is first needed to perform a modal analysis to determine these mode shapes ¢ and their
corresponding natural frequency w;. For each mode j it can also be extracted the modal coordinate
y; (together with its acceleration y'; and velocity y;), the fraction of critical damping & and the force
applied in modal coordinates fi. However, the solution obtained is approximate, and it does not fully

support nonzero displacements.

On the other hand, the Full Method solves the matrix equation (3. 31) directly in nodal coordinates,
which is analogous to linear static analysis, except that complex numbers are used. Although this
method is more computationally expensive, it computes an exact solution and supports all types of
loads including nonzero displacements, including the possibility to define the voltage on each face of
the piezoelectric element. Hence, a Full Method is used for solving the harmonic analysis, which does

not rely on mode shapes information and natural frequency.

In addition, when is present a fluid the equation that must be considered is the following one:
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[M + MeKt} + [C + CH{U} + [K + Ke {u} = {F} 3.33

Where is considered the effect of the added mass [Mr], the damping effect of the fiuid [Cr], and the [Kr].

The solution of the equation (3. 33) leads to modes shapes, natural frequencies, and damping ratio of
the fluid-structure system. The equation used for calculating the frequencies is the following on that
considers the added mass (M), it is clear that the mass decreases the natural frequencies of the system

submerged in water compared with the ones obtained in the air [33]:

fi= 3.34

T 2m A M+ME
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4. EXPERIMENTAL SETUP AND NUMERICAL

MODEL

The following chapters are explained how is settled the experimental test and the numerical model.
Firstly, it will be described how are the architecture of the structure and all the sensors present in the
experimental test. Secondly, it will be described how the model in ANSYSIS has been created to match
the experimental results, it will be described the geometry compared with the one in the experiments,
the properties of the materials, the boundary conditions, and the quality of the mesh, moreover, in water

and air it is necessary to define different boundary conditions even if the structure is the same.

4.1. Experimental setup

The simple structure that will be analyzed can rotate and be submerged in water, its purpose is to be
part of the (SHM) system to analyze the condition and performance of turbines during steady and

transient conditions.

The system considered in this project is a rotating structure built up in the laboratory of UPC, the structure
is composed of a disk, a shaft, two bearings, a motor for the rotation, a tank that is added only for the
test in water and several sensors to obtain the data. Regarding the sensors, there is one accelerometer
at the edge of the disk, a piezoelectric patch for exciting the disk, and three strain gauges. The
dimensions in mm of the shaft joined to the disk are illustrated in Figure 5, while Figure 6 shows the
laboratory of UPC whit all the structures, it is possible to observe the motor for the rotation, the position

of the two bearings, and the presence of the tank.
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Figure 5 CAD scheme of the structure without the tank

Figure 6 Complete structure in UPC'’s laboratory
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As aforementioned, the test rig is also equipped with systems to generate mechanical and fluid-dynamic
excitations, together with measuring systems to check the deformation and vibration of the structure.
The additional elements used in the disk are piezoelectric transducers, working as actuators, strain
gauges, and an accelerometer, all the sensors are on the bottom of the disk as shown in Figure 7, in
fact, on the top, there are no sensors.

Strain gauge 2

Figure 7 Sensors on the bottom of the disk

To perform the analysis in water it is necessary to add a tank that is a cylinder of plexiglass with an
internal diameter of 488mm and a height of 600mm. The disk is a thin circular plate of 420mm in diameter
and a thickness of 2mm. The shaft that supports the disk has a length of 1350mm and it has two bearings
of 35 mm in height each one, which enables the support of the shaft, and the structure of the test rig and
allow the rotation of the structure. Finally, of great importance is the position of the bearings which is

shown in Figure 8.
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U
I
T First bearing
! : Second bearing

Figure 8 Position of the bearings

During the water test, the disk is submerged 200mm inside the tank of water, so depending on the depth
of the disk inside the water the relative position of the bearings will change accordingly, as well as the
depth of the disk inside the tank. The coupling between the shaft and the disk is done using a set of bolts
that are directly screwed to the shaft from the bottom of the disk. Therefore, instead of considering the
complex geometry made of several bolts used in the real structure, the geometry is simplified considering
that all the threads of the bolts form a cylinder of 63.60 mm in diameter and 11 mm in height.

The test rig is also equipped with systems to generate mechanical and fluid-dynamic excitations,
together with measuring systems to check the deformation and vibration of the structure. As it is needed
to collect the data from sensors in real-time, the disk and the shaft have a through a hole with a slip ring
on the top pf the shaft to allow the transmission of the power and electrical signals from the stationary
data receiver device to the rotating structure of the disk. The additional elements used in the disk are
piezoelectric transducers, working as actuators, and different sensors such as strain gauges, lasers,

accelerometers, pressure sensors, and fiber optics.

The piezoelectric transducer used in the system is bonded to the disk surface using a water-resistant
epoxy adhesive. The piezoelectric transducer used in the test rig is the P-876.A12, it is composed of a
PIC255 active layer sandwiched between two soft, thin encapsulating polymer materials, together with
Modelling and control of the vibration of a rotatory disk p. 23 two electrodes, as presented in Figure 9.
This polymer coating serves as electrical insulation for the active layer and is used to apply to prestress
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to the active layer to avoid cracks, which increases the allowable curvature radius of the PZT ceramics.
The overall dimensions of the P-876.A12 transducer (including the encapsulating material) are 61 mm
x 35 mm x 0.5 mm, while the encapsulated active piezoceramic layer is 50 mm x 30 mm x 0.2 mm.

Figure 9 it is shown the drawing of the P-876.A12 patch with the dimensions in mm, together with the
tolerances provided by the manufacturer [10].

- 61:0.5 .
50
Electrical insulation / Electrical
mechanical preload contact
5 I L ——— — =R
I ‘
y Of
J8 I
v |
o :
| o
! . g
o
;
Piezoceramic =
Electrode layer o,
T
(a) Layers of the piezoceramic element. (b) Dimensions of the piezo, in mm.

Figure 9 Duract transducer P-876.A12 design, geometry, and dimensions. Image from [10]

The piezoelectric patch is composed of 5 sections Figure 9, considering also the glue with a thickness
of 0,2 mm approximately. Starting from the top the first material is Kapton, which is a suitable coating
material due to its good bonding properties and electrical insulation, it permits the patch to be submerged
in water. The total thickness of the Kapton layer is 0,3 mm, there are two Kapton layers because it
surrounds the active layer, which has a thickness of 0.2 mm. The combination of the bottom Kapton
layer and the glue forms a soft layer between the active layer and the disk.

i 0.15 mm

Active layer I 0.2 mm

0.15 mm
Glue 0.2 mm Soft Layer

!

Top electrode

Bottom electrode

Figure 10 Schematic of the section of a P-876.A12 patch Image from [10]

In addition to the piezoelectric patch strain gauges are used to measure the strain external forces applied
to the disk cause a deformation. The strain gauges change in electric resistance proportionally to the

deformation of the disk, measuring the strain means measuring changes in the electrical resistance.

On the disk are installed different strain gauges from Tokyo Measuring Instruments Lab (WF-series) [1]
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with 1 and 3 axes on the bottom and on the top of the disk, but only the 3 axes are used during this
project.

This WF-series of strain gauges present a vinyl lead wire with an entire transparent coating of epoxy
resin that ensures electrical insulation of the grid (Cu-Ni) and an easy installation of the gauge. In Figure
11 a scheme and the properties of the “WFRA-3-11-1LDBB-F” with three axes are shown.

2-wire system

Red (1st axis)
Green  (3rd axis)
White  (2nd axis)

_J WFRA-3-11-1LDBB-F

Gauge Backing
Resist- Lead Type name

Type ance wire pre- of lead wire
length width length width thickness Q) attached preattached

(mm) (mm) (mm) (mm) (mm)

Paralleled

im
\’{VETA— fs‘ralleled 1LDBB
> bl

-3LDBB

WFRA- Paralleled
G 3 1.7 19 16 1.5 120 rlz;ra o -5L.DBB
WFRA. j wire #LDB1B

" -5LDBTB
3-23 3m

3-wire

5m

Figure 11 Scheme and properties of the strain gauges “WFRA-3-11-1LDBB-F Image from [10]

The name indicates the property of being waterproof, the dimensions of the three strain gauges are 3mm
in the length and 1.7mm in the width. The main body is protected from the water with an epoxy resin
whose properties are illustrated in Figure 12, it has a length of 19mm, a width of 16mm, and a thickness
of 1,5mm. To analyze the strain is necessary to know the resistance of the strain, in this case, it is 120
Q.

Density p = 1100 kg/m?
Young's Modulus Y = 4.3 x 10” Pa
Poisson’s Ratio v=10.2

Figure 12 Properties of the epoxy resin material

The last sensor on the bottom of the disk is an accelerometer, which is a device used to measure
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acceleration or change in velocity. It can measure acceleration in one, two, or three directions depending
on the type of accelerometer, and it is commonly used to measure vibrations and motion in mechanical
systems, such as machinery, vehicles, buildings, and bridges. There are several types of
accelerometers: piezoelectric, capacitive, and MEMS. The type of use is the piezoelectric accelerometer
SN LW333029 which uses the piezoelectric effect to convert mechanical motion into an electrical signal.
A piezoelectric accelerometer consists of a piezoelectric element, typically a quartz crystal or ceramic
material, that is attached to a mass. The mass is suspended on a spring, so when the accelerometer is
subjected to acceleration, the mass moves and applies stress to the piezoelectric element generating
an electrical charge [4]. The electrical charge generated by the piezoelectric element is proportional to
the acceleration experienced by the accelerometer. This charge can be amplified and converted into a

voltage, which can be measured and used to determine the acceleration of the accelerometer.

ICP amplifier

. Pre-loading spring
 Seismic mass

Crystal element

Base

Mounting stud

Figure 13 Construction of a piezoelectric accelerometer. Image from [5]
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4.2. Model setup

Regarding the model setup due to the different boundary conditions that are present in the air and water,
there are different setups for the model in the air and water, but even if the conditions are different the
structure is the same both for air and water, except for the presence of a tank full of water in the model

in water.

Regarding the geometry, it was created using Solidworks and then imported into Design modeler, which
is an application of ANSYS'’s workbench. It provides several modeling functions that include parametric
geometry creation, concept model creation, and several custom tools designed for fluid flow, structural
and other types of analysis. This geometry, used for Modal analysis, harmonic analysis, modal acoustic,

and harmonica acoustic, is composed of a disk, a piezoelectric patch, a shaft, and a tank full of water.

The real geometry is different from the virtual geometry because it was necessary to simply the
computations and avoid extra computational burden in solving the system, therefore, the bearings that
support the disk are not considered but they will be recreated using boundary conditions, and all the nuts
and the bolts used for mechanical coupling between the shaft and the disk. To represent all these

components around the disk using a cylinder around the shaft to simulate the volume occupied.

(a) Geometry of the system created in ANSYS. (b) Closeup piezo geometry

Figure 14 Geometry of the structure built in CAD

To obtain the same results in the laboratory it is mandatory to place the sensor in the same position as
the laboratory set up. Starting from the patch the first sensor on the edge of the disk is the accelerometer
which is 15° from the patch, the next ones are the strain gauges 2 and 3 whose position is 125° from the
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patch and 5,5 cm from each other, the last sensor is located at 50° from the SG2 and SG3, on the top

of the disk there are no sensors.

Strain gauge 2

Piezoelectric patch
Strain gauge 4

Figure 15 Sensors on the bottom of the disk in virtual geometry(right) and laboratory (left)

Once obtained the geometry of the structure and the sensors, it is possible to perform further steps,
modal analysis, harmonic analysis, modal acoustic, and harmonic acoustic.

4.2.1. Set up in the air

The first step of the set-up is to define the properties of the material; it Is possible to define it
from the section “Engineering Data” in the workbench. The system analyzed involved three different
materials, one for the disk and two for the piezoelectric patch that is composed of an active and passive

layer.

Firstly, the disk is composed of Stainless Steel, in this block of ANSYS it is possible to define and change
the properties of the material or eventually add new material. Regarding the properties, the most
important are the density, Young’s modulus, and Poisson’s ratio. The properties used for the main body
of the structure are illustrated in Table 1.
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P (density) 7900 Kg/m"3
E (Young’s modulus) 2,1*10M1 Pa
N (Poisson’s ratio) 0,3

Table 1 Properties of the structural material

Secondly, on the bottom of the disk is present a sensor that can excite the structure, this component is
a piezoelectric material. The one used is the commercial piezoelectric patch P-876.A12. The
piezoelectric patch is composed of an active layer and a passive layer. The active layer is composed of
a soft piezoelectric ceramic material PIC255, which is an orthogonal crystallographic system that
involves the interaction between the electrical and mechanical behavior of the material. This
piezoelectric ceramic material is not included in the “workbench library”, therefore It needed to create a
new material using the properties that are given by the manufactures. Once the properties were
obtained, it can be possible to create a new “Piezo” material in the “engineering data” using the

orthotropic linear elastic constants summarized in Table 2 below.

Density p=T.8g/cm?
Young's Modulus X direction Y11 = 6.2112 x 10" Pa
Young's Modulus Y direction Yoo = 6.2112 x 10 Pa
Young's Modulus Z direction Yoy = 4.8309 x 10'° Pa
Poisson’s Ratio XY 110 = (1L.3608

Poisson's Ratio YZ 1oy = (.45

Poisson’s Ratio XZ vy = .45

Shear Modulus XY Gz = 2.282 % 10 Pa
Shear Modulus YZ Goy = 2.231 x 10 Pa
Shear Modulus XZ Giy = 2.231 x 10'Y Pa

Table 2 Properties of “Piezo” material created in ANSYS

Regarding the passive layer which surrounds the active layer, it is responsible for pasting the active layer
to the disk and protecting it. It is composed of epoxy glue and the Kapton shell used respectively to
attach the patch to the disk and to cover the active layer. The mechanical properties of the epoxy glue
and the Kapton shell are presented in Table 3 and they were added as a new material in the “workbench

library”.
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Density p=1420 Kg/m"3
Young’s Modulus E=2.8*10"9 Pa
Poisson’s Ratio V=0,3

Table 3 Properties of “Soft Layer” material created in ANSYS

All the materials are defined and inserted in the Ansys library, the nest step is to define the
boundary condition of the bearing. The fastest way would be to create two fixed bearing but it
would not recreate the reality, in fact, this type of boundary conditions don’t permit any movent
of the shaft where the bearings are located, thus it is necessary to define bushing joint condition
that permits to fix a stiffness. Fixing a stiffness brings the model closer to reality by allowing
relative movement between bearings and shaft. The value of the stiffness coefficients in the
different directions is shown in Figure 16. The coefficients are the same for the two bearings
that are located in two different positions, as it is possible to see in Figure 8.

Stiffness Per Unit X (m) Per Unit Y (m) | Per Unit Z (m) Per Unit Bx (%) Per Unit By (%) ‘ Per Unit Bz (%)
A Force X (N) 1000,
A Force Y (N) 0. 100,
4 Force Z (N) 100,

A Moment X (N°'m)
A Moment Y (N'm)
| A Moment Z (N'm) I

ocooo
ooooo
eees8

=

=1

=]

100,

Figure 16 Stiffness coefficients defined for the bearings

After the definition of the stiffness coefficients, the following step is to create a good mesh that must
have good accuracy, more elements of the mesh are present, and more accuracy will have the result,
but also more time steps will be necessary. Regarding this, for choosing the right dimension the time
step for different dimensions is analyzed. In the following Table 4 the different values of the mode

shapes for different qualities of the mesh are listed.
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SIZE [mm] 1ND ONC 2ND 3ND 4ND ISOLUTION TIME [s]
0,01 38,341 60,761 70,453] 142,95 250,7 14
0,008 37,762 58,366/ 68,464 141,49 247,17 18
0,005 37,445 57,141, 67,249 140,79 246,58 24
0,004 37,348 56,811, 66,964 140,55 245,82 35|

Table 4 Comparison between the mesh quality for different element size

From the table is possible to notice that from 0,01 mm to 0,005 mm there is a huge increase in the quality
of the mesh while the rise of the time is constant, from 0,005 to 0,004 the increase in mesh quality is not
as significant as in previous cases even though time has a greater increase. For those reasons the size

of the mesh selected is 0,005 mm. The numbers of an element obtained are 43826 and 88796.

Figure 17 quality of the mesh

In conclusion, every strain gauge analyses the strain in three different directions: a radial direction (0°)
and two directions at 45° and -45° concerning the radial direction. To obtain the same behavior three

coordinate systems must be defined for every strain gauge so that it is possible to analyze the strain
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along a specific direction, in Figure 18 it is shown the coordinate systems for SG2, in appendix [E] are

presented all the coordinate systems.

4.2.2.

i

Figure 18 lllustration of the three directions of the SG2

Set up in the water

In water, the structure and the sensors are the same as in air, but it is characterized by the presence of

a fluid, in particular a tank full of water, it is possible to add if from the program SOLIDWORKS. The main

difference with the water test is that during the installation of the tank, the position of the bearing with

respect to the disk is changed probably, this fact implies the need to set new boundary conditions for the

bearing and the material do obtain the same frequencies and the same mode shape. Looking at Figure

8 is fixed a bushing joint condition with the stiffness coefficients illustrated in Figure 19 for the second

bearing, while the first bearing has a fixed joint condition without a stiffness coefficient.

Stiffness Coefficients

Stiffness

PerUnitX(m) | PerUnitY(m) | PerUnitZ(m) | PerUnitBx(®) | PerUnitBy(®) | Per Unit8z (%)

A Force X (N)

AForce Y (N)

AForce Z (N)

A Moment ¥ (N'm)

A Moment X (N°m)

A Moment Z (N'm)

1000,
0,

=1
=

0
0,
0, 100,
0 .

oeeee
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Figure 19 New boundary conditions for the second bearings

The natural frequencies are affected by the E of the material, so other to the boundary conditions of
the bearings varied the E of the material. The new properties are illustrated in the following table.
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P (density) 7900 Kg/m”3
E (Young’s modulus) 1,510"1 Pa
N (Poisson’s ratio) 0,3

Table 5 Properties of the structural material

The simulation in water is more complex than in air which means that the mesh calls for greater
accuracy. The method used to choose the size of the mesh is the same as in air, the results are
summarized in Table 6.

Elementsize | IND ONC 2ND 3ND 4AND Solutiontime

[m] (min)

0,006 13,320 13,500 24,730 56,300 150,350 7,58

0,005 13,100 13,230 24,5 56,050 105,140 9,31

0,004 12,919 13,023 24,29 55,839 104,94 14,5

0,003 12,700 12,900 24,15 55,670 104,780 35,4

0,0025 Too much
time
>90

Table 6 Comparison between the mesh quality for different element sizes

As in air with the decrease of the size the quality and the time increase. In this case, the choice is to use
the 0,004 mm, which is lower than in air, because after that the time step starts to increase exponentially
and for 0,0025 mm the time step is more than 90 minutes, the numbers of elements obtained are 508426
with 844641 nodes, the presence of the tank increases significantly the numbers of element respect to
the air mesh.
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Figure 20 Comparison between mesh in water (left) and air (right)

The rest of the conditions are the same as in the air.
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5. SIMULATION IN AIR

The structure that is studied is composed of a disk connected to a shaft using bolts, the shaft is fixed to
a supporting structure by two bearings. A motor is coupled to the shaft to rotate the disk at different

speeds. The first part of the experiment is carried out in the air.

Moreover, some sensors have been attached to the top of the disk: a piezoelectric, three strain gauges,
and an accelerometer. Regarding the piezoelectric patch, it is possible to induce an excitation to the disk
by changing the voltage applied to the electrodes. The voltage produces a deformation to the patch and,
due to the fact that the patch is glued to the disk, mechanical stress is transmitted to the disk. Secondly,
the strain gauges have the purpose to analyze the strain along three specific directions, the signal
obtained is different from an accelerometer that analyzes the acceleration of the disk along the

orthogonal direction.

In order to model numerically the response of the disk in air, it is needed to use the program ANSYS
Workbench performs a Finite Element Analysis (FEA) to calculate the mechanical behavior in terms of
strain and deformation of the disk, moreover, because ANSYS does not have a package for piezoelectric
analysis, it is necessary to add an extension which contains information about the material properties of
the piezoelectric material. The extension is called “Piezo and MEMS” and it is used to provide

compatibilities into ANSYS.

The goal is to match the results obtained in the laboratory with the results of the simulation. The chapter
is structured so to follow the steps of the laboratory’s analysis. Firstly, the fluid is air, and the simulation
is focused on the research of the mode shapes in modal analysis. Here the goal is to fix the boundary
conditions to find the mode shapes at the right frequencies. Secondly, a harmonic analysis is performed
to analyze the pick of the strain response, to close the analysis in the air it is fundamental to add a

rotational velocity and to study its influence on the mode shapes.

The first part is focused on fixing the boundary condition to investigate the vibration characteristics of the
structure, such as natural frequencies, damping and mode shapes, and the dynamic properties using
the modal analysis environment in ANSYS. To perform the simulation of the model in the air it is
necessary to obtain the mode shapes with their respective frequencies and the FRF to compare the with

the laboratory results.

Firstly, to get these results it is necessary to import the geometry inside the ANSYS and define the
material, for the shaft and the disk the material is used in a STAINLESS STEEL, for the patch, there are
two different materials: a piezoelectric material for the active part and a soft layer for the passive layer,

all the materials properties are described in the chapter 4.2.1. Regarding the boundary conditions, it is
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necessary to define a stiffness for the bearing, while the loads such as the piezoelectric patch are all set
to 0 because they do not influence the mode shapes inside the modal analysis, as it is possible to
observe in the equation (4 2). All the boundary conditions used in the air are illustrated in chapter 4.2.1.

For the harmonic analysis, there are the same boundary conditions as in the modal analysis, but with
the presence of an external load produced by the piezoelectric patch. Regarding the excitation induced
by the piezoelectric patch, the voltage set is 400V for the positive layer and -100V for the negative layer,
the virtual geometry of the piezoelectric patch is illustrated in Figure 21. The boundary conditions are
the same for the bearings, in addition, a damping control of 0,02 is stetted inside the ANALYSIS
SETTING.

®,

@ Piezoelectric Body

Figure 21 Virtual piezoelectric patch on the bottom of the disk
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5.1. Modal analysis simulation

From the modal analysis, the natural frequencies shown in Figure 23 are obtained using equation 3.18.
The simulation is focused on the structural response of the disk and not on the shaft, because of that in
this project are represented only the mode shapes linked with the vibration of the disk, in fact, the mode
shapes produced by the bending of the shaft and by the torsion are not visible in the figure, to be clearer

the torsional mode shape and the shaft bending are shown in Figure 22.

Figure 22 On the left the torsional mode shapes, on the right the shaft bending

Moreover, every mode shapes have an equal mode shape only rotated by a certain angle; this could be
traced back to the phenomenon called “double modes”. Regarding these double modes, all the

asymmetric modes (n # 0) are expected to have a double eigenvalue, corresponding to two orthogonal

eigenvectors with identical mode shapes but with angularity shift of % the different in the natural

frequency between a pair of asymmetric modes is generally small [42], thus to simplify the analysis it
will be treated like one mode using a mean value because due to a slight asymmetry of the disk does
not have the same value. As it is possible to observe in the picture below there are 7 mode shapes, the
labels assigned to each mode shapes consider the number of nodal diameter (ND) and nodal circle
(NC). ND and NC refer to the straight or circumferential lines where the displacement of the disk structure

remains at zero during the vibration cycle of a mode-shape, corresponding to the blue zones of the

3ND 140,88

4ND 246,78 +1ND -1NC354,29

Figure 23 The first seven mode shapes of the disk
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deformed mode shape of the figure, the red color represents the maximum deformation of the disk [29].

There are more mode shapes at higher frequencies especially mix mode shapes, but to simplify the

treatment are not analyzed in this simulation.

To summarize, seven mode shapes are represented, the nodal diameters are 1ND, 2ND, 3ND, and
4ND, the nodal circles are the ONC and the 1NC, and lastly, there is a mode shape that is a mix between
the nodal diameter and the nodal circle, and it is the +1ND-1NC.

The following Table 7 shows the mode shapes frequencies obtained in modal analysis and the ones
obtained in the laboratory with the respective errors. As possible to notice all ND modes are well detected
with errors under 5,5%, instead for the NC the errors are 28,02% for the ONC and 15,87% for the 1NC.
This difference between the ND’s error and the NC’s error could be linked to the complex behavior of
the disk that it is not influenced only by the disk but also by all the components of the supporting structure

such as bearings and bolts.

Mode shape air simulation [Hz] air laboratory [Hz] error [%]

1ND 37,5 39,82 5,83
ONC 57,3 41,24 28,02
2ND 67,3 69,12 2,63
3ND 140,78| 147,06 4,27
AND 246,2 246,47 0,11
1NC 329,34 277,05 15,88
1NCIND 354,29 292,27 17,51

Table 7 Error between the frequency in the laboratory and simulation

As aforementioned modal frequencies occur in pairs with the same values, but even if they have the
same value the angular position of the nodal lines changes. The first seven mode shapes are illustrated
in the figures below. The first mode shape is represented in Figure 24 it is characterized by the presence
of a nodal line of a nodal diameter through which the relative phase of displacement changes by about
180°, the symbols (+) and (-) indicate the position of the antinode concerning the zero-deformation
position. As it is possible to notice the +1ND and the -1ND present the same mode shape but rotated,

the maximum deformation is located at the edge of the disk, the red zone, while along the nodal line,
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there is no deformation. Figure 25 represents the mode shape ONC, it is characterized by the presence
of a nodal point in the center of the disk where it is fixed to the shaft, and the movement of the rest of
the disk is in phase. The mode shape +2ND and -2ND present four zones of maximum that are always
located on the periphery of the disk, those four points of maximum curvature have a 90° phase
displacement. Moreover, there are two nodal lines placed at 90° to each other, Figure 26. Regarding
the number of nodal lines, as expected, the number of them increases with the increasing of the value
of frequency of the natural frequency. Continuing with the analysis of the figures there is the 3ND in
Figure 27, in this mode, there are six points of maximum curvature on the circumference of the disk.
The next mode, illustrated in Figure 28, presents a nodal ring. The regions of maximum deformation are
composed of two circular rings. The last mode shape, Figure 29 is a mix of a nodal circular and a nodal
diameter, this mix gives life to a complex deformation in which is possible to find a nodal ring and a nodal

line.

Figure 24 Representation of the nodal line (red line) of the +1ND on the left and -1ND on the right

Figure 25 Representation of the nodal line of the ONC
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Figure 26 Representation of the nodal line of the -2ND on the left and +2ND on the right

Figure 27 Representation of the nodal lines (red lines) of the +3ND on the left and -3ND on the right

Figure 28 Representation of the nodal line (red circle) of the INC
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Figure 29 Representation of the nodal line (red line and red circle) of the +1ND-1NC on the left and -
1IND+1NC on the right
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For concluding the validation of the modal analysis, it is fundamental to compare the value of the
frequency and the direction of the mode shapes with the ones obtained in the laboratory. In the following
tables, the nodal lines found in the laboratory and simulation are compared. In this case, the double
modes are compared except for the 2ND. The ONC is not analyzed because its NC is a point in the
center of the disk. In the figures below, the blue zones have zero deformation, and they are the nodal
lines zone highlighted by a red line, instead, the red zones have maximum deformation and for that, they

represent the anti-node zone.

+1ND

Table 8 Comparison between the /laboratory’s nodal lines and the simulation’s nodal lines for the iND

ONC

Not available

Table 9 Comparison between the laboratory’s nodal lines and the simulation’s nodal lines for the ONC
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2ND

Table 10 Comparison between the laboratory’s nodal lines and the simulation’s nodal lines for the
2ND

+3ND

Table 11 Comparison between the laboratory’s nodal lines and the simulation’s nodal lines for the
3ND
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+4ND

Table 12 Comparison between the laboratory’s nodal lines and the simulation’s nodal lines for the
AND

INC

Table 13 Comparison between the laboratory’s nodal lines and the simulation’s nodal lines for the
INC
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+1IND-1INC

-IND-INC

Table 14 Comparison between the laboratory’s nodal lines and the simulation’s nodal lines for the
IND INC

From the comparison it is possible to notice that all nodal lines in the simulation present a rotation
compared to the laboratory ones, however, the angle between the nodal lines is not constant for every
mode shape, it decreases progressively when the frequency increases, until the last mode shape 1ND

1NC, where the nodal lines match perfectly.

The different positions of the nodal lines could relate to the difference between the virtual geometry used
during the simulation and the real geometry and also to some simplification made on the geometry as
the absence of the bolts and the bearings, moreover, this incongruence could affect also the peaks of
amplitude obtained from the harmonic simulation because the position of the strain gauges is the same
of the laboratory but the rotation of the mode shapes could create a different signal emitted by the strain

gauges a strain gauge could analyze a different signal because of its position.
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5.2. Harmonic analysis validation

For the harmonic analysis in ANSYS is necessary to use the block “Harmonic Analysis”, using the same
geometry and materials as in modal analysis. The boundary conditions used are the same as in modal
analysis, in fact, the same values of stiffness are used for the bearings. The main difference is the
addition of the piezoelectric patch defined using a “PiezoAndMems” extension. To obtain an excitation
from the patch it is necessary to define a volta for both the POSITIVE and NEGATIVE layers, in particular
-100V for the NEGATIVE layer and 400 V for the POSITIVE layer. To obtain data about the strain there
are three strain gauges and one accelerometer as in the real geometry and in the same position, it is

possible to observe the position in Figure 15.

The solution of that analysis contains a graphical solution of the frequency response and the
corresponding tabular data of the strain amplitude (m/m) and a phase angle associated with each

frequency.

To obtain information about the strain there are different ways in ANSYS, during this project three
different analyses are used equivalent (von-mises) Strain, Principal elastic strain, Normal elastic

strain, and frequency response. The equations of those analyses are explained in chapter 3.5.2

To have a better view of the deformation and the strain the following part is divided into chapters, and
every chapter will be dedicated to a single mode shape. Inside the single chapter, every sensor will be
investigated separately and at the end of the chapter, the conclusion will summarize all the results. In

order not to make the discussion too thoughtful only the first five modes shape will be analyzed.
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5.2.1. 1IND

SG2

8: Harmonic Response
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
frequency: 37,521 Hz
Sweeping Phase:0, *

Unit: m/m

19/12/2022 1529

5,4198e-5 Max
E 4821305
- 4222805
36242e5
302575
2427205
182875
o 123025
63163e-6

3,3109¢-7 Min

Equivalentvon misses stress

B: Harmonic Response

Maximum Principal Elastic Strain

Type: Maximum Principal Blastc Strain
Frequency: 37,521 Hz

Sweeping Phase: 0, *

19/12/2022 1540

3447365 Max
30644e 5
2681405
229845
19154e 5
1532405
1149405
7664406
38345 6
4,6315¢.9 Min

Maximum principal strain

Figure 30 Strain obtained for Equivalent von mises on the left and Maximum principal on the right for

IND (SG2)

SG2

4,00E-05
3,50E-05
3,00E-05
2,50E-05
2,00E-05
1,50E-05

1,00E-05

2

Strain Frequency Response [m/m]

: e
Normal Elastic Strain
Type: Normal Elastic StrainX Avis)

92
191272022 1547

126525

64153e-6
1791107
6057106

H 1888805 Max

122035
185305
2476605
3100205
3723865 Min

0°

SG2

Frequency [Hz]

8: Harmonic Response
Normal Elastic Strain 2
Type: Normal Elastic StrainZ Axis)

g245
19/1272022 15:47

1.7808e-5 Max
E Vimes
| 573806

2972167
6332406
1236805
1840305

2413805
3047305

-3,6509¢-5 Min

45°

8: Harmonic Response
Normal Elastc Strain 3

Type: Normal Elastic StrainX Axis)
Frequency. 37521 Hz

Sweeping Phase: 0,*

Uit m/m

5245
191272022 1547

1748805 Max
b 1115605
2823106
= 1509406
784206
1417405
2050705
268405
3317205
-3,95050-5 Min

-45°

Figure 31 Comparison between the Normal elastic Strain for the three directions of SG2 for the 1ND

ain
" > \’
v '@. v
Rl

ETSEIB



Numerical simulation of the structural response of a simple submerged structure Pag. 67

SG3

SG3
_ 2,00E-05
£
£
E
% 150605
2
§
a
& 1,00E-05
g
g
H
g 5,006-06
=
w
5 0,00E400
34 35 36 37 38 E 20

Frequency [Hz]

€ Harmonic

Normal Elasi Strain

Type: Nommal Elastc StrainZ Axis)
Frequency. 375 He

Sweeping Phase: 0,
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h 172022 1036
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B vowes
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0°

0100

C: Harmoni Response
Normal Elstic Strain 2
Type:Nommal Basic S A
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o
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15212e5
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-45°

Figure 32 Comparison between the Normal elastic Strain for the three directions of SG3 for the 1ND

SG4

SG4
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Figure 33 Comparison between the Normal elastic Strain for the three directions of SG4 for the 1ND
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ACCELEROMETER

Figure 34 Peak of the strain on the left and the normal strain on the right

accellerometer

Freuency [Hz]

201272022 1241

o 4,1995¢-5 Max
3333565

Bl 2a675es
1601505
735506

13042¢.6
996406

=
+3.5943¢-5 Min

CONCLUSION
1IND 0°
maximum minimum

Sg2 1,88e-5 -3,72e-5
Sg3 2,49e-5 -4,63e-5
Sg4 2,28e-5 4,435
1ND 45°

Sg2 1.78e-5 -3,65e-5
Sg3 2,26e-5 -4,87e-5
Sg4 1,78e-5 -4,02e-5
IND -45°

Sg2 1,74e-5 -3,95e-5
Sg3 2,24e-5 44465
Sg4 1,72e-5 -3,41e-5

Table 15 Comparison between maximum e minimum value obtained by the normal strain for the three

directions of SG1, SG2, and SG3.
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The 1IND is the first mode shape at the lowest frequency, it is characterized by a single node line and
two antinodes.

All the strain gauges present a peak of strain for the 1ND at 37,52 Hz which means the correct analysis
was performed in modal acoustic. Regarding the Equivalent Strain and maximum strain, in Figure 30, it
is clear that the maximum strain is located in the anti-node points of the 1ND as it must be.

The Normal elastic strain shows different values of strain following the direction of the strain gauges, the
values are summarized in Table 15. The results confirm the strain frequency response, in fact, in every
strain gauge the trend of the strain frequency response confirms the results of the normal strain, for
example looking at the SG2 in Figure 31 the maximum strain is expressed by the 0°, and the minimum
value is by -45° as it is the trend of the curves. The presence of the mode shape is also confirmed by

the accelerometer which shows a flat curve and a peak at 37,52 Hz.
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5.2.2. ONC

B: Harmenic Response

Maximum Principal Elastic Strain
Type: Mairmum Principal Elastic Strain
Frequency: 57428 H

Sweeping Phase: 0,*
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Equivalent von misses strain

Figure 35 Strain obtained for Equivalent von mises on the right and Maximum principal on the left for

ONC

SG2
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Figure 36 Comparison between the Normal elastic Strain for the three directions of SG2 for the ONC

ain
[l ]
po&-q
.\';x.'&.

ETSEIB



Numerical simulation of the structural response of a simple submerged structure Pég. 71

SG3
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Figure 37 Comparison between the Normal elastic Strain for the three directions of SG3 for the ONC
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Figure 38 Comparison between the Normal elastic Strain for the three directions of SG4 for the ONC
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ACCELEROMETER

126775

g s
319280 6
B 15anes

6201406
g o
<1,57760-5 Min

Figure 39 Peak of the strain on the left and the normal strain on the right

acceller

ometer

56

Freuency [Hz]

T

CONCLUSION
ONC 0°
maximum minimum

Sg2 3,1e-5 -3,1e-5
Sg3 3,1le-5 -3,1e-5
Sg4 3,0e-5 -3,2e-5

ONC 45°
Sg2 2,3e-5 -3,0e-5
Sg3 2,3e-5 -3,0e-5
Sg4 1,7e-5 -3,5e-5

ONC -45°
Sg2 2,1e-5 -3,4e-5
Sg3 3,1le-5 -3,4e-5
Sg4 2,8e-5 -2,9e-5

Table 16 Comparison between maximum e minimum value obtained by the normal strain for the three

directions of the SG1, SG2, and SG3.
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The ONC is the second mode shape and the first of the ONC mode shape group. All the strain gauges
and the accelerometer present a peak of the amplitude at 57,2 Hz that confirms the presence of a natural
frequency for that value. Regarding the Equivalent Strain and maximum strain, Figure 35, shows the
presence of a maximum strain near the shaft where this mode shape presents the minimum deformation
and the lowest strain on the edge of the disk. Looking at the zone where the maximum strain is
concentrated and at the zone where the minimum strain is located it is clear that the mode shape is a
ONC.

The Normal elastic strain shows different values of strain in accordance with the direction of the strain
gauges, the values are summarized in Table 16. Looking at SG2 and SG3 it is possible to notice that
they present the same values of strain along all three directions, which confirms the presence of this
mode shape that has no nodal lines the values are similar because the strain is almost the same along
the disk. The results confirm the strain frequency response, in fact, in every strain gauge the trend of the
strain frequency response confirms the results of the normal strain, for example looking at the SG2 in
Figure 36 the maximum strain is expressed by the 0°, and the minimum value is by -45° as it is the trend

of the curves, even if the difference between the three directions is less intense than the 1ND.
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5.2.3.

3 Response
Equivalent Elastic Strain
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Figure 40 Strain obtained for Equivalent von mises on the left and Maximum principal on the right for

2ND
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Figure 42 Comparison between the Normal elastic Strain for the three directions of SG3 for the 2ND
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Figure 43 Comparison between the Normal elastic Strain for the three directions of SG4 for the 2ND
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Figure 44 Peak in the strain frequency response on the top and normal strain along the orthogonal

direction on the bottom

CONCLUSION
2ND 0°
maximum minimum
Sg2 3,8e-5 -2,8e-5
Sg3 3,8e-5 -2,8e-5
Sg4 3,6e-5 -2,8e-5
2ND 45°
Sg2 2,3e-5 -3,0e-5
Sg3 2,9e-5 -2,9e-5
Sg4 2,5e-5 -2,9e-5
2ND -45°
Sg2 2,6e-5 -2,8e-5
Sg3 2,6e-5 -2,8e-5
Sg4 3,6e-5 -3,2e-5

Table 17 Comparison between maximum e minimum value obtained by the normal strain for the three

directions of SG1, SG2, and SG3.
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The 2ND is the second mode shape, it is characterized by two node lines and four antinodes.

All the strain gauges present a peak of strain for the 2ND at 67,39 Hz which means the correct analysis
performed in modal acoustic and the correct position of the sensors that can detect the mode shape,
regarding this even if all the sensors detect the mode shape the signal emitted by the accelerometer is
less intense than the strain gauges, that means that the position of the accelerometer is near a nodal
line. Regarding the Equivalent Strain and maximum strain, Figure 40, it is difficult to have clear
information because the strain creates by the piezoelectric patch is higher than the strain produced by
the deformation of the disk, however, from the equivalent strain it is possible to notice a strain zone that
is similar to the deformation created by the mode shape.

Once again, the Normal elastic strain shows different values of strain according to the direction of the
strain gauges, the values are summarized in Table 17. The results confirm the strain frequency
response, in fact, in every strain gauge the trend of the strain frequency response confirms the results
of the normal strain, looking at the SG4 in Figure 44, the maximum strain is expressed by the 0° and by
the 45°, and the minimum value is by -45° as it is the trend of the curves, the situation changes for the
SG3 where the maximum strain is expressed by 45° and -45° and the lower strain is shown by the 0°,
Figure 43.
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5.2.4. 3ND

8: Harmonic Response
Equivalent Elastic Strain

Type: Equivalent Elastic Strain
Frequency: 140.78 Hz
Sweeping Phase: 0,*

291272022 2002

4,5597¢-5 Max
36936¢5
28276e-5
19615¢-5
10954¢ 5
2.2932e-6
17633¢6
123336
7,0338e-7
1,73440-7 Min

Equivalentvon misses stress

B: Harmonic

Maximum Principal Elastic Strain

Type: Maximun Principal Elastic Strain
Frequency: 14078 Hz

Sweeping Phase: 0, *

Unit: m/m

291272022 2003

3412365 Max
274745
2,0826e-5
14177e5
7.5288¢-6
8,8024e-7
652551
4248607
1971767
-3,0518¢-8 Min

B

Maximum principal strain

Figure 45 Strain obtained for Equivalent von mises on the left and Maximum principal on the right for

3ND
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Figure 46 Comparison between the Normal elastic Strain for the three directions of SG2 for the 3ND
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Figure 47 Comparison between the Normal elastic Strain for the three directions of SG3 for the 3ND
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Figure 48 Comparison between the Normal elastic Strain for the three directions of SG4 for the 3ND
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ACCELEROMETER
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Figure 49 Peak in the strain frequency response on the top and normal strain along the orthogonal
direction on the bottom

CONCLUSION
3ND 0°
maximum minimum

Sg2 2,0e-5 -3,4e-5
sg3 2,0e-5 -3,4e-5
sg4 3,0e-5 -3,1e-5

3ND 45°
Sg2 2,4e-5 -2,9e-5
Sg3 2,4e-5 -2,9e-5
Sg4 1,7e-5 -3,6e-5

3ND -45°
Sg2 2,1e-5 -3,5e-5
Sg3 2,1e-5 -3,5e-5
Sg4 2,8e-5 -3,2e-5

Table 18 Comparison between maximum e minimum value obtained by the normal strain for the three
directions of the SG1, SG2, SG3.
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The 3ND is the third mode shape and looking at the value of the strain it is clear that the values of the
strain are lower than the ones of the 2ND higher is the frequency and lower the movement of the disk,
despite this fact, all the strain gauges and the accelerometer present a peak of the amplitude at 140,78
Hz that confirm the presence of a natural frequency for that value, the main difference is that the strain
gauges show a higher amplitude than the accelerometer. Regarding the Equivalent Strain and maximum
strain, Figure 45, shows the presence of a maximum strain where the patch is located, which means
that the strain produced by the patch overlooked the strain produced by the movement of the disk, thus

the analysis of the equivalent strain and maximum strain is difficult to interpret.

The Normal elastic strain shows different values of strain according to the direction of the strain gauges,
the values are summarized in Table 18, the main thing of note is that in every strain gauge, there is a
direction where the peak is not clear, the reason could be due to the position and the direction of analysis,

in fact, this mode shape presents three nodal lines that could affect the position of the strain gauge.
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5.2.5. 4ND
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Figure 51 Comparison between the Normal elastic Strain for the three directions of SG2 for the 4ND
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Figure 52 Comparison between the Normal elastic Strain for the three directions of SG3 for the 4ND
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Figure 53 Comparison between the Normal elastic Strain for the three directions of SG3 for the 4ND

ain
TR \’
~), 'I‘ 'I,l'a

ETSEIB



Numerical simulation of the structural response of a simple submerged structure Pég. 84

ACCELEROMETER
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e
»
,52780-5
1146706
356396
8274806
“1.2985¢-5 Min

Figure 54 Peak in the strain frequency response on the top and normal strain along the orthogonal
direction on the bottom

CONCLUSION

4ND 0°

maximum minimum
Sg2 3,19e-5 -3,14e-5
Sg3 3,19e-5 -3,14e-5
Sg4 3,04e-5 -3,23e-5
4ND 45°
Sg2 2,38e-5 -3,05e-5
Sg3 2,38e-5 -3,05e-5
Sg4 1,79e-5 -3,56e-5
4° -45°
Sg2 2,16e-5 -3,45e-5
Sg3 3,16e-5 -3,45e-5
Sg4 2,84e-5 -2,98e-5

Table 19 Comparison between maximum e minimum value obtained by the normal strain for the three
directions of the SG1, SG2, SG3.
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The 4ND is the last mode shape of the first seven mode shapes that belongs to the ND shape group.
Analyzing the maximum value it is clear that the amplitude is lower than the 1ND, this fact creates some
problems for the strain gauges, in fact from the strain frequency response it is not clear the presence of
a peak at 246,47Hz if not for the SG3 in 0° direction, looking at the SG2 and SG4 they present a flat
curve except for a slight increase around 246 Hz for all the three directions, those results don’t give
enough information to declare the presence of a mode shape, but the accelerometer presents a peak
for the 4ND that permits to confirm the presence of a natural frequency, although with low amplitude to
the mode shape. Therefore, in this case, the position of the strain gauges is not optimized to detect the
4AND due to the low movement of the disk, the accelerometer has a good position, and it can detect it.
Also, the Equivalent Strain and Maximum strain, Figure 50, show the presence of a difficult analyze the
strain of this mode, is clear the presence of a spot with a higher value, this spot is characterized by the
presence of the patch whose movement prevails over the movement of the disk, for this reason, those

simulations give results difficult to comment.

Regarding the Normal elastic strain, the situation is similar to what happened for the Equivalent Strain,
it shows almost the same values of strain for all the strain gauges, and the values are summarized in
Table 19.
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5.2.6. Strain Frequency Response

The following part of the project is focused on the signal emitted by the strain gauges, to find if there is
a similarity between the laboratory’s signal and the simulation’s signal. The object is to find the peaks of

the mode shapes and analyze the trend of the signal.

The signal obtained by the harmonic analysis and by the test is in the form of Strain Frequency Response
(SFR). The SFR is a method used to measure and analyze the dynamic behavior of a material or
structure under varying frequency excitation. It is similar to the frequency response function (FRF), but
instead of measuring the response of a system in terms of displacement or velocity, it measures the
response in terms of strain. The SFR can be determined experimentally using techniques such as strain
gauge testing or dynamic mechanical analysis (DMA), where a strain gauge or other transducer is used
to measure the strain in a material or structure as a function of frequency. The SFR can also be
determined theoretically using finite element analysis (FEA) or other numerical methods. The equation
of the SFR depends on the method used to measure the strain in a material or structure, as in the case

of the project using a strain gauge the SFR can be represented by the equation:

>
~

SFR(jw) = 7

5.1

p-
jw)
A

Where, SFR(jw) is the strain frequency response, which is the ratio of the change in resistance AR to
the initial resistance R of the strain gauge, F (jw) is the input force, A is the cross-sectional area of the

gauge, w is the angular frequency and j is the imaginary unit.

Another possibility is the following equation:

SFR(jw) = tan(8) * eU*® 5.2

Where SFR(jw) is the complex modulus, § is the loss angle, ¢ is the phase angle and w is the angular

frequency and j is the imaginary unit.

Before starting to look at the graph it is important to summarize the information find until now, firstly,
between the nodal lines found in the laboratory and the nodal lines found in the simulation there is a
discrepancy, this could affect the signal in the simulation because the strain gauge will receive different

excitation than the ones in the laboratory.
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Secondly, there is an error between the frequencies found in the laboratory and the simulation, which
means that the peaks will be not at the same frequency.

The following graph is divided into three groups based on the frequency range 20-80 Hz, 120-170Hz
and 230-300 Hz, there are some holes between the groups because to obtain more accuracy in the
signal the frequency where there are no peaks are ignored, in fact in the harmonic analysis to obtain the
SFR is necessary to define a range and several points where the SFR is analyzed, but higher is the
number of points and higher will be the time to solve the simulation, thus to obtain a good accuracy but
with lower time it is necessary to reduce the range of frequency. The sensors used to perfume this
simulation are always the strain gauges 2, 3, 4, and the accelerometer.

To compare the simulation with the laboratory results was necessary to extract the data, and for doing
this used the program LabVIEW. The chirp signal has been tested when the structure was in the air, the
FFT has been analyzed using the program LabVIEW which stores the data in a Technical Data
Management Streaming (TDMS) file. Regarding the FFT, it is an algorithm used to perform a
mathematical operation called a Fourier transformation, which is a mathematical technique that can be
used to decompose a signal into its frequency components. The FFT algorithm takes a discrete signal
as input, such as time series of measurements, and converts it into a representation in the frequency
domain, this representation shows the relative amplitudes of the different frequency components present
in the signal. LabVIEW has been set up to read the file TDSM and to perform the FFT which is the
spectrum of the signals obtained to find the peaks and the amplitude.

Amplitude

0,01+

Olml T 1 1 1 1 U 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Frequency (Hz)

Figure 55 FFT of the strain obtained from the chirp 0-100 Hz in air

The illustration is very easy, there are two axis Amplitude and Frequency, as it is possible to notice that
around a natural frequency, there is an increase in the amplitude. The LabView analysis has been
performed for three ranges 0-100 Hz, 100-200 Hz, and 200-300 Hz, and the SFR was obtained.
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Regarding the simulation, the harmonic analysis is the way to obtain the SFR for three different ranges:
20-80Hz, 120-170Hz, and 230-300Hz. For each range, it was used 400 points to reach a good accuracy

in the curves and the peaks.

The following part will present a comparison between the SFR in simulation and laboratory, the curves
present a lot of peaks because the system analyzed is complex and in addition to the mode shapes of

the disk there are also the mode shapes of the shaft that are present in the curves.

In this graph, only the IND, ONC, 2ND, 3ND, and 4ND are analyzed to simplify the treatment. Regarding
the nomenclature it is necessary to clarify: the SG2, SG3, and SG4 are the strain gauges of the model
while in the simulation the sg1,sg2, and sg3 are the three directions at -45°, 0° and 45° of the strain
gauges corresponding to the SG2 in simulation; the sg4, sg5, and sg6 are the three direction at -45°, 0°
and 45° of the strain gauges corresponding to the SG3 in simulation, and lastly the sg7, sg8 and sg9

are the three direction at -45°, 0° and 45° of the strain gauges corresponding to the SG4 in simulation.

20-80 Hz

SG 220-80Hz

1IND 39,82 IND 69,12
ONC41,24 .

Figure 56 Strain gauges signal from laboratory and simulation for SG2
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Figure 57 Strain gauges signal from laboratory and simulation for accelerometer

The first range of frequency goes from 20 to 80 Hz, for the SFR obtained by the strain gauges, it is
possible to notice a well-correlation between the laboratory and simulation, for the 1ND the signal emitted
by the strain gauge at 45° In simulation is above the one at -45° as in the laboratory, instead for the 2ND
there is an inversion as in the laboratory, also the ONC is similar but due to of the huge error in the
frequency value, they are very far away.

The signal emitted by the SG3 it is very similar to the SG2, and it presents a good correlation with the
laboratory curves trend. To lighten the content, the graph of the SG3 and SG4 are in Appendix D.

The signal from the accelerometer is clearer without all the fluctuations present in the strain gauges, it

confirms the presence of the peaks for the 1ND, 1NC, and 2ND and a good representation of reality.

From the analysis of the first range of frequency, it is possible to confirm that the model in the air is well-
matched with the laboratory test the peaks of the amplitude are the same as the laboratory SFR, which
confirms the presence of the mode shapes found in the modal analysis and the other of the natural
frequency. Moreover, the trend of the curves for the strain gauges is the same in the laboratory and
simulation, which means that the simulation is correct and that strain gauges can detect the same signal

confirming the correct positioning for the detection of these mode shapes.
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Figure 58 Strain gauges signal from laboratory and simulation for SG3

SG4120-170Hz

3ND 147,07

——0°/g8 (smulation)

(simustion)
Bsboratory)
3ND 140,78

(iBboratory)

—— sg7/-45* (1zboratory)

120 125 130 135 140 145 150 155 160 165 170

Frequency [Hz]

Figure 59 Strain gauges signal from laboratory and simulation for accelerometer

In the second range which goes from 120-170 Hz, it is possible to analyze only SG3 and SG4 because

there was too much noise in the laboratory’s data, moreover, in this range, there is only one mode shape.

For the SG3 the signal is well-correlated with the laboratory, in fact, for the peak, the 45° signal is above
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the 0° signal as in the laboratory. The main problem is that the signal in the simulation is almost flat,
making it difficult to see the peak that is instead very clear in the SFR of the test.

As in SG3, for the SG4 there is a very low peak while in the laboratory the peak is clear Figure 59, so it
is difficult to have a clear analysis for these strain gauges. These flat curves are probably related to the
fact that the positions of the strain gauges are not correct to detect this mode shape that presents many
nodal lines. Another problem is the noise of the laboratory results the accelerometer and the SG2 are

not considered because the signal is too noisy.

230-300 Hz

$G2 230-300 Hz

4ND 246,47

Frequency [Hz]

Figure 60 Strain gauges signal from laboratory and simulation for SG2
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Figure 61 Strain gauges signal from laboratory and simulation for accelerometer
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The final range goes from 230-300 Hz, in this case, the noise is reduced and for this reason, it is possible
to analyze all the sensors, the problem is the same as the previous range, in fact also, in this case, the
3ND in not well-detected by the strain gauges and it is difficult to analyze it, however, the signal from the

accelerometer is clearer and it is possible to notice the presence of a peak at the frequency of the 4ND.

To conclude this part of the project and summarize the results, the signals from the laboratory and
simulation are very similar in all the mode shapes. As aspected the peaks are not in the same positions
due to the presence of errors between the laboratory’s frequencies and the simulation’s frequencies.
Moreover, because there is a different angular position between the nodal lines found in the simulation
and tho ones found in the laboratory there is an effect on the position of the strain gauges, this effect
creates a no well-detected signal for the 3ND and 4ND because the strain gauge is in a zone where the

strain is low, probably they are on a nodal line.

Finally, this part concludes the validation of the model in the air without the rotation, all the experiments
carried out gave good results that matched with the experimental ones. It is possible to end up
concluding that the behavior in the air is similar to the experimental data, so it is possible to confirm that
the model can reproduce the structural response of the disk.

However, the location of the strain gauges affects the signal obtained, in fact, in some cases, it may not

produce any peak in the strain response.
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Influence of the rotation

The previous simulation has been performed in the air but without the influence of a rotational velocity,

this part of the project aims to add a rotational velocity to analyze its impact of it on the mode shapes.

To check the rotational effect, during the experiments in the laboratory was added a rotational velocity
for different values to analyze the dynamic response of the system in terms of changing the frequency
of mode shapes. The experiment was carried out at 50 rpm, 100 rpm, 150 rpm, 200 rpm, 250 rpm, and
300 rpm. The duration of the chirp excitations is 120 seconds for each rotating speed using three different
ranges of frequencies: 0-100 Hz, 100-200Hz, and 200-300Hz. To extract the signal and value of the
frequency for the mode shapes LabVIEW is used. Figure 62 is shown the temporal signal of the
accelerometer for 0 rpm, 100 rpm, and 200 rpm, it is clear that with the increasing of the velocity, there

is a variation of the frequency, in this case, a drop.

0 rpm :i: 100 rpm

Amptude

Ampldude

Amplitude

Figure 62 Temporal signal of the accelerometer for 0 rpm, 100 rpm and 200 rpm

From a theoretical approach, the rotational velocity must influence the natural frequencies of the disk, in
particular, a forward mode increases the natural frequency instead a backward mode decreases the
natural frequencies for each mode, remembering that every mode presents two modes with the same
value and each one undergoes the same influence. In the figures below the (+) is the forward mode that
increases the value with the increasing of the velocity while the (-) in the backward mode decreases the
value. From the previous analysis in LabVIEW, it is possible to confirm that the rotation affects the

frequency at least in the laboratory.
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As aforementioned, to compare the laboratory test and the simulation it is necessary to add a rotational

velocity inside the corresponding tool in Ansys and define the component of the rotational velocity for
each value.

The values of the frequency obtained for each mode shapes are compared in the figures below.
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Figure 63 Influence of the rotation on the frequency in laboratory and in simulation for the IND
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Figure 64 Influence of the rotation on the frequency in the laboratory and simulation for the 2ND
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Figure 65 Influence of the rotation on the frequency in the laboratory and simulation for the 3ND
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Figure 66 Influence of the rotation on the frequency in the laboratory and simulation for the 4ND

As itis possible to notice from the previous graph the rotational velocity has an influence on the frequency
both in the laboratory and in the simulation, moreover the trend lines in the laboratory and simulation are

similar, in fact, we have the same growth of the frequency with the increasing of the velocity, except form
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some fluctuation in laboratory’s data. This effect is given by the fact that the rotation generates a
centrifugal force field whose net effect is an apparent increase in stiffness causing in turn an increase of
the natural frequency with speed.

In particular, the higher the frequency and the more accurate the simulation and the correlation with the
test results the 4ND shows the same evolution both for simulation and laboratory. The effect is the same

both for a forward mode and for a backward mode.

An interesting phenomenon is that the increasing or decreasing of the frequency is higher at a higher

speed with a linear trend. This phenomenon indicates that disk stiffening is more significant at higher

speeds.
LABORATORY SIMULATION
DIFFERENCE DIFFERENCE

Orpm | 300rpm | [%] ORPM | 300RPM | [%]
IND 39,82 44,37 4,55 37,5 39,06 1,56
2ND 69,12 78,52 9,4 67,3 78,39 11,09
3ND 147,06 | 161,71 14,65 140,78 | 156,62 15,84
4ND 246,47 | 265,13 18,66 246,78 | 266,64 19,86

Table 20 Increasing the frequency from 0 rpm to 300 rpm

As possible to observe in Table 20, the increase of the frequencies is higher when higher is the natural
frequencies, which means that the effect of the velocity is much more intense at high frequencies.
Moreover, except for the 1IND, the other mode shapes present almost the same increase both for

laboratory and simulation.

This part concludes all the experiments on the disk in air, the model is well-modeled, and it can detect
all the frequencies as in the laboratory, moreover, the influence of the rotation has the same effect both
in the laboratory and in simulation, with the same linear increase. To conclude this part, it is confirmed

that the simulation of the model is in the air without and with the rotation.

In the next step, water is added to analyze its effect on the frequency and mode shapes.
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6. SIMULATION IN WATER

The model has been simulated in air, now the project is focused on the effect of the water on the natural
frequencies and the mode shapes. The water must theoretically have an effect due to the added mass
effect explained in chapter 3.4. To sum up, the added mass effect is a phenomenon that occurs when a
fluid is in contact with a vibrating structure, the effect is that the structure behaves as if it has a larger
mass than it does due to the presence of the fluid. This additional “added mass” results from the inertia

of the fluid that is in motion relative to the structure.

To calculate the effect of the water it is necessary to add a tank full of water in which the disk is
submerged for 20 cm under the free surface of the liquid. The dimensions of the tank are 600 mm in
height and an internal diameter of 488 mm. The main structure remains the same as in the air and the
sensors are in the same positions, the only difference is that the piezoelectric patch needs to be insulated
from the water. Regarding the accelerometer and the strain gauges, both are designed to work

submerged.

Once added the tank is sure that the model is the same as the one without the tank a fluid air is assigned
to the surrounding acoustic elements and using the same boundary condition as in air are defined. The

natural frequencies that are found are illustrated in the following table:

Mode shape (air) Modal analysis Modal acoustic error
IND 37,5 37,364 0,3%
ONC 57,3 56,751 0,95%
2ND 67,3 67,012 0,3%
3ND 140,78 140,44 0,24%
4AND 246,2 246,17 0,012%
INC 329,34 325,89 1%
+1ND-1INC 354,29 351,31 0,84%

Table 21 Comparison between the natural frequencies found in air (modal analysis) or with
surrounding water (modal acoustic).

As it is possible to notice from the table, the natural frequencies of the mode shapes are the same in

modal acoustic and modal analysis, which confirms that the acoustic-structural model is correct.
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This analysis was performed to correlate the results found with the model in the air with the new model
in water, but for matching the laboratory results in water with the simulation it is necessary to define new
boundary conditions because the condition, such as the position of the bearings, are changed compared

with the ones in the air, the new parameters defined are described in chapter 4.2.2.

As aforementioned, the disk is submerged for 20cm under the water, and the resulting FRF extract from
LabVIEW is performed for different ranges of frequency 100-200Hz and 200-300 Hz applying a chirp
voltage with a maximum amplitude ranging that goes from 400V to -100V. In this case, is used the FRF
because the signal is clearer than the FFT, the FRF is defined as the ratio of the complex output
amplitude to the complex input amplitude for a steady-state sinusoidal input, for obtaining the SFR has
to be normalized considering the input voltage of the system (V) in the frequency domain. The equation

of the FRF is the following one:

Amplitudessyqinre’ *FHSestrain 6.1
Jj*Phaseyoitage '

FRF = Magnitude x e/*Phase=

Amplitudeyoitage*e

The results are presented in Figure 67 and Figure 68 where it is possible to compare the signal
obtained from the accelerometer and strain gauges. It is clear in this case that the strain gauge is more
accurate being able to detect all the mode shapes inside the range 0-100Hz, instead, the accelerometer
does not detect the mode shapes. The accelerometer shows two peaks determined by the noise of the

signal; they are not mode shapes.

Frequency(Hz)

Figure 67 FFT obtained for the SG8 (real geometry) in water
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Figure 68 FFT obtained for the accelerometer (real geometry) in water

Collecting the data using the chirp signals of different frequencies, the natural frequencies for the
experimental test are obtained and compared with the simulation results. During the next steps, the
simulation is performed using modal acoustic analysis to find the mode shapes and the natural

frequencies and harmonic acoustic analysis to obtain the strain frequency response.

To highlight the drop of the frequency from air to water and to quantify the added mass effect induced by the
water it is calculated the FRR, that is the percentage of frequency reduction from air to water, the equation is the
following one where f is the value of the natural frequency :

FRR — fair—fwater * 100 6 2

air

The results for the first seven mode shapes in the simulation are listed in the following Table 22, it is presented
arange of FRR that goes from a minimum of 47,42% to a maximum of 70,66%. Regarding the FRR it is possible
to notice that it decreases as the number of the nodal diameters increases, this phenomenon is produced
because the deformation of the mode shapes moves less water than before, in fact increasing the frequency the
deformation of the disk is less intense than the first mode shapes. Moreover, the FRR in the NC is higher than
the ND, for example, the FRR of the ONC is the highest while the FRR of the INC is higher than the FRR of the
4ND, which could be related to the fact that the added masse effect affects the most the NC mode shapes due

to a higher axial movement of the disk.
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Mode Shape AIR_Laboratory [Hz] \WATER_Laboratory [Hz] FRR [Hz]

1ND 39,82 13,1) 67,10%
ONC 41,24 12,1 70,66%)
2ND 69,12 22,04 68,11%)
3ND 147,06 51,77 64,80%)
4ND 246,47 128,85 47,72%)
1NC 277,05 136,82 50,62%
1NCIND 292,27 122,60 58,05%

Table 22 FRR from laboratory results between air and water
D o &
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6.1. Modal acoustic

Like the first step performed in the air, it is necessary to determine the natural frequencies of the system
and the corresponding mode shapes. In this case, the problem is the presence of water which calls for
the definition of a fluid zone to take the water into account in the simulation. From a theoretical approach,

a drop in the frequencies must be found due to the AVMI.

As in the simulation in the air, the mode shapes produced by the torsion and by the bending of the shaft are not
considered to focus the analysis on the structural response of the disk, moreover, only the first seven mode
shapes are analyzed to reduce the time of analysis. As in the air, every mode shape is composed of two identical

mode shapes but with an angularity shift of % to simplify the analysis they will be treated like one mode

using a mean value.

The mode shapes obtained, and the corresponding frequencies are in the following figure:

3ND 56,09

4ND 105,01

Figure

The first seven mode shapes illustrated in Figure 69 are in order from the first to the sixth from top to bottom:
1ND,1INC, 2ND, 3ND, 4ND, INC1ND. The table below it is compared the frequency measured in the laboratory
and the frequency obtained in the simulation and it also calculated the differences between these two frequencies.
The differences are around 10% for the ONC and 2ND, while for the IND, 3ND, and IND1NC it is under 10%
which means that they are well-modeled by the simulation, while the differences for the 4ND and 1NC in bigger
than 20%. Regarding this huge deviation probably it is linked to the fact that the boundary conditions defined are
correct for the mode shapes whose error is under 10% but not for these two modes, in fact probably because the

distance between the bearings and the disk has been changed during the test compared with the one in air. This
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new configuration in the test could not match exactly the new boundary conditions that are fixed. Moreover, the
complex pattern of vibration belonging to the disk could affect the value of the deviation.

mode shape Simulaiton [Hz] Laboratory [Hz] ERROR [%]

1ND 12,97 13,1 0,99%
ONC 13,628 124 11,21%
2ND 24,533 22,0444, 10,14%
3ND 56,093 51,77 7,71%
AND 105,01 128,85 18,50%
1NcC 111,33 136,82 18,63%
INCIND 128,45 122,60 4,55%|

Table 23 Comparison between the natural frequencies in laboratory and in simulation

To emphasize the low deviation obtained and the similarity of the trends, a graph was created in which the natural

frequencies are compared as the mode shape increases. The mode shapes are in order as in Table 23 :
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Figure 70 Trends of natural frequencies in water obtained in laboratory and simulation where 1ND
is the 1, ONC is the number 2 and so on, the INC1ND is the last (number 7).
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6.2. Harmonic analysis

To obtain the frequency response of the strain gauges when the structure is submerged in water, the
Ansys’s environment that must be used is the Acoustic Harmonic Analysis. The governing equation is

the 3. 33, where is considered the presence of the water.

The curves are illustrated in Figure 71 for the range 0-100 Hz and Figure 72 for the range 100-200
Hz, in these figures are shown the strain frequency response for the SG2, while the graphs of the other
strain gauges are in the Appendix D.

From the graphs is clear that the strain gauge can detect all the peaks corresponding to the natural
frequencies found in modal acoustic and all the directions show the same amplitude. There are more
peaks that the natural frequencies of the disk because in addition to the disk mode shapes there are
also the torsional mode and the node related to the bending of the shaft that are not analyzed in this
project. Additionally, the IND and the ONC are very near in fact the strain gauge is not able to separate
the peaks, the signal of the 4ND is lower than the other peaks. The signals obtained from the other SG
is similar to the one obtained from the SG2.

RANGE 0-100Hz

ONC

2ND

Figure 71 Peaks of the amplitude for the SG2 in the range of frequency 0-100Hz
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RANGE 100-200Hz

INC SG2

Strain Frequency Response [m/m]
2

Frequency [Hz]

Figure 72 Peaks of the amplitude for the SG2 in the range of frequency 0-100Hz
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7. COMPARISON BETWEEN THE STRUCTURAL
RESPONSE IN AIR AND WATER

In the following chapter, the results collected from the simulation in air and water are compared there
must be a difference between these two simulations, in particular, the natural frequencies in water
must be decreased due to the added mass effect.

Figure

Firstly,

To highlight the drop of the frequency from air to water and in order to quantify the added mass effect induced by
the water in the following Table 24 itis calculated the FRR, that is the percentage of frequency reduction from air
t
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For the first seven mode shapes in the simulation, we have a range of FRR that goes from 57,35% to 76,22%.
Regarding the FRR it is possible to notice that the percentage of drop decreases when the number of the nodal
diameters increases, this phenomenon is produced because the deformation of the mode shapes moves less
water than before, in fact increasing the frequency of the deformation of the disk is less intense than the first mode

shapes.

In addition, the column WATER_THEORETIC in Table 24, presents the calculation of frequencies in water with
the FRR of the simulation but starting from the air frequencies of the laboratory, this was done to highlight the
difference between the simulation and test, in particular, to find what should have happened in the tests with the

values of the FRR in simulation.

Comparison between airand water

air [Hz]  |water[Hz] [FRR[%] AIR Laboratory[Hz]  [WATER THEORIC [Hz] _ |WATER Laboratory [Hz] FRR[%] |ERROR [%]
1ND 37,5 12,97 65,41% 39,82 13,77 13,1] 67,10% 0,99%
ONC 57,3| 13,628 76,22% 41,24 9,81 12,1 70,66% 11,21%
2ND 67,3 24,533 63,55% 69,12 25,20 22,04 68,11% 10,14%
3ND 140,78 56,09 60,16% 147,06 58,59 51,77| 64,80% 7,70%
4ND 246,2| 105,01] 57,35% 246,47 105,13 128,85 47,72% 18,50%
1NC 329,34 111,33 66,20% 277,05 93,65 136,82| 50,62% 18,63%
INCIND| 354,29 128,45 63,74% 292,27 105,96 122,60 58,05% 4,56%

Table 24 Comparison between the frequency in air in water

From the previous results, it is clear that the mode shapes have not undergone a change from water except for
the ONC. The FRR represents the effect of the AVMI on the modal response of the disk, to compare the trend of
FRR in simulation and laboratory is useful to use some graphs, in fact using the graphs it is possible to observe
the trends of the natural frequencies obtained in the laboratory and simulation, and comparing them to investigate
the similarities. The Figures below (Figure 75, Figure 74, Figure 76) is presented the comparison between
the drop of the frequency in the laboratory and simulation, and the last picture has analyzed the trend of the

average of the FRR both in the laboratory and in simulation.
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From the first two pictures, it is clear that the trend is similar except for the error already analyzed there is a
widening of the curves when the number of the mode shapes increases, which could be in contrast with what
was said before but looking at the last figure it is possible to notice that the trend of both tendency lines tends to
decrease and move toward an asymptote at a higher number of mode shape, in fact looking at the NC group and
ND group separately it is possible to notice that when the frequency increases the FRR decreases because the
movement of the disk is less intense and is moved less water. These results confirm that when the frequency

increases the effect of the added mass is less intense in percentage terms.
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Figure 75 Trend lines of the frequency in air and in water for the simulation test

LABORATORY

Mode shape

Figure 74 Trend lines of the frequency in air and in water for the laboratory test
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Figure 76 Trend of FRR for both simulation and test

The effect of the water is not only decreasing the natural frequencies but has also an influence on the distance
that decreases between different natural frequencies, in fact in the air for the laboratory the first mode shape is at
39,82 Hz and the last is at 292,27 Hz with a difference of 252,45 Hz, in water the first one is at 13,1 while the last
oneis at 136,82 Hz with a distance of 123,72 Hz. Moreover, the IND and ONC have changed their positions from
that found in the air the value of the 1ND is 13,1 and the value of the ONC is 12,1, in simulation the situation is
similar, although they have not changed position they are practically overlapping, the 1ND closer to the ONC than
in air. The effect is similar for the INC1ND and 1NC, in fact also, in this case, the mode shapes have changed
their position in the laboratory, and as the first two mode shapes they are closer in simulation. Regarding this
phenomenon and looking at the results it is clear that the water has a greater effect on the mode shapes
characterized by the presence of NC and on the mode shape with both NC and ND despite having a higher

frequency.

The next step is to compare the mode shape in the air and water to analyze the position of the nodal
lines and to understand if the nodal lines are in the same position between the simulation in air and

water. The following tables represent the nodal lines for the first seven mode shapes.
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+1ND

Table 25 Comparison between the water simulation’s nodal lines (left) and air simulation’s nodal lines
(right) for the IND

ONC

Not available

Table 26 Comparison between the water simulation’s nodal lines (left) and air simulation’s nodal lines
(right) for the ONC
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2ND

(right) for the 2ND

Table 27 Comparison between the water simulation’s nodal lines (left) and air simulation’s nodal lines

+3ND

Table 28 Comparison between the water simulation’s nodal lines (left) and air simulation’s nodal lines
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(right) for the 3ND

+4ND

Table 29 Comparison between the water simulation’s nodal lines (left) and air simulation’s nodal lines
(right) for the 4ND

INC

Table 30 Comparison between the water simulation’s nodal lines (left) and air simulation’s nodal lines
(right) for the INC
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+1IND-1INC

-IND-INC

Table 31 Comparison between the water simulation’s nodal lines (left) and air simulation’s nodal lines
(right) for the INDINC

From the previous comparisons, it is clear that the mode shapes are the same as in water but there is a rotation
between the nodal lines in the water and air, especially for the ND lines, in particular, the difference is higher for
the first mode shapes, and it decreases when the frequency increases. The situation changes for the nodal rings
that have the same dimension both in water and in air. The difference between the ND in water and air could be
brought back to the new boundary conditions that were necessary to define due to the new configuration of the
structure with the tank.
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In conclusion, the curves of the strain frequency response are put in the same graph to observe how the
peaks are shifted by the effect of the presence of the water.

SG2

INC IND

INC IND

Frequency [Hz]

Figure 77 Comparison between the strain peaks in water and in air

Figure 77 shows the peaks of the amplitude for the model in the air and the model in water. There are several
peaks due to the presence of the torsional mode shapes and due to the shaft bending but looking only at the disk
mode shapes it is clear that all the mode shapes are shifted due to the presence of the water. This graph confirms
the fact that the water has an effect on the mode shape and also that the model can capture this influence and create
a behavior similar to the laboratory results, especially for some mode shapes. The ONC, the INC and are not well
detected by the model, probably due to the new boundary condition necessary to adapt the geometry to the new

conditions in the water.

To summarize this chapter, as theoretically supposed the water affects the structural response of the disk, in
particular, the mode shapes are the same as in air except for the ONC, the difference is in the value of the frequency
at which they appear because the water decrease the value of the frequency. All the analysis confirms the presence

of the influence of the water and that the model can simulate correctly the structural response of the disk in water.
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8. Project Plan

To have an idea of the time spent on the project and all the steps the project plan is illustrated in the

Gantt diagram inTable 32. The different tasks are labelled on the left of the diagram and are assigned

to the different weeks scheduled. The project takes 20 weeks from the middle of September to the middle

of February.
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Table 32 Gantt diagram representing the project plan



Numerical simulation of the structural response of a simple submerged structure Pég. 115

9. Budget

In this chapter, the budget of the project is analyzed in Table 33, in which there is a list of the different
costs that take part during the project. First of all, the cost of the engineer who is in charge to develop
the project, the average salary for the engineer is 15 €/h. The duration of the project is 20 weeks, from
the middle of September to the middle of February, assuming an average of a worked hour of 40h/week

(8h/day for five days a week), and the total of the worked hours is 800h.

Moreover, the project must be supervised by two doctors from the university, so the worked hours used

by them to supervise the project must be considered. Considering 2h/week and 20€/h for on doctor.

Additionally, not only the work of the people must be considered there are several support services such
as the office material, electricity, and internet connection. For the office material is considered a cost of
50€ for the duration of the project, instead, for the electricity and the internet it is considered all the
amount of worked hours, the electricity includes not only the computer but for all the lights and all the
devices of the office. Considering the last price of the electricity of 0,361€/kWh and considering 1,5kW
per hour, the total cost will be 0,5415 €/h. Moreover, the amortization of the computer is calculated
considering 25% of annual amortization. The computer was bought for 1500€, with an amortized cost of

375€/year, the amortization for the duration of the project is 156,25€.

Finally, all the costs of the software must be considered by annual subscription, the license must be paid
for all the year even if the duration of the project is 5 months. Summing the cost and adding an extra
cost for the “IVA”, the total budget of the project amount to 24002,43€.

| Unit | Costperunit | Total cost
Technical and support services
Technical engineer 800 h 15 €/h 12000 €
Doctors of the university (supervisors) 8oh 40€/h 3200 €
Electricity consumption 800 h 0.5415 €/h 433,2 €
Internet connection 5 months | 30€/month 150 €
Research Material
ANSYS license software 1 year 4,000 €/year 4,000 €
LabVIEW license software 1 year 3,523 € / year 3,523 €
Research Equipment
Amortization of the laptop 5 months | 375 €/year 156,25 €
Office material - - 50€
Total without taxes: 19836,72€
VAT ("IVA™) 21 % +4165,71
Total budget: 24002,43 €

Table 33 Total Budget of the project
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10. Environmental impact

Regarding the environmental impact of the project, the electrical consumption of the sensors and the

computer used for implementing the controller must be considered.

On average, a laptop typically uses between 50 and 100 W/hour of electricity when it is being used,
depending on the model. Concretely, the Lenovo Legion laptop used for this project has a power
consumption of 57 W/hour. Considering that the laptop is used for the estimated 800 hours worked for
this project, this represents a power consumption of around 44.69 kWh for performing the project, which
also includes the time spent in the laboratory performing experiments. Depending on the type of fuel
or energy source used to produce this electricity, as well as de- pending on the type and efficiency
of electric power plants, it will be produced amount of carbon dioxide (COz2) to produce this electricity.
As an averaged value, it is considered that in September 2021 is produced around 200 g of equivalent
CO2 per kWh of electricity in Spain, the value obtained from the "electricityMap" interactive site.
Therefore, to produce the 44.69 kwWh needed for the laptop, it is going to be produced around 8.94 kg
of CO..

As no natural light arrives in the laboratory, is needed constant lighting to illuminate it and work in the
test rig. This is considered to be supplied by a 40-Watt bulb equivalent compact fluorescent.
Considering that the laboratory spent around 5 hours per week, this ends up with a total light
consumption of 5.6 kWh, which is equivalent to producing, using the same CO:2 emission factors,
1.12 kg of COs2.

Allin all, the total amount of CO2 emitted for lighting the room and powering the computer is estimated
to be around 13.880 kg of COa.

To perform numerical experiments in the laboratory, apart from powering all the sensors and the
computer used for the controller, is also needed to introduce water into the tank. The water introduced
in the reservoir, which has a maximum capacity of 122 | of water, is not going to be polluted in the
experimental process, so it can be safely dumped in the conventional sewage system without the

need to treat it.

Finally, once the life span of the sensors and the computer used in the test rig ends, they have to be
treated as Waste from Electrical and Electronic Equipment (WEEE). The EU has different rules on how
to treat these WEEE to address environmental and other issues caused by the grow- ing number of
discarded electronics in the EU, which have some hazardous materials. Hence, these WEEE have

to be collected and treated to recycle them, separating the hazardous components and reusing some
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materials to create new electronic equipment.
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11. CONCLUSION

This project has aimed to develop and validate a mathematical model, and to perform a simulation of

the modal response of a disk in air, without and with rotation, and submerged in water.

Using simulation software the complex behavior of the disk predicted with the model has been compared
with the laboratory tests obtained with a series of sensors and actuators. The same instruments have
been considered and introduced in the CAD model. To excite the disk a piezoelectric patch has been
used so that it has been possible to simulate an external load excited with an input voltage. The results
obtained using the modal analysis and harmonic analysis tools of Ansys in the air have shown a good
correlation between the results of the laboratory and the simulation. The same mode shapes have been
obtained with low errors for the ND mode shapes while for the NC mode shapes the error has been
higher, which means a good correlation for the ND modes and less for the NC modes. The confirmation
that the model is capable of reproducing correctly the structural response in the air comes from the strain
frequency response in which the peaks of amplitude are the same as those found in the laboratory test.
Moreover, to complete the validation of the model a rotational velocity has been applied to analyze its
effect of it on the natural frequency. It has been found that there are frequencies that are doubled and
one of them increases with the rotation meanwhile the other decreases. The linear increase and

reduction rates of these frequencies follow the same trend as the laboratory results.

The second part of the project has been focused on the changes of structural response observed when
the disk is submerged in water predicted by using the modal acoustic and the harmonic acoustic tools
of Ansys. The obtained results have shown a drop in the natural frequencies due to the added mass
effect of the water as expected from a theoretical approach. Also, in this case, the ND mode shapes
have been modeled more accurately than the NC models. In particular, a very large error has been
found for the 1NC and for the 4ND modes which could be related to the influence of the rest of the test

ring components such as the shaft, the bearings, and the beams of the supporting frame.

Hence, it has been possible to conclude that the model is good enough to validate the results in air and
water although with the presence of some errors due to the complex behavior of the structure that is not
influenced only by the disk but by all the components of the test rig. Moreover, the presence of a limited
number of sensors on the test rig has reduced the number and quality of the results obtained with the
tests and their comparison with the simulations. Therefore, it is concluded that in the future it would be

better to have more sensors on the disk in different positions.

Starting from this analysis, future works will be focused on creating a mathematical model for a more
complex structure like a complete hydraulic turbine unit to be able to predict its structural response out
of the nominal operating point and submerged in water which currently presents a high degree of
difficulty.
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12. Appendix

A CHARACTERISTIC OF THE PIEZOELECTRIC PATCH

Al Piezoelectric effect

The piezoelectric effect is the property of a material to display an electric charge on its
surface (producing a change in its polarization) under the application of external mechanical
stress. On the contrary, the converse piezoelectric effect is the production of a mechanical

strain due to a change in the polarization of the material.

To characterize the behavior of a piezoelectric patch, it is needed to define several material
properties that define the relationship between the material polarization and its deformation.
This relationship can be defined using two different ways: the strain-charge form or the

stress-charge form [30].

The strain-charge form is written as:

S=seT +d'E
(A.1)
D =dT +¢peE

Where S[g] is the strain, T[Pa] is the stress, E[%]is the electric field and D[%]is the electric

2
displacement field. The material parameters SE[mT], d[%] and ¢, are the material compliance, coupling

properties, and relative permittivity at constant stress. ¢, is the permittivity of free space, and it has a value of

8.854x10% [ ]

With this notation, the above equations can be written as:

Sex SE11 SE12 SE13 SE4 SEL5 SEIG Ty di da da
Syy Spe1 Sp2 SEe3y Spa4 SE2s SE Tyy dia dy dx E
£
S: Sp3l SE32 SE33 SE31 SE3S  SE3G T.. dig day daa
— + E,
Sy: Spa1 Spa2 SE43 Spu SEas SE6 Ty: dyy dyy dy E
S Spil SEs2  SE33 SEal SESS SESG T dis das das )
‘q_r:y Spe1 Sec2 See3 SEode SEGE SE66 T_r:y dig dy dag

~3

vy . . . ;
D, dy dip dis di diz dis Y €111 6712 €713 o
Dy, | = | du dy dyg doy doy dyg - +eo | &r21 6T 6T L,
D, dy dyy dyy da dy dgs ) €131 €732 €rT33 IoA

Figure 78 Strain-charge form representation of a piezoelectric material. Image from [30]
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On the contrary, the stress-charge form relates the physical properties as
follows: ( A 2)

S=ceT -e'E

D =eT +€y€,5E

The material parameters ce [-], e [%] and €, correspond to the material stiffness, coupling

properties, and relativity permittivity at constant strain.

Within this notation, the above two equations can be written as:

T.n Cp11 CE12 Cp1s CEl4 CE1s CE16 Sz €11 €21 €31
Tyy Cg21 Cg22 Cpo3 Cpaq Cp2n CE26 Syy €12 €22 €32 E
T.. _ Cep31 Cp32 CE33 Ce3a Cpas CE36 S.. n €13 €23 €33 Ej"
Ty x Cra1 CEa2 CE43 CE44 CE45  CE46 Sg: €19 €214 €34 Ey
T:. Ceps1 CEs? Cpesd CeEs4 CESS  CES6 Saz €15 €25 €35 :
T, y Ces1 Cee2 Cee3 Ceo4 Cees  CEG6 Se y €16 €26 €36
*q;i.';?.'
D, €11 £12 €13 €14 €15 €15 qw €511 E6r812  6r513 L,
Dy = €31 €22 €23 €24 €35 €24 *S‘ : + €y €521 €r522 6r523 Ey
D, €31 €32 €33 €34 €35 €36 S‘f €831 €r§32 €533 E,
Say

Figure 79 Stress-charge form representation of a piezoelectric material. Image from [30]

A.2 Piezoelectric patch P-876.A12hure

The piezoelectric patch used in the rotating disc is the Dura Act Piezoelectric Patch Transducer P-
876.A12, from Pl ceramics. This patch can either work as a sensor or an actuator, as it can generate
and store an electrical charge using a laminated structure of piezoceramic, electrodes, and a polymer
enclosure. The enclosure is used to electrically insulate the patch and make it mechanically robust,

as it is shown in Figure 80.
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= Application as sensor and actuator Electrical insulation /

= Extremly durable mechanical preload
= Flexible deformation

= Solid state actuators without friction and wear

Electrical
contact

Electrode Piezoceramic

layer

T P-878.xx
P-876.xx 2l
|
\ Q
@ P
x, h
=
DuraAct Patch Transducers DuraAct Power Patch Transducers DuraAct Shear Patch Transducers

Figure 80 Composition of the piezoelectric patch from Pl Ceramic, as well as the
polarization direction of each model. Image from [31]

The P-876.A12 model, according to the brochure of the Dura Act Piezoelectric Transducers of Pl
ceramics (Figure A.4), works with an operating voltage that ranges from -100 to +400 V (thus, making it
necessary to use an amplifier to achieve the +400 V), presents a maximum blocking force of 265 N and
is composed by the piezoelectric material PIC255, which is based on modified lead zirconate titanate
(PZT) and barium titanate.
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i & 9

DuraAct DuraAct Power DuraAct Shear
Patch Transducer PatchTransducer  Patch Transducer
P-g76. AT P-876.A12 P-876.A15 P-876.5P1 P-878.A1
m’:ﬁ',‘]“ voltage 5010200 10010400 250101000 10010400  -20t0 120
Min. lateral/axial
3 400 650 800 650 250/1.200
Motion & deformation [pm/m]
positioning Rel. lateral/axial
defor ion [um/V] 16 1.3 0,64 13 1,210
Blocking force [N]1 90 265 775 280 44
Mechanical
properties Min. bending 12 20 70 - 2
radius [mm]
Electrical " o o o~ Customized
capacitance [nF] 150 £ 20 % 90=20% 4520 % 8x20% 100=20% development
on request
Dee: Przocersmic PIC255 PIC255 PIC255 PIC255 PIC252
proparties matenal
Active piezoceramic
thickness [pm] 100 200 500 200 300
Contacting Solder points  Solder points  Solder points  Solder points  Solder points
E';'W’f’r‘;’[‘;m, 61x35x04 61x35x05 61x35x08 16x13x05 27x9,4x06
Miscallaneous E-503, E-504,
E-505, E-506,
Recommended E-413,E-821, [E-413,E-821, E-413,E821, E-413,E-821, E-610,E-617
electronics E-835 E-835 E-835 E-835 E-618, E-663,
E-821,E-831,
E-836

Figure 81 Composition of the piezoelectric patch, as well as the polarization
direction of each model. Image from [31]

A.3 Piezoceramic material PIC255

PZT materials can be classified as “soft” and “hard” PZT, depending on the mobility of the dipoles

and, hence, on the polarization and depolarization behavior.

On the one hand, "soft" PZT materials are used for sensor and actuator applications, as they can be
easily polarized even at low field strengths (they present large piezoelectric charge coefficients,
moderate permittivity, and high coupling factors). Some other applications of soft PZT materials are
used for micro-positioning, sensors such as conventional vibration detectors, ultrasonic transmitters,
and receivers, or for flow or level measurement, object identification or monitoring, and also as sound
pickups on musical instruments. The piezoelectric materials classified as soft PZT are PIC151,
PI1C255, PIC155, PIC153, and PIC152.

On the other hand, "hard" piezoelectric materials can be subjected to high electrical and mechanical
stresses, where their properties hardly change under these conditions. Therefore, hard PZT is used in
high-power acoustic applications that include ultrasonic cleaning, machining of materials (ultrasonic
welding, bonding, drilling,..), ultrasonic processors, medical sector, and sonar technology. Some of
these materials that are categorized as hard PZT are PIC181, PIC184, PIC144, PIC241, PIC300 [35].
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As stated in the brochure information of Figure A.4, the material used in the DuraAct patch is the
PIC255, which is defined as a soft PZT. The piezoelectric constants provided by the material datasheet

of Pl Ceramics are presented in Figure A.5.

Soft PZT materials

Unit PIC151 | PIC255 PIC155
Physical and dielectric properties
Density (=) P g/lem? 7.80 7.80 775
Curie temperature (=) Tc € 250 350 340
Relative in the polarization direction e,,7 ¢, 2400 1850 1550
permittivity | to polarity e, & 1980 1750 1400
Dielectric loss factor (<) tan & 103 20 20 25
Electro-mechanical properties
Coupling factor ko 0.62 0.62 0.62
kt 0.53 0.47 0.48
ka1 0.38 0.35 0.35
kas 0.69 0.69 0.69
kis 0.65 0.66 0.65
Piezoelectric charge coefficient da 10"C/N  -210 -180 -165
d= 500 400 360
dis 610 550 540
Piezoelectric voltage coefficient gn 10°Vm/N | -11.5 -11.3 -12.9
g3 22 25 27
Acousto-mechanical properties
Frequency coefficient Np Hz-m 1950 2000 1960
N1 1500 1420 1500
N3 1750 1370 1780
Nt 1950 2000 1990
N5 830 870 820
Elastic compliance coefficient SnE 10?2 m¥N 15.0 16.1 15.6
Sasf 19.0 20.7 19.7
Elastic stiffness coefficient Ca3® 10° N/m2 | 10.0 15.6 1.1
Mechanical quality factor Qm 100 80 80
Temperature stability
Temperature coefficient of eza TKe, 10%K 4 3 4

(in the range of -20 °C bis +125 °C)

Time stability (relative change of the parameter per decade of time in %)

Relative permittivity Ce % -1.0 -2.0
Coupling factor Ck % -1.0 -2.0

Figure 82 Specific parameters of the standard materials. Imagine from: [32]

The constants given by the manufacturer represent the following physical properties [34]:

o Curie Temperature T.[C]

The Curie Temperature is defined as the temperature at which the crystal structure
of the material changes from a piezoelectric structure (non-symmetrical) to a non-

piezoelectric structure (symmetrical), losing all its piezoelectric properties.
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e Dielectric Loss Factor tan &

The dielectric loss factor, also known as the dissipation factor, is defined as the
tangent of the dielectric loss angle tan 6, which determines the ratio of effective
conductance to effective susceptance in a parallel circuit, measured by using an
impedance bridge. The values for tan 6 are usually determined at 1 kHz.

e Permittivity constant E

The permittivity, also called dielectric constant E, is the dielectric displacement per
unit of the electric field. Depending on the superscript of this constant it means
that it is measured at constant stress ET or constant strain ES. The subscripts Ej
correspond to | the direction of the dielectric displacement and j the direction of

the electric field.

The dielectric constant is usually given as a ratio of the permittivity of the material
to the permittivity of free space E0=8.854x102F/m. The values given by the
manufacturer for PIC255 are ET=1750 Eo, which is the permittivity for dielectric
displacement and electric field in direction 1, and ET=1750 Eo which is the same

but in direction 3, parallel to direction 1.

e Electro-mechanical coupling factor k

This factor is defined as the ratio of the mechanical energy accumulated in
response to an electrical input or vice versa. It is an indicator of the effectiveness
with which a piezoelectric material converts electrical into mechanical energy, or
converts mechanical into electrical energy. The first subscript of k denotes the
direction along which the electrodes are applied, whereas the second subscript

denotes the direction along which the mechanical energy is applied.

o Piezoelectric charge coefficient d

It represents the polarization generated per unit of mechanical stress T [C/N]
applied to a piezoelectric material or is the mechanical strain S experienced by a
piezoelectric material per unit of the electric field applied [m/V]. The first subscript
indicates the direction of polarization generated in the material when the electric

field, E, is zero. The second subscript is the direction of the applied stress.
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Alternatively, the first subscript can be the direction of the applied field strength,

and the second one is the induced strain.

o Piezoelectric voltage coefficient g
It is the ratio of the electric field generated by a piezoelectric material per unit of mechanical
stress applied [Vm/N] or the mechanical strain experienced by a piezoelectric material per
unit of electric displacement applied. The first subscript indicated the direction of the electric
field generated in the material (or the direction of the applied electric displacement), whereas
the second subscript is the direction of the applied stress (or the induced strain). This factor
is important for assessing a material’s suitability for sensing applications, as it depends on
the strength of the induced electric field produced by a piezoelectric material in response to

applied physical stress.

o Acoustic-mechanical frequency coefficient N

The frequency coefficient N is the product of the resonance frequency fs and the linear
dimension of the ceramic element governing the resonance. Depending on the geometry
of the patch it can be defined 3 differently constants: the Radial Mode Disc resonance
frequency constant N, = fs - Dy (Where D, is the diameter of the ceramic element), the
Thickness Mode Disc frequency constant Nt = fs - h (where h is the thickness h of the
ceramic element), and the Longitudinal Mode frequency constant N. = fs - | (where | is

the length of the element).

e Elastic compliance coefficient s

Is the strain produced in a piezoelectric material per unit of stress applied and, for the
11 and 33 directions, is the reciprocal of the modulus of elasticity (Young’s modulus Y )?
We can distinguish between sP, which is the compliance under a constant electric dis-
placement D, and sE, which is the compliance under a constant electric field E. The first

subscript indicates the direction of strain and the second one the direction of stress.

Notice that, as the piezoelectric is an anisotropic material, all the piezoelectric constants pro-
vided by the manufacturer present two subscripts that relate the direction of the electric field
associated with the voltage applied, or the charge produced, with the direction of mechanical

stress or strain. Superscripts indicate a constant mechanical or electrical boundary condition.
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Normally, the direction of the positive polarization is made to coincide with the Z-axis of the
rectangular system (subscript 3), where directions X and Y are represented by subscripts 1
and 2, respectively. Shear about this X, Y, and Z axis is represented by the subscripts 4, 5, and

6, respectively, as schematized in Figure A.6 [34].

larization -
o 3

Figure 83 Directions of forces affecting a piezoelectric element. Image from [34]
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B ANSYSIS

The main program used to perform the simulation is ANSYSIS, the workbench environment of it. During
the simulation, the modal analysis, the harmonic analysis, the modal acoustic, and the harmonic acoustic

analysis were performed.

The initial page of the workbench is shown in Figure 84, where is possible to add all the blocks from the
Toolbox on the left. In this project, the modal analysis, the harmonic analysis, the modal acoustic, and

the harmonic acoustic are inserted.

Toolbox Project Schematic

Analysis Systems
Component Systems - A - B
Cusion (e T
Design Exploration 2 | @ Ergresing Daz v . 2 @ Engresing D=z v .,
ACT 3 @ ey v . 3 [@ ceomery v .
4@ Modd - 4 @ Mol s,
5| @ s=e v 5 @ sew v .
6 | g Schsm v . 6 @@ Solsn v .
7@ Reis v o, 7 @ Resits v o,
Modal Harmonic Response
- [ - D
T
2 | @ EgnexigDa= v a2 & Egresing D= v
3 |[B Geomary v ,——a3 B ey v .
4§ Mol v a4 @ Mool v,
5§ soe v o, 5 @ s 7 .
6 | @3 Souson v, 6 F Soheon 7 .
7| @ Feis v, 7 @ Resis ;.
Modal Acoustics Harmonic Acoustics
Figure 84 Workbench main page
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B.1 modal analysis

The first block is the modal analysis used to perform the simulation of a structure in the air. The first step
is to import the geometry, from an external file, inside the Geometry section. After this, it is necessary
to create a single geometry from all the parts of the structure, for doing this the Designmodeler has to
be opened.

Once obtained one part of the model and the setup must be defined. Opening the section model, a new
interface is shown, in Figure 85.

File Home  Model  Display  Selection  Automation  Add-oms Piezaelectric And MEMS. k L
|
O x § Bl St Do ore . 70 @l @ o G AOdw®e &

uplicate Solve  Analysis Reload _ Part  Symmetry Con o8 Cross. Virtual Construction  Condensed Fracture AM Mesh Mesh Solution Fatigue
. Q . " @, Remote Point Lt chart [ annotation . Tanstorm Sedions~ Topology Geometry= | Geometry Process  Edit Numbering | Combination Combination
Insert Frepare Define Mesh Resuls

~23 e

Outline -eoOx
Mame = | search Outtine | o

QQ[Ble @ % -+ QARQQ e Kiode- TEEBREBE T 2 Fchpboars- [Empty] Dbstend- 5

L A

= @ n:d(u.u) nSYS
- @) Geomery Inparts
-/ Geomety 2022 2
-8 Matenais
[ Coordnate Systems
w-
[ Mesh

X.
0,000 0,150 0300(m) ;
= 5 — —
Details of "Model (Ad, B4) *aOx 0,07 0225 -

= Lighting
Ambient |01

I Graphics Annotations b B=1
Diffuse 08

= Advanced
Window Title | Default
Filter Contral | Enabled

Section Planes Details

Figure 85 New interface obtained from the model section

In the new page opened the block modal analysis is already in, the parameters that have to
define are the range of frequency where the modal analysis has to be performed and the type
of solution that has to be shown. The first one is possible to perform from the section Analysis
setting, while the second part has to be defined which type of solution has to be performed. To
obtain the several solutions it is necessary to open the section and then insert. Figure 86 is
illustrated how to obtain the mode shapes from a total deformation simulation
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&,/ Geometry
&8 Matenials
3K Coordnate Systems

=il Modal (As)
/-6 Pre-Stress (None)
A Anaiysis Settings
x@. Fixed Support
x®. Fixed Support 2
/P Piezoelectric Body
A voliage

A voltage 2
SRV ] Solutipaniy
=/ SBs  Inset ’ Detormation
v®T @ Clear Generated Data Strain
:: : T Rename (2] Stress
4: :: 5 Group All Similar Children Cnsaixad Sons
:0 T &5 Open Solver Files Directory Props
:: 1: [} Worksheet: Result Summary Coaeiinate Systens
/@ Total Deformation 9 ® Volume
Details of *Solution (A6)" % User Defined Result
= Adaptive Mesh Refinement A Python Result
:'e""‘:::‘:‘:l"‘;::‘:‘“"‘ ; User Defined Criteria
S information Commands
Status Done Python Code

MAPDL Elapsed Time |21, 5

Fluid Pressure

| Total
% Directional

lar Data  Graph

hics Annotations
| value

MAPDL Memory Used  |4,043 GB

MAPDL Result File Size | 292,31 MB
= Post Processing

Ream Sactinn Bacutc  |hn

Extract Modal Damping Coefficients

£» ¢ =@

Extract Rayleigh Damping

Figure 86 Sequence to obtain the mode shapes from a total deformation simulation

In the modal analysis, there are no loads, so although the figure is presents a piezoelectric patch there
is no effect from this sensor. Moreover, it is possible to add some boundary conditions like Fixed
support that implies the absence of stiffness, but it is better to define them in the previous section called
connections where there are several possibilities of boundary condition, the ones used in this project

Bushing that are a type of boundary condition that can represent the correct behavior of the bearings.

The last step is the possibility to add a rotational velocity, as a boundary condition, from the section
modal (Figure 87). To define the rotation is possible to use a vector of the components of the velocity

around the axis.

&% Geometry

-/ Materials
B2k Coordinate Systems. @
&) Connections ™
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Solver Target Mechanical APDL b4

= Options =
Environment Temperature | 22, C ®
Genenteinputony _[No e
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Rotational Velocity

Thermal Cory Rotat Ve
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Constraint Equation
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Nodal Orientation
Commands

Python Code Graph
Piezoelectric Body
Thermal-Piezoelectric Body
Voltage ox
Voltage Coupling
Squeeze Film Fluid

Graph
Viscous Fluid Link PRI Daal Geap

Graphics Annotations
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Slide Film Fluid
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Figure 87 Rotational velocity in modal analysis
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B.2 Harmonic analysis

The harmonic analysis is the second block of the simulation, adding it from the toolbox it is possible to
connect the information about the materials, the geometry, and the model directly from the first page.
That means that all the boundary conditions, the mesh, and the materials are the same as the modal

analysis whether need to redefine everything.

- A - B
A

2 | @ Ergressing Daz v 4 2 @ Engresing Data v
3 B Geomary - 3 B Geomery v
4 g Mad s 4 @ Mokl -
5 @ Sep v 4 5 @ Seee v,
6 |G Sokson v 6 @8 Sobsn v .
7 @ Rests v 7 @ FResits v .

Modal Harmonic Response

Figure 88 Coupling between modal and harmonic analysis

Opening the section model the new environment as in modal analysis is opened. In the harmonic
analysis is necessary to define an external load, in the specific case of the project it is necessary to add
a piezoelectric patch, that is the sensor that excites the disk, and two voltages for the positive and
negative layer. The voltage and the piezoelectric patch are added from the harmonic section, in Figure

89 is shown how to insert a piezoelectric body.
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Figure 89 Adding a piezoelectric body in harmonic analysis
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The harmonic analysis is principally used to obtain the strain frequency response, to perform this
analysis a strain frequency response has to be defined from the section analysis as it is shown in

Figure 90.
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Figure 90 Adding a strain frequency response
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B.3 Modal acoustic

The main difference between the modal acoustic with the modal analysis is the possibility to add fluid
and perform the analysis considering the presence of a new element inside the simulating, thus to do
this it is necessary to define three different surfaces so that the main structure and the fluid are
considered as separate entities. Those surfaces are three Acoustic regions, that is the zone where the
fluid is present, the Physic region, which is the main structure of the model, and the Fluid Solid Interface
which is the most important part of the modal analysis definition of this interface that permits to simulate

the fluid and the structure and merge the results where there is contact.

To define those entities, it is necessary to add them from the section modal acoustic, the first one that
must be defined is the Physic region and then the Fluid Solid Interface, while the Acoustic region is

already inserted by the software. Figure 92 shows how to add the Physic region.

N
=l Modal Acoustics (AS)
i /T-0 Pre-Stress (None)
- U1} Analysis Settings
/%@ Acoustics Region
-/ Physics Region
- /®. Fluid Solid Interface
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Figure 91 Sections of the modal acoustic analysis
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Figure 92 Definition of a Physic region in modal analysis
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B.4 Harmonic modal analysis

This simulation aims to extract the strain frequency response as in harmonic analysis, the
difference is the necessity of defining the Acoustic region, which is the zone where the fluid is
present, the Physic region, which is the main structure of the model, and Fluid Solid Interface that is the
most important part of the modal analysis, in fact, is the definition of this interface that permits to simulate
the fluid and the structure and merge the results where there is contact., due to the presence of a fluid

region.

To define those entities, it is necessary to add them from the section harmonic acoustic, the first one
that must be defined is the Physic region and then the Fluid Solid Interface, while the Acoustic region is

already inserted by the software. Figure 92 shows how to add the Physic region.
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C LabVIEW

LabVIEW is the software used to extract the temporal signal, FFT, and FRF from the laboratory results.

The interface is very simple as it is possible to see in Figure 93.
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Figure 93 Interface of LabVIEW

On the top, where there is the section file path, it is possible to insert the file tdms that contains the

laboratory information. Once fill in this section all the information about the temporal signal, FRF and

FFT is presented immediately presented by the software.

On the right top there are two sections called sensor and excitation, in the first one the sensors are

chosen to obtain a specific FRF, while in the second section, it is chosen the sensor that creates the

excitation, in the case of the project is a piezoelectric patch called Pressurel PZT Out.

In the graph of the FFT, all the sensors are already inside the graph but it is possible selecting and

deselect a signal view with a right-click on the table located in the right corner at the bottom of the FFT

graph.

All the signals can be exported on excel with a right click on the center of the graphs.
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D. RESULTS OF THE HARMONIC ANALYSIS IN AIR

To lighten the report many of the graphs were not included especially the ones of the SFR. In
this appendix the are collected.

SG2

Figure 94 Peak of 1ND in Strain Frequency Response

SG3

0,00E+00

Figure 95 Peak of amplitude of IND analyzed by the SG3 along three directions
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SG4

Frequency [Hz]

Figure 96 Peak of the amplitude of 1ND analyzed by the SG4 along three directions

Figure 97 Peak of the amplitude of ONC analyzed by the SG4 along three directions
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SG3
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Frequency [Hz]

Figure 98 Peak of the amplitude of ONC analyzed by the SG3 along three directions
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Figure 99 Peak of the amplitude of ONC analyzed by the SG4 along three directions
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sg2

strain Frequency Respanse m[m/m]

Frequency [Hz]

Figure 100 Peak of the amplitude of 2ND analyzed by the SG2 along three directions

5G3

Figure 101 Peak of the amplitude of 2ND analyzed by the SG2 along three directions
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5G4

Frequency [Hz]

Figure 102 Peak of the amplitude of 2ND analyzed by the SG3 along three directions
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Figure 103 Peak of the amplitude of 3ND analyzed by the SG2 along three directions
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5G3

Strain Frequency Response
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Figure 104 Peak of the amplitude of 3ND analyzed by the SG3 along three directions
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Figure 105 Peak of the amplitude of 3ND analyzed by the SG4 along three directions
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246,47

Figure 106 Peak of the amplitude of 4ND analyzed by the SG2 along three directions
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Figure 107 Peak of the amplitude of 4ND analyzed by the SG3 along three directions
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Figure 108 Peak of the amplitude of 4ND analyzed by the SG4 along three directions
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Figure 109 Strain gauges signal from laboratory and simulation for SG3
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Figure 110 Strain gauges signal from laboratory and simulation for SG4
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Figure 111 Strain gauges signal from laboratory and simulation for SG3
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Figure 112 Strain gauges signal from laboratory and simulation for SG4

Graph of the disk submerged in water:
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Figure 113 Peaks of the amplitude for the SG3 in the range of frequency 0-100Hz
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Figure 114 Peaks of the amplitude for the SG4 in the range of frequency 0-100Hz
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Figure 115 Peaks of the amplitude for the SG3 in the range of frequency 100-200Hz
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E. COORDINATE SYSTEMS FOR THE THREE SG

The strain gauge can detect the deformation and the strain of a structure in a particular spot, in the case
of the project the strain gauges can detect the signal in three different directions, To analyze the three
directions in the simulation it is necessary to define three coordinate systems: one is in the radial direction
(0°) and the other two are at 45° and -45° relative to the radial direction. The following figures are
illustrated the three coordinate systems for SG2, SG3, and SG4.

Figure 116 lllustration of the three directions of the SG2

sg3

Figure 117 Position of the SG3 on the bottom and the three directions of analysis
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sg4

Figure 118 Position of the sg4 on the top of the disk and the three directions of analysis
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