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Introduction

Problem Statement

There is alient interested in developing a heat shiaténded to be used on
experimental aircraft for military and commercial space trapelications. Tisc | i ent 6 s
potential customerare important companies such as NASA, Virgin, the US Air Force
and Boeing. Thesaustomers are requesting theat shieldor the purpose of developing
a spacecraft that can make a trip into space and return safely in a very short period of
time. The average spacecraft takes up to 6 months té ¢enditioned before it is
certified to return to active dut¥his heat shielanust be developed to withstand the
samehazardougonditionsand meet the strict criteria to return to flight in a shorter time

period.

There is a need to develop a system which monitors the structural integrity of the
shield that has the potential to é@maged due to heat and mechanical vibrations during
re-entry. The form of health monitoring thidie client has requested involves the use of
piezoelectric actuators and sensditge exact name for the method of stress analysis that
is being requested kour client is structural health monitoring. Structural health
monitoring is a very recent technology that has been increasingly evaluated by many
companies in the aerospace industry as a potential approdebréase cosindincrease

the ease of structural inspection.

The test systems used for health monitoring need to withstand a variety of

conditions including high temperatures, varied levels of moisture, and increasingly
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volatile vibrations to name a few. Similar testing methodsekist today are very
expensive and ailemited in regards to the location of analysis poifatlsndon the

spacecraft. Most other testing methods also lack the capability to test under a variety of
conditions or on more than one compon&mezoelectric aciators and sensors allow for

testing to be done at many different places on the structure to be built.

The client is concerned that this method of health monitoring needs to withstand
the various environments and conditions that the structure mustaymthrThe client
has requested that a test system be built utilizing piezoelectric components and simulates
the hazardous conditions that the heat shield must withstand. This system must allow for
the user to determine the integrity of the piezoelectnopmments over a long period of
testing. The piezoelectric components are expected to endure long term tests involving

cyclic tension and compressitoads as well as high temperature fluctuations

The client involved is Dr. Ibrahim Tansel and this projedb help in the
fulfillment of his grant proposaldegradation of Signal Quality of Structural Health
Monitoring Systems with Tinjewhich was developed following his paper on Structural

Health Monitoring [21].
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Motivation

There is a growing markér a system that can perform structural analysis on a
variety of components for a reasonable price. The motivation for this project lies not only
to satisfy the requirements of the above mentioned client, but to also design this system to
be available fopurchase by many other companies in the indwetiy would like to
utilize structural health monitorind@ he focus of this project will be to create the original
design to the specificatiomsquired by thelient which include designing a system that
can analyze the structural integrity thfe piezoelectric components being used for testing
ona given material under a variety of conditions that can lead to failure including high
temperature and severe mechanical vibrations. By improving the methodsctfrst
inspectiona number of structures can be made more reliable and failure can become

more predictable, thus reducing the cost of ownership.

As was previously stated, all the components mentioned in this system exist in
some form or fashion today.awever these components are very expensive and in order
to be appealing to a variety of companies, they must be cost effective. The goal of this
project is to not only achieve a cost effective mannanatyzing this method of
structural analysistilizing piezoelectric componentut to also integrate the individual
testing scenarios into one system. It would be beneficial to the success of this project if it
could integrate the mechanical stress testing in different environments. By doing so, the
systemwould have the appeal necessary to encourage a variety of consumers to purchase

one for their specific needs.
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Literature Survey
In the pursuit of creating this new system, it is important to see what other work
has been done in this field. Itnecessary to learn the good and bad aspects of each
variation of this project and apply what has been learned so that not only does it start off
on the right path, buh thedevelopment of this projedihe mistakes that have already
been madevill be avaded The first step is to determine what the similarities and
differences are between this project and others. After determining the similarities and
differences, there must be an analysis of how relevant each project is to the one being
performed. Itisbt as i mportant t oed but mode speaifitallywhat i s

how each test system has been setup.

One of the pioneers with the structural health monitoring in composite structures
is a team of scientists at the Massachusetts Institute of dlegjyn This team tested
different methods in order to identify the best sensors and components to be employed
with SHM. For their experimental set up, this team sent signals to the piezoelectric
actuators at 15 kHz with 5V ped®-peak [L]. It is not speified what waveform this
group employed to perform their experiment. For this case, the combination of frequency
and amplitude was enough to obtain meaningful results. Base on the previous
conclusions, similar values should be employed when charactettigrgystem. The
referenced frequency of 15 kHz is way below the intended maxim frequency for this

project which is 500 kHz.

In 2001,Giurgiutiu [2] performed a series of tests to evaluate the durability and

survivability of piezoelectric wafer sensors used in structural health monitoring on aging



Medina, Roos, Sanchez, Shaw9

commercial and personal aircraft. The first test to be analyzed involved preparing four
specimens in different conditions (pristine; with cracks only; with corrosion only; with

a combination of crack and corrosion). For E/M impedance experiments, the

experimental apparatus consisted of a HP 4194A impedance analyzer. For wave
propagation experiments, an BB120 wavegenerator, Tektronix TDS 210 digital
oscilloscope, Trek 50/750 HV amplifier, and data acquisition laptop PC with PCMCIA
GPIB card were used. In total, these components are in a price range in the neighborhood
of $50,000. Although the values tbfe piezoelectric coefficients vary with temperature,

the general aspect of the frequency response curve is not affected, but only shifted. Thus,
it was possible to develop a procedure to compensate for temperature changes, and
maintain the general aspaxftthe E/M impedance spectrum, which is indicative of the
intricate structural dynamics and reflective of damaigsenced]. Giurgiutiu also

performed a self diagnostic experiment in regards to the data obtained from the
piezoelectric materials. Giurgiutand Zagrai (2000) have identified a sensort&sif

procedure that can reliably determine if the sensor is still perfectly attached to the
structure, and can signal when sensebdeding has started to occur. The appearance of
sensor freevibration resonance, and the disappearance of structural resonances constitute
urnrambiguous features that tell that the sensor has become is bonded and can be used for
automated sensor s@lfagnostics. These experiments have shown that positive
identification of defetive sensor installation is possible, and that progressive degradation

of sensor adherence to the structure can be experimentally traced [2].
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The people at Acellent Technologies, Inc. have developed an integrated network
of piezoelectric actuators and sens.The developers of HSMART Layer®system
created a layer of a flexible material to hold as many as 30 active piezoelectric sensors to
be placed over the structure that is to be analyzed. The SMART Layer® was originally
developed at Stanford Univeisiand the acronym stands f8ianfordM ulti- Actuator
ReceiverTransduction Layer [[3This system used piezoelectric elements that are
piezocerami¢PZT). These elements were used as actuators to excite the structure being
tested and send out a propagatiliagnostic wave. That wave would then travel
throughout the structure and be received by the piezoelectric sensors. Any discrepancy in
the frequency of the wave would indicate a condition other than nofimalinstrument
used to drive the actuatorsdsa | | ed t he SMART SuitcasekE.
actuators with a voltage up to 200 volts and a frequency up to 1MHz. It has the capability
to record high resolution data from the piezoelectric sensors at speeds up to J0dS/s.

SMART Layer carbe used in environment up to 350 degrees Fahrenheit. This system

was developed for commercial use by the aerospace and automotive industries.

t
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Figure 1. Schematic depicting the operation of the SMART Suitcasi]

An institution that is actively advancing research in piezoelectric devices is
NASA. Similar to our client NASA plans to employ piezoelectric devices for structural
health monitoring in their Space Shuttle. When performing her research Dr. Stephanie
Wise successfully tesdedifferent scenarios to determine the best electric field to be
applied to certain piezoelectric actuators in order to find the largest displacements. Dr.
Wise determine a range where the maximum displacement in piezoelectric actuator is
observed based dhe input electric field. The electric field is proportional to the voltage
across the device, and those Voltages can be taken into account when designing the phase
| of this project. Dr. Wise optimum operational range for piezoelectric tctugoes
from 5 to 20 kVEém [4]. Translating these values, the optimum range goes from 5 to 50

volts for every millimeter (of piezoelectric actuator thickness). The thickness of the
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piezoelectric actuators intendexibe employed in this project slightly less thag mm,

thus a good testing range for the control box will be from 5 to 20 volts.

Studies were performed @number of issues relating to health monitoring using
piezoelectric materials at the Los Alamos National Laboratory and the Virginia
Polytechnic Instute of State University in 2003’ his method is referred to as a new fnion
destructive evaluation (NDE) method. It is states that the size and weight of the
piezoelectric material is negligible when compared to the structures that they are meant to
analyzeand will not affect the dynamic characteristics of the stru@srean be seen in

figure 2

Figure 2. Relates the size and weight of the piezoelectric sensor to the struct(4g
The sensitivity of the vibraticbased NDE techques in detecting damage is
closely related to the frequency band selected. A frequency range higher than 200 kHz is
found to be favorable in localizing the sensarga while a frequency range lower than

70 kHz covers larger sensing aréae frequencyanges higher than 500 kHz have been
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found to be unfavorablé& his is becausthe sensing region becomes extremely small and
the PZT sensors show adverse sensitivity to their bonding conditithsRLT itself
rather than behavior of a structure monitbrender the high frequency ranges employed
in the impedancdased method, the sensing region of the PZT is limited to an area close
to the PZT sensor/actuator. The localized nature of the sensing region provides an
advantage in that the impedance sensd¢eds sensitive to boundary condition changes or
any operational vibrations, which usually affect loveeder global modes. In general, the
sensingange of an impedance sensor is closely related to the material properties of a
hoststructure geometry, fequency ranges being used, and properties of PZT materials
[5].

By looking at other teams that have successfully tested piezoelectric devices, a
researclprojectperformed by B. Xie and G. Song was found to be relevatibein
project theirresearch utilizea waveform generator that is then amplified to subsequently
be sent to the piezoelectric actuator. The resultant signal is collected with piezoelectric
sensor, converted employing an analog to digital converter and subsequently analyzed

empbying a computer wittMatlab [6].
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PZT Sensor
A
PC with Matlab
X
PZT Actuator
_ * v
- 4
T —
Amplifier <7———— Waveform Generata AdSPACEInterface

Figure 3. Experiment schematics employed by Xie and Sori§]

Xie and Song employed stadé-the-art equipment to perform their research. Our
client desires to carry out a similar investiga while significantly reducing the cost of
the components. The purpose of this project would be to replicate the results of this
experimental setting while employingteemely inexpensive componeratsd integrating
them into one system named control liwstead of having them separately as Xie and

Song did in their project.

T Actuator PZT Sensor Dspace interface Waveform Generator

e
—

Figure 4. Experimental setup employed by Xie and Soni]



Medina, Roos, Sanchez, Sha®b

The excitation frequencies employed in this project were 10 and 20 kHz, while
the sanpling frequeny was 50 kHz [f Based on their resultsifftire § it is apparent
that the best excitation frequencies correspond to 10, 17, and 21 kHz, because they return
the largest amount of energy. Those values for the different frequencies will be

considered whedesigning the different components of this project.

DE in the first section & second section in the intact plate

I I I T I I

03r —— First section
—— Second section
0.25+
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Figure 5. Excitation frequency versus energy distribution by Xie and Sing6]



Medina, Roos, Sanchez, Sha®6

Discussion

Structural Health Monitoring (SHM) denotes a system with the ability to detect
and interpret adverse "changes" in a structure in order to improve reliability and reduce
life-cycle costs. The greatest challenge in designing a SHM system is knowing what
"changes" to look for and how to identify them. The characteristics of damage in a
particular structure play a key role in defining the architecture of the SHM system. The
resulting "changes," or damage signature, will dictate the type of sensors that are
required, which irturn determines the requirements for the rest of the compoinahis
system [1].

The client, along with potential clients interested in a system to that performs
structural analysis in an efficient and cost effective manner create the motivation for this
project. The specific needs of the client are to developuatsate that not only must
withstand very large magnitudes of mechanical vibrations it must also maintain its
structural integrity in an extreme temperature environment. This system is being
developed in order to perform the structural analysis of the imlateibe used in these
extreme conditions. It has been discovered, through the use of the literature survey, that
there are similar versions of the system being developed in this profeeknowledge
obtained from the research papers in the literatumeey shall serve as a great reference

to the progress of this project.
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Project Formulation

Overview

The development of this projewatll be broken down intthree phases

Phase I: Control Box

In phasd, a circuit/control boxvill be built to create atsnulus on a piezoelectric
actuator which will excite the systeifhis excitation will be monitored by a piezoelectric
sensor that, along with the actuator, will be placed on material test plate. The
piezoelectric sensor will monitor the signal output fritn@ actuator and transfer this
information back to the control box. The control box will then display the resulés
LED displayand anyinconsistenciesvill be monitored.If the integrity of the
piezoelectric components has been compromised throstihgiethen the results should

show this effect.

Phase 2: Hydraulic System

In phasdl, a hydraulic systemwill be developed in order thave the ability to
apply cxlic loads on the samples that will be tested. fipesof loading that will be
applied tothe test platewill be TensiorandCompressionThis hydraulic system will be
incorporated onto the same table as the control box from phase | so that the test plate can
still be monitoredThis system should be easy to disassemble and put back tagether

prevent any downtime due to the failure of a part from long term testing.
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Phase 3: Furnace

In phase 1} a furnacewill be integrated into the systewith the hydraulic system
from phasdl and the control box from phase I. Because of coststgsteem will be
designed and built specifically for this project in ordehoaise the testing samplasd
apply thermal stresses while being able to control and mah#écgnvironment

surrounding the samples

Project Objective s

Phase |

It was previously established that phase | of the project would consist of
designing, building, and testing a control box that will achieve setasiad One of the
main tasks of the control box is to generate a signal to activate a piezoelectric actuator
There are several signal types that need to be tested and the control box should enable the
ability to vary the different parameters of the signal. The other primary task of the control
box is to read a signal acquired from a piezoelectric sensor, spid\dits value for

constant monitoring.

One of the most important parameters to be varied is the shape of the signal;
initially a square wave wilbe employed for testing the piezoelectric actuators. The
control box will not be limited to a square wavdefe is also the need to be able to

change the mode shape of the input signal. The other shapes that must be enabled by the
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control box include but should not be limited to a pulse signal, a triangular wave, and a

sign wave.

There are other properties dietinput signal that the user must be able to change
at will. Those properties are the frequency and amplitude of the generated signal. The
input signal amplitude is required to be 5 volts, but in order to properly operate the
piezoelectric actuator, théeetric current through the actuator must be large, of the order
of magnitude of 1 amp. The frequency of the signal is one of the critical design criteria;
it, at leastmust be larger than 5 kHz. Moreover, the desirable maximum frequency is 500

kHz to endle a wider variety of testing scenarios.

The control box must also collect information from a piezoelectric sensor, and
display it on a single digit LED display. The idea of this configuration is to actively
monitor the performance of the piezoelectring® as the external operation conditions
changeAny discrepancy between what is expected and what is displayed will show that

the integrity of the piezoelectric components may have been compromised.

Once all the components are characterized and coroextfigured, they must be
packed and confined into a box. The circuit must be protected from external factor that
might affect the performance of the operation before it can be incorporated to the other

phases. The user will only have access to a switthtdlygles the power of the circuit.

Phasell

The objective of the hydraulic system that will be incorporated in phase Il is to apply

cyclic loads on the samples that will be tested. The hydraulic system should be able to
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apply tensiorandcompression tohe testvarioussamples to simulate different
mechanical stresses thaay occur in real life scenarioshis hydraulic systershould be
able to fit on the same table as the control box and test specimens so that the entire

system may be moved if necessary

The goal is to test multiple samples at once to create consistency in the
breakdown of the piezofilm€onsistency in results is designedusng the same
material forthe multiple test plateand applyinghe same load throughodthe

configuration ofthe structure must support this requirement to maintain consistency.

This hydraulic systershould bedeveloped to produce these different loads for a
period of 240thoursof testing. This requirement means that the system must be durable
enough to withgtnd the forces it will be applying for at least that period of time.
Maintenanceand control processesust not be a concern as the system will not be

monitored by group members at all times.

Phase Il

The objective of phase lll is to integrate a furnaate the test system with the
hydraulic system from phase Il and the control box from phase I. Because of cost, this
system will need to be designed and built specifically for this project in order to house the
testing samples and apply thermal stressefewaeing able to control and monitor the
environment surrounding the sampl€be goal for the temperature range is between 100
°C and200°C. The furnace must be built so that the goal of keeping the entire system on

a moveable table can still behieved.
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Design Specifications

Phase | design.

The signal wll be generated employing a microcontroller (PIC16F690). There are
several advantages when working with this microcontroller. The differamtformcan
be obtained when changing the source addbe microcotroller. For instance, a square
wavecan begenerated when toggling an I/O port on the microcontroller on androff f
the same period of time. In the case of the pulse signal, thegrolietoggled on at the
minimum allowed period of timayhile it is kept off by significantly longer periods of
time. For the triangular wave, a ramp functe@an begenerated employing a FOR lotip

linearly increase the valud the signal, and decreasdiriearly.

Generating a sine wave with the PIC166:68n besomewhat challenging
because the sine function is not embedded in the microcontroller like it would be in a
more sophisticated device. However, the sine weavebegenerated when decomposing
the sine function inta Taylor series expansion, artdriated with a FOR loop. The first
terms of Taylor series can be easily coded in the microcontrditevever, a sine wave
function seems to push the capabilities of the microcontroller and it may not return

significant results.

There are several ways tergerate the source code for the microcontroller, the
program MikroBasic W be usedor the coding because the authors are familiar with this
language. After writing the code, it has to be transformed into a hex file before it can be

uploaded into the miocontroller. The program pickKit 2 was employed to generate the
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corresponding hex file. A sample of the caddée employed can be found ippgendix

A.

The microcontroller is not capable of providing enough power to operate the
piezoelectric actuatat an optimum operating conditio herefore, the microcontroller
will mainly beemployed to modulate the signal. An external power souiltbav
connected to a TIP120 transistehich will be connected to the piezoelectactuator.
The ransistor possessas input and output leg, and a third leg that serves as switch. The
microcontroller wil be connected to the transistor to activate the switch and modulate the
wave shape. The amplitude of the input signal will be controlled with a potentiometer
connectedo the external power source that directly provides power to the piezoelectric
actuators. The frequency of the signal must be varied from the source code in the
microcontroller. Varying the frequency is accomplished by changing the ties on the ports

and saling the signal.

Once the signal is sent to the piezoelectric actuator it will generate a Lamb wave,
which is a mechanical vibration traveling though the solid medium. For the proposed
experimental setting there will be a piezoelectric &otuand a piezoelectric sensor on a
metallic plate. The control box should be able to read the output of the sensor and display
it. The mechanical vibration of the plate will induce a stress in the piezoelectric material
that will generate a voltage diffemce. This voltage difference across the piezoelectric
material is considered to be the output signal. The signal generated by the piezoelectric
sensor will have an order of magnitude of millivolts. It is necessary to scale the signal up

in order to be alelto interpret and analyze it. The piezoelectric sensor will be connected
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to an operation amplifier (LM741CN) that will increase the magnitude of the signal. The
output of the operation amplifier will be monitored with an additional microcontroller
(PIC16F690). Once the signal is sent to the microcontroller, it will be transformed from
analog to digital, and the possible output signal will be classified into 10 cases, each case
represents the intensity of the acquired signal. The second microcontrollgiswitie
connected to a one digit LED display. The result of the scaled output signal will

constantly be displayed for the user to monitor whenever it is required.

LED Display
Power Source Power Source

Amplified Qutput

Signal Signal
PIC16F690 TIP120 LM741CN PIC16F690
Signal Generator Transistor Op-Amp Signal reader

Amplified Input Signal Qutput Signal

Piezoelectric Piezoelectric
Actuator Sensor

Mechanical
Vibrations

Figure6. Qrcuit Schematidor Signal Generation arféignal Interpretation

Phase Il

The purpose of the hydraulic system that will be design and fabricated in phase 2
is to test the piezoelectric materials in cyclic loading (tension and compression) and
bending. A way has been devised to test several pezdelmaterials at once by using

adjustable gripgFigure7). The grips allow the user to easily zero all forces on the
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materials before beginning the testing, therefore eliminating loading errors due to

material expansion/contraction while being gripped.

The actual hydraulic system will function as follows. It begins with fluid being
circulated into thggpumpwhich is drawn from theeservoirand pressurized. The fluid
then leaves the pump and enters the selector valve and either goes to the fromfor rear
thehydraulic ram A programmable logic controller (PLGYill automatically manage
the movement of the fluid by switching theitch valveback and forth to cause a
Acyclico |l oad on the materials beiresgest est e
which then causes thezoelectric actuatato vibrate (while receiving square wave
pulses from the control box at the same time) and send waves across the material to the
piezoelectric sensawhich is being read by the control box. The control siwdies how
steady the voltage is, which can be interpreted with the proper formulas and used for
health monitoring on materials and mechanical systems. All materials used in phase 2
must have high tolerances against higher temperatures as they wiidomsigle the

furnace for phase 3.

3 Linear
Fluid : Displacement
Reservoir T Pump

Figure 7. Schematic for Hydraulic System
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|
Adjustable Grips |

Allows for easy setup

Fixed Support ]
Holds Fixed Grips, /

Grounded to 1” Steel.

Piezoelectric Sensor

Receives vibrational waves.

Hydraulic Ram Mount
Holds 3 Adjustable Grips

Selector Valve
Will create the oscillating load.
)  (Will use microcontroller to manage this switch.)
= -

Control Box !
Receives signal from
Piezoelectric Sensors.
% Displays Reading.
s, ."

LY et

Reservoir
Hydraulic Fluid Storage

Figure 8. Initial Solidworks M odel of the Health Monitoring Test System

Phasellll

In phase 3, the same hydraulic system will be used; however the material will
now be encased in a custom made furnace designed to meet the specific requirements of
this testing (200 C to 400 C). The furnace must have ports for measuring the materials, as
well as a large ram for the hydraudiglinder. The materials will then be tested again in
cyclic loading (tension and compression) and bending. The main goal for phase 3 will be
to continue testing several materials at once while being able to gatheatacesults.

Figure 8 shows an initial solidworks model for ttevelopment of Phase | and II.



Medina, Roos, Sanchez, Sha®6

Constraints and Other Considerations

Phase |

It is important to note how the proposed design employs two microcontrollers
instead of just one. The microcoriteo PIC16F690 possesses 3 different I/O ports. The
project requires one port to generate the input waveform signal, one port to monitor the
output signal, and another port to send the commands to the LED display. Although one
microcontroller is enough tmanage the needs of the project, employing just one
microcontroller would sacrifice some performance and the maximum input signal would
be significantly reduced. Because the microcontroller employs serial processing, it would
require some additional comgatibnal time to read the output signal and to send a
command to the LED display. In this project, to meet the frequency requirements the
capacity if the microcontroller is being pushed to the limit; thus, the necessity of a second

microcontroller to readral interpret the output signal.

Phase Il and Il

The system must be able to perform the task required without much supervision
or maintenanceTlhat means that the parts used to build the hydraulic system will need to
be durable for not only thmechanical stressésplaces on itself, but also for the thermal
stresses that will be applied to a number of its components from phaReel ressure
applied in the hydraulic system will limit the maximum force that it will be able to

produce. The matials necessary to withstand the temperature that are intended to be
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used are costly but must be used to have a reliable system. Because the goal is to
integrate all three phases of this project in to a single system on a table, space is major
consideratn. Considering all of the restrictions and considerations necessary for this
system, the cost of the components to construct the hydraulic system and furnace may

become significant.

Discussion

In phasd, a circuit/control boxvill be built to create atenulus on a piezoelectric
actuator which will excite the systeifhis excitation will be monitored by a piezoelectric
sensor that, along with the actuator, will be placed on material test plate. The
piezoelectric sensor will monitor the signal output fritn@ actuator and transfer this
information back to the control box. The control box will then display the results on an
LED display and any inconsistencies will be monitotaghasdl, a hydraulic system
will be developed in order thave the abilityd apply cglic loads on the samples that
will be tested. Theypesof loading that will be applied to the test platéh be Tension,
Compression, and Bendinghis hydraulic system will be incorporated onto the same
table as the control box from phassolthat the test plate can still be monitored. In phase
[Il, a furnacewill be integrated into the systewith the hydraulic systemfrom phasdl
and the control box from phase |. Because of cost, this system will be designed and built

specifically for ths project in order thouse the testing samplasdapply thermal
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stresses while being able to control and mortherenvironment surrounding the

samples

The desigrspecificationswill take a lot of time and effort from each group
member to be completedihese desigspecificationsare limited by a number of factors
including size, durability, and cost. In order to successfully complete the taskatlea
been specified, the system may need to be altered as the project progresses. The cost of
materials nay lead to the design and construction of each component necessary to build
this system. That being considered, this project is scheduled to be completed in a 6 month
period so time becomes an additional constraint to the completion of this project. The
main goal is to create an efficient system that can achieve accurate results in a cost
effective manner, so this project will need to be open to design alternatives as it

progresses.
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Design Alternatives

Design Alternatives for the Control Box

Generating a function waveform is a problem that has been sfodiatbng
time. There are very sophisticated waveform generatotiislprojecthad unlimited
funding, the best alternate solutimould be to buy an ofthe-shelfstateof-the-art
waveform generatoif a testing frequency of 500 Wz wants to be achieved, the price of
a stateof-the-art the waveform generator oscillates around $30 TP0f[a less
sophisticated waveform generator at more affordable price is sought, the frequdrey of
signal would le significantly lower than 500 M. For instance, the waveform generator
Agilent-33250A is commonly employed in universities for its balance of price and
performance, but its maximum frequency is 80 MHz, and its price starts at $8}571 |
Because the budget of the project is significantly constrained, the most feasible solution
is to build a custom waveform generagmnploying a microcontrolleto integrate into the

control box.

Generating a waveform is just one of the tasks that theatdnatx has to
accomplish. There is another primary task that must be integrated to the waveform
generator. It is necessary to acquirelémb wave withthe piezoelectrisensor and
display it, b enable the usgrermanent monitoring of thegnal at altimes. If the project
had an unlimited budget, the best alternate solution would be to combine a computer with
real time data acquisition software such as MATLAB data acquisition too#ewith

the waveform generator, to complete the control box.
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Figure 9. Agilent-33250A 80 MHz Function/Arbitrary Waveform Generator [8]

Table 1. Comparison Table for the Control Box

Env. Waveform
Control Box Type Price | Performance| Reliability [ Impact range Total
CustomMicrocontroller
circuit 5 3 2 3 2 15
Agilent33250A +
Matlab 1 5 4 1 4 15

It is interesting to note that the combination of a waveform generator Agilent

33250A plus Matlalwith the data acquisition toolbox outperforms the custom
microcontroller circuit. But the difference in price is extremely large. Because the budget

of the project is so limited, it becomes improbable to obtain the combination of Agilent

33250A + Matlab.

Detection and Display Circuit

A 7 segment LED display can driveither from a microcontrollesr through an

analog circuit using a BCib-SevenSegment Drive(SN75LS47). The driver is

designedspecifically to simplify the contrand handlingpf a 7 segient LED display.
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This SN75LS47 reduces the number of control inputs for the 7 segmendicgBy
from 8 to 4 and would use 4 transistors as switches. Although an analog controller

reduces the amount of programming it requires more expertise to complete.

Table 2. DecisionTable for the Alternatives of the Display Circuit

Display Ease of Extra Env.
circuit Price use parts | Performance| Reliability | Impact | Total
Microcontro
ller 4 3 4 3 2 2 18
SN75LS47
driver 3 2 2 3 2 2 14

Design Alternative s for the Hydraulic System

System Selection

The use of pneumatic system a clean, efficient and easyethodof obtaining
power transmission. In laboratory settingsmpressed air is typically in supply
providing a power source without additional cost. If a compressed air supply is not
available then an air compressor can be purchased at a cost much less than that of a
hydraulic pump. The comparable air/oil interesificylinder also uses compressed air to
force hydraulic fluid to push on the rod end. This system takes advantage of hydraulic
fluid as an incompressible fluid that can transmit power efficiently from pump to
application while the power is derived from tles costly compressed air source.
Despite the seeming advantages of air powered cylinders the hydraulic cylinder still

maintains several important advantages that are required for this project
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Table 3. Cost Layout for a Pneumaic System

Air System (500 psi)

Air Compressor $200.00
3-Way Solenoid Valve $190.25
Needle Valve $100.00
Cylinder (3472 Ibs) $500.00
PLC $151.60
10ft Hose, 4 Adaptors, 4 Hose Ends $100.00
2 Position Sensors $160.00
Total $1,401.85

Table 4. Cost Layout for a Hybrid System

Air/Oil System (500 psi)

Air Compressor $200.00
3-Way Solenoid Valve $190.25
Needle Valve $100.00
Cylinder (6,000 Ibs) $1,200.00
PLC $151.60
10ft Hose, 4 Adaptors, 4 Hose Ends $100.00
2 Position Sensors $160.00
Total $2,101.85

Table 5. Cost layout for a Hydraulic System

Hydraulic System (2500 psi)

Pump, Tank, Motor, Pressure Valve $772.20

3-Way Solenoid Valve $190.25

Needle Valve $100.00
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Cylinder (47,000bs) $937.00
PLC $151.60
10ft Hose, 4 Adaptors, 4 Hose Ends $80.00
2 Position Sensors $160.00

Total 2391.05

Hydraulic fluid is considered incompressible and therefore does not recoil as a
spring as compressible air does. As a matter of safety aachis of applicability,
compressed air would need to be released slowly after every use while hydraulic fluid no
longer acts on the load when the pressure is rele@bedncompressibility of hydraulic
fluid alsoallows for higher loading which would gntause more compressibility in an
air medium. Hydraulic fluid therefongroves to be aettermeans of transmitting power
overcompressed aior this applicatiorbecause it does not absorb power by compressing

and allows for more accurate results

PowerTransmission Syster cost | Control | Efficiency | Safety | Env. Impact | Total

Pneumatic 2 1 1 3 2 9

Hydraulic 1 3 3 2 1 10

The system needed for this project must create cyclic loads in a smooth and
predictable manner; therefore this project will utilizeyaraulic system. A compressed
air solution would have less smooth cyclic loading especially in the return stroke where

the behavior of air is dynamic.
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Pump Selection

A pump can be defined as a mechanical device that increases the static pressure of
afluid [17]. There are several ways to classify pumps. These machines can be classified
according toleir function, their conditionsf service, materials of construction, and
principles energy additioMMost authorsagree that pumps can blssifiedin two main
categories if they are classifidaly their principle by which energy is added to the fluid,
Those aréinetic and positive displacement pumgsgure 11) [17][18][19].

In a kinetic pump, energy is continuously added to the liquid to increase its
velocity. When the velocitgf theliquid is subsequently reduced, this produces a
pressure increaskn the kinetic category, the most common arrangement is the
centrifugal pump. Other arrangements include regenerative turbines (also called
peripheral pums), and special pumps such as jet pumps that employ an eductor to bring
water out of a well[19].

A typical kineticpumpconsists of an impeller attached to and rotatwity a
shaft, and a casing that encloses the impellerkinetic pump, liquid isforced into the
inlet side of the pump casing by atmospheric pressure or some upstream pressure. As the
impeller rotates, liquid moves toward the discharge side of the pump. This creates a void
or reduced pressure area at the impeller inlet. The presstre pump casing inlet,
which is higher than this reduced pressure at the impeller inlet, forces additional liquid

into the impeller to fill the void.
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In a kinetic pump, a diffusion processcurs causing the velociof the liquidto
decrease. The relationship between pressure and velocity is described by the Bernoulli
equation. The decreased kinetic energy is transformed into increased potential energy,
causing the pressure of the liquidinorease as the velocity decreases.

In a positive displacement pump, energy is periodically added to the liquid by the
direct application of a force to one or more movable volumes of liquid. This causes an
increase in pressure up to the value requiraddee the liquid through ports the
discharge line. The important points here are that the energy addition is periodic (i.e., not
continuous) and that there is a direct application of force to the li§pdsitive
displacement pump provides the same@am of volumetric flow rate regardless of the
pressure acting on the systebhe two most common sutategories are reciprocating
and rotary pumpg19].

One of the earliest decisions that must be mmdendesigning a system is the
selection of the typef pump to be used. The first issue is the general decision whether
the pump should be of the centrifugal or the positive displacement type.

There are certain application criteria that demand the use of a positive
displacement pump. The following are sokeg application criteria that would lead to

the selection of a positive displacement pump over a centrifugal fL8hp

A High viscosity
A Speirhirfg

A High pressure
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Constant flow/variable system pressure

A Low flow

A High efficiency

A Low velocity

A Low shear

A Fragile sotbiliyds handling capa

A Sealless pumping

A Accurat e, repeatable flow measur ement
A

A

T-phase flow

It can be considered a disadvantage thast positive displacement pumps
exhibit slip,which isleakage from the high pressuretive low pressure side of the pump.
Slip causes the pump to deliver a lower flow rate at higher differential pressures. The
amount of slip varies widely from one positive displacement pump to another, as well as
varying with pump differential pressure andmwthe liquid viscosity

The first step in selecting an adequate pump for the hydraulic system is to
determine whether it would be a kinetic or a positive displacement pmegdollowing
table illustrateshe different criteria employed to select the tmstable pump for this

project.



Medina, Roos, Sanchez, Shad9

Table 6. DecisionTable to Select theM ost Suitable Type of Pump

_ AtHigh | AtLow - - Env
Pump Type | Price Efficiency| Reliability Total
Pressure| Flow rate Impact
Kinetic 2 1 1 1 2 2 9
Positive
Displacement| 1 3 3 3 3 2 15

It is desired to employ a positive displacement pump in the design. There are
several types of positive displacement pumps, and they all have different characteristics
and are suitable for different systems and operatimglitions. Among the most common
types of positive displacement pumps one can find the internal, external gear, lobe, vane,
and Diaphragm.

It becomes necessary to inspect the characteristics of the most common types of
positive displacement pumps, sinbeit properties vary widely from one type to another.
Somemain specification for different types of positive displacement pumps are listed in

thefollowing table
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Table 7. Key Application Data for Positive Displacement Pumps, ®GtainedFr om fi Pu mp
characteristics and applicationso by
Max. Max. Max. Max. Dry Max.
Capacity Pressure Viscosity Solid Size Self-Priming Suction Lift

Pump Tvpe {gpm) (psi) {million SSU) (in.) (Y/N) (ft H;O)
Sliding vane 2,500 200 0.5 L2 N 28
Sinusoidal rotor 300 200 18.0 2 N 30
Flexible impeller 150 60 0.1 1 Y 24
Flexible tube (peristaltic) 200 220 0.2 1 Y 30
Progressing cavity 2,400 2,000 5.0 2 Y 30
External gear 1,200 2,500 2.0 I N 20
Internal gear 1,500 200 2.0 —b N 20
Rotary lobe 3,000 450 5.0 4 N 20
Circumferential piston 600 200 5.0 2 N 20
Two-screw 15,000 1,500 4.5 —b N 31
Three-screw 4,500 4,500 1.0 —b N 28
Piston 700 5,000 0.05 La Y 25
Plunger 1,200 100,000 0.05 % Y 20
Diaphragm 1,800 17,500 1.0 1 Y 14
Air-operated diaphragm 300 125 0.75 2 Y 25
Wobble plate 50 1,500 0.025 L Y 8

Internal Gear Pumps

These devices are exceptionally versatii¢hile they are often used on thin
liquids such as solvents and fuel oil, they excel at efficiently pumping thigkidicguch
as asphalt, chocolate, and adhesivEse useful viscosity range of an internal gear pump
is from 1cPs to over 1,000,000cP. In addition to their wide viscosity range, the pump has
a wide temperature range as well, handling liquids up to 7500B°C. This is due to
the single point of end clearance (the distance between the ends of the rotor gear teeth
and the head of the pumpyhis clearance is adjustable to accommodate high
temperature, maximize efficiency for handling high viscosity liguahd to
accommodate for wear. The internal gear pump ispudsing, seHpriming, and can run

dry for short periods.They're also brotational, meaning that the same pump can be used

Vol

I
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to load and unload vesselBecause internal gear pumps have omy thoving parts,

they are reliable, simple to operate, and easy to mairitgjin [

Figure 12 Flow Sequence for aninternal Gear Pump [10]

Diaphragm Pumps

A diaphragm pump is a reciprocating pump similar to a piston pump, just that in
this casehe reciprocating motion of the pump causes a diaphragm to flex back and forth,
which in turn causes the liquid to flow into and out of the liquid end of the pumpitiAs
all reciprocating pumps, diaphragm pumps require check valves at the inlet and outlet
ports. The diaphragm is usually made of an elastomeric material to allow it to flex. The
diaphragm can be mechanically attached to the reciprocating membemmobé c
separated and actuated by a reservoir of hydraulic flindse pump types are highly
accurate in measuring flow (usually having an accuracy of better than +1%), and the
diaphragm makes the pump lefike and compatible with a variety of liquids. Muc
larger versions of hydraulically actuated diaphragm pumps are used in process services,

where their high pressure capability and sealless pumping make them an interesting
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alternative for special services. These pumps, with metal diaphragms and rerdste hea
can pump liquids to 900°F. Diaphragm pumps do not require any packing assembly or
mechanical sealhey are also capabtg# being able to accommodate large solids,
abrasives, and corrosives. They are-pelihing and can run drylheir versatility make

them a good choice for pumping wastewater, acids, and foods. They also produce fairly

large pressure pulsations, and they are quite energy ineffidgnt [

DIAPHRAGM—,

DISCHARGE VALVE

HYDRAULIC SIDE |l CLOSED

CONTOUR PLA

|

PLUNGER
HYDRAULIC Olt—"

/ UCTION VALVE
PEN

Suction Stroke

PROCESS SIDE
CONTOUR PLATE

PLUNGER—/

UCTION VALVE
HYDRAULIC Ol—" LOSED

Discharge Stroke

Figure 13 Flow Sequence in eéDiaphragm [19]
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External Gear Pumps

The® devi@s represent a popular pumping principle and are often used as
lubrication pumps in machine tools, in fluid power transfer units, and as oil pumps in
engines. External gear pumps can come in single or double (two sets of gears) pump
configurationsThese pumps are constructed employing either spur or helical gears.
Helical gears typically offer a smoother flow than spur gears, although all gear types are
relatively smooth.Largecapacity external gear pumps typically use helical gears. Small
exterral gear pumps usually operate at 1750 or 3450 rpm and larger models operate at
speeds up to 640 rpm. External gear pumps have close tolerances and shaft support on
both sides of the gear3his allows them to run to pressures beyond 3,000 PSI / 200 B
making them well suited for use in hydraulidé/ith four bearings in the liquid and tight
tolerances, they are not well suited to handling abrasive or extigiméeimperature

applications 19].

Figure 14. Flow Sequence for anExternal Gear Pump [12]
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Lobe Pumps

These devices are used in a variety of industild®y are popular because they
offer superb sanitary qualities, high efficiency, reliability, corrosion resistance, and good
cleanin-place and sterilizén-place (CIP/8) characteristics. These pumps offer a
variety of lobe options including single -Wing, tri-lobe (see figurd5), and multilobe.
Rotary lobe pumps are n@ontacting and have large pumping chambers, allowing them
to handle solids without damag&hey are also used to handle slurries, pastes, and a
wide variety of other liquidsIf wetted, they offer selpriming performanceA gentle
pumping action minimizes product degradatidiiney also offer reversible flows and can
operate dry for long perioas time. Flow is relatively independent of changes in process

pressure, so outpis constant and continuousd.

2 NI

Figure 15. Flow Sequence for aL obe Pump [13]
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Sliding Vane Pumps

These devices can handle moderate viscosity liquids; they excel at handling low
viscosity liquids such as LP gas (propane), ammonia, solvents, alcohol, fuel oils,
gasoline, and refrigerantd&/ane pumps have no internal metaimetal contact and self
compensate for wear, enabling them to maintain peak performance on these non
lubricating liquids. Though efficiency drops quickly, they can be used up to 500 cPs/
2,300 SSU. Vane pumps are available in a number of vane configurations including
sliding vaneflexible vane, swinging vane, rolling vane, and external vafene pumps
are noted for their dry priming, ease of maintenance, and good suction characteristics
over the life of the pumpMoreover, vanes can usually handle fluid temperatures from
32°C /-25°F to 260°C / 500°F and differential pressures to 15 BAR / 200 PSI (higher for
hydraulic vane pumps). Each type of vane pump offers unique advantagesxample,
external vane pumps can handle large solielexible vane pumps, on the other hand,
can only handle small solids but create good vacu8tiding vane pumps can run dry

for short periods of time and handle small amounts of velfr [

Figure 16. Flow Sequence for aSliding Vane Pump [14]



Medina, Roos, Sanchez, Sha®w6t

Thefollowing tabledisplays the different parameteemployed to determine
whether or nothe type of pump is suitable for the design. It also shows how the different

criteria were evaluated and which pump was finally selected.

Table 8. Decision Table toDetermine theM ost Suitable Positive DisplacementPump

Pump Max. Max. Env
Price Efficiency| Reliability Total
Type Pressure| Suction Lift Impact
Internal
Gear 3 1 3 3 1 2 13
External
Gear 3 3 3 3 3 2 17
Sliding
Vane 2 2 3 3 1 2 13
Lobe 2 2 3 3 1 2 13
Diaphragm| 2 3 2 3 3 2 15

Discussion of Pump Selection

Due to the large variety of alternatives, to select a suitable pump for the design of
the hydraulic system becomes a fidwial problem that requires a lot of parameters to be
taken into account. Initially two types of pumps were considered, Kinetic@sitvp
displacement pumps. It was observed thasitive displacement pumps possesbetter
handling for viscous fluids. Most positive displacement pump types are inherently self

priming, meaning they can be located above thesardf the liquid bem pumped. In
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contrast, the inlet of a centrifugal pump has to be directly fed in order for the centrifugal
pump to work.The high presure and low flow criterianust beconsidered together, in
this particular application, it is required a high pressure laeal low flowrate and for
this case, the most appropriate device is a positive displacement pump. In addition, most
positive displacement pumps posses a high efficiency in comparison with a centrifugal
pump, although the efficiency of the pump is a tiorcof the viscosity of the fluid.

Once it was determined that a positive displacement pump would be employed,
there wasa necessy to look into the different types of positive displacemantngs in
order to select the mostitable pump for the projedtive different types of pumps were
compared, internal gear, external gear, sliding vane, love, and diaphragm. Among those
commonly used pumps, the external gear and the diaphragm pumps are the ones that
provide the highest maximum pressure, limitingribed for a larger hydraulic cylinder
in order to generate the required force. All the pumps are somewhat equally efficient,
because high efficiency is a characteristic of all the positive displacement pumps. A
major limiting factor is the budget of the geot. Therefore, a large emphasis was placed
on the pricing information for each pump. It can be concluded that for this project, the

most suitable pump is an external gear positive displacement.
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Design Alternatives for Hydraulic Oil Selection

The hydraulic system requires a working fluid that is going to transmit the power
from the positive displacement pump to the hydraulic cylinder. There are several
alternatives when it comes to the working fluid for the hydraulic circuit. In order to select
the best alternativéour different hydraulic oils were compared. The oils selected were
of low, medium, and high viscosity. There is also a biodegradable alternative included for
comparison.

It becomes important to select the appropriate criteria @ejuchether a
hydraulic fluid is suitable to be employed in this project or bere are a number of
characteristics that are important for hydraulicds; among thosene can find the

following items[16]:

e Low tempeature sensitivity of viscosity

e Thermaland chemical stability

e Low compressibility

e Good lubrication (antiear and arntstick propertig, low coefficient of friction)

e Hydrolytic stability (ability to retain properties ime high humidity environment)
e Low pour point(the lowest temperate, at which the oil may flow)

e Wateremulsifying ability

e Filterability

¢ Rust andxidation protection properties
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e Low flash point(the lowest temperature, at whittfe oil vapors are ignitable)

¢ Resistancéo cavitation

e Low foaming

e Compatibilitywith sealant materials

It was previously stated that there are 4 different oils being considered for

possible use. The Mobil DTE24, Mobil DTE26, Mobil DTE OIL HEAVY, and

Renewable Lubricants 810@8e commercially available oils. Adif them meet the

previous descried criteria. The following table illustrated the main characteristics of the

hydraulic oils selected.

Table 9. List of Commonly UsedHydraulic Oils With Their Main Characteristics

Referen| ISO Kinematic | Absolute| Pour | Flash Frice
Name Density per
ce# | Grade viscosity | Viscosity| Point | Point
Gallon
Kg/nt cSt Nsimt | °C | °C | US$
Mobil DTE | SKU
24 281939 1ISO 320 868 32 0.0278 | -33 212 | 25.62
Mobil DTE | SKU
26 308849 | ISO 68 880 68 0.05984 | -40 204 | 23.07
Mobil DTE | SKU ISO
OIL HEAVY| 279915( 100 882 100 0.0882 | -27 254 | 22.52
Renewable
Lubricants | SKU
81003 535022 | 1ISO 321 868 32 0.0278 | -40 232 | 31.46
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The following table provides the internet addresses where those oils can be
purchased at a lowgrice. The table was constructed based on searching the lower prices

in different electronic stores.

Table 10. Electronic Storeswith the L owestPricesfor the Hydraulic Oils Considered

Refere

Name nce # Vendor

SKU | http://www.drillspot.com/products/281939/Mobil_DTE_ 2
Mobil DTE 24 | 281939 _Premium_Hydraulic_OiIl

SKU | http://www.drillspot.com/products/308849/Mobil_DTE_ 2!
Mobil DTE 26 | 308849 _Premium_Hydraulic_OiIl

Mobil DTE OIL| SKU | http://www.drillspot.com/products/279915/Mobil DTE_C
HEAVY 279915 L_HEAVY_Premium_Circulating_Hydraulic_Oil

Renewable
Lubricants SKU | http://mwww.drillspot.com/products/535022/renewable_lu
81003 535022 bricants_81003_biodegradable hydraulic_oil

It is necessary to employ additional criteria in order to select the most suitable
hydraulic fluid, since all of them meet the basic requirements. An important criterion is
the performance of the working fluid. To determine the performance of the fligd, it
important to observe the influence of the fluid in the system. The main difference
between the oils is their viscosity. The viscosity is an important factor in the fluid
resistance of the hoses connecting the positive displacement pump, hydraudiercylin
and reservoir. The fluid resistance is going to dissipate energy from the system; therefore,

the lowest resistance is desired. The resistance is directly proportional to the Absolute
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viscosity of the fluid. In order to determine the resistance, fitgtreeeds to determine if
the flow is laminar or turbulent by observing the Reynolds number of the fluid. If the
Flow is laminar the HageRoiseuille equation can me employed to determine the value
of the resistancénly information about the Kinematici scosity (3) 1is
datasheets of the different hydraulic oils. It is necessary to convert this value into the
absolute viscosity (1) employing the following relationship:
p= pv

The Reynolds number (Re) of the fluid can be calculated ghrthe following

equation:

4p

Re = Tnd?

Q

If Re is less than 2000, the fluid can be considered as laminar.

The fluid resistance (fRcan be calculateldy employing the HagePRoiseuille
equation:

128ul
f = Td4

Where Q is the flow ratep is the eénsity of the fluid, d represents the diameter

of the hose, and | the length of the same.
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The following table relates important characteristics of the fluid in the system

Table 11 Kinematic Properties of the Hydraulic Oil for the Given System

oll Kinematic| Absolute| Reynolds| Laminar Fluid Fluid

Type | Density| viscosity | Viscosity Flow | Resistance Inertance
Kg/nv cSt N s/nf N-s/m> | N-s/m>

ISO 32| 868 32 0.027B | 92.2 yes 9.62E+07| 8.53E+06

ISO 68| 880 68 0.05984 | 43.44 yes 2.07E+08| 8.65E+06

ISO

100 882 100 0.0882 | 29.54 yes 3.06E+08| 8.67E+06

After carefully reviewing the different criteria, it is possible to construct a

decision table to determine the most suitable oil for our project.

Table 12 DecisionTable to Selectthe M ost Suitable Hydraulic Qil for the System

_ - Environmental
Name Price | Performance| Reliability _ Total
impact
Mobil DTE 24 2 3 2 1 8
Mobil DTE 26 3 2 2 1 8
Mobil DTE OIL HEA\ 3 1 2 1 7
Renewable

Lubricants 81003 1 3 2 3 9
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Hydraulic Oil Selection Conclusion

The oil that accumulates the most points is the renewable lubricants 81003. Its
ISO viscosity is 32, meaning it possesses a low viscosity that is going to minimize the
fluid resistance in the hydraulic circuit. Moreoythis Oil is made out of biodegradable
materials and its environmental impact is very low in comparison to the other oils. A
disadvantage of this hydraulic oil in comparison to the others is its prices, since it is about

$10 above the price of the nehdegradable oils.

Design Alternative for Hydraulic Structure

Below, several design considerations have been reviewed as a result of cost and
time. Some of the main components could either be manufactured or purchased, but the
feasibility of each waweighed based on several factors which are shown below. These

factors were rated from3 with 3 being the most desired outcome for this project.

Table 13. Decision Tablefor the Support Rods

Material Ease of
Cost Size Use Assembly | Time Total
Threaded
Rod 3 2 3 3 3 14
Custom
Rod 1 2 1 1 1 5
Threaded
Choice Rod
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By analyzing the chart above, it was made clear that a threaded rod that can be
purchased from most hardware stores would be the best choigerdfabricated so time
and money would be saved. There would be no design time and manufacturing costs are
minimized because these rods are produced on a largeldsiaig.the threaded raalso
allows for a more adaptable piece of equipment that can nwetthan just the
necessary requirements. If necessary, the positions of all the clamps can be adjusted to

meet the size of the coupons.

Table 14. Decision Tablefor the Clamps

Material Ease of
Cost Size Use Assembly | Time Total
Custom
Clamp 3 2 2 3 1 10
Purchased
Clamp 1 2 2 2 3 9
Custom
Choice: Clamp

By analysisshown on the previous tabiewas made clear that a custom clamp
should be designed and built specific for this project. The decision was based off of
purely material cost and the little funding available. The purchased clamps would have
been extremely expensive; approximately $L00 per clamp, while building the clamps

would reduce the cost to about $150.00 per clamp.
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Proposed Solution

Phase |

Once the different components that would integrate the control box were
characterized and selected, the design was dividedviotsections. The first section is
dedicated uniquely to generate the lamb wave which will propagate across the plate. The
second section is devoted to recover and interpret the lamb wave previously generated.

For the first section which servedaaveform generator, a PIC 16F690 was
employed to modulate a transistor TIP120 which acted a switch for a power source
connected to the piezoelectric actuator. Figure 17 displays how all the components of the

waveform generation block are connected.

Ground
+SV —

+10V

Switch

PIC 16F690

l Lamb Wave

50 0NN A WD~

Wave Generation Circuit

Figure 17. Schematics for the waveform generation block.
For the second section, a piezoelectric sensor is receiving the lamb waves and

transforming them into an electrical signal. The magnitude of the acquired signal is very
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smalt thus, it is necessary to employ an operational amplifier to step the signal up a few
orders of magnitude. To increase the magnitude of the signal, an Operational Amplifier
LN741 is employed. Once the signal is amplified, it is monitored employing a PIC
16F690. The pick samples the signal at a low frequency and will obtain information
about the amplitude of the wave. It will collect several samples and determine the
average of the amplitude over certain period of time. Figure 18 illustrates how the

different components of the signal acquisition block are connected.

Grﬂnd Ground

3 +5V =
270 O 10 KQ 2700 x 8
—W AW 1
2
5V

\]\ 3 o

4+ 3

oy

A esv 5 %

Pi s g

1€Z0 —

Sensor Op Amp E =
LM741 8
9
10

’/;-."\\\ T Lamb Wave

Wave Collection Circuit

Figure 18 Schematics for the signal acquisition block
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Project Management

Overview

Each member of the grodpT e a m iAvioleed io this project has a different
talent or strength that cdre applied to this project. The responsibility of each group
member is to apply these talents in a way that can contribute the most to the completion
of this project. Juan Camilo Mediad Hector Rooareproficient in the applications of
electronics and mechatronics, Brian Sanchez has skills in design and prototyping, and
Daniel Shaw has talents in system integration@ogectmanagement. The work that is
needed to complete this profewill be divided between these group members so that
their respective talents can be put to the best use in each respectiVéakaag with
four completely different schedules involvifabsand school can be difficult. This
situation provides an oppoinity to make excuses for responsibility and accountability.
In order to help prevent this problem, an excel sheet was creaiptirtize meeting

timesbetweergroup members.
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Table 15. Group Schedule

Sun Mon Tues Wed Thurs Fri Sat

6:00 AM

7:00 AM

8:00 AM

9:00 AM

10:00 AM

11:00 AM

12:00 PM

1:00 PM

2:00 PM

3:00 PM

4:00 PM

5:00 PM

6:00 PM

7:00 PM

8:00 PM

9:00 PM

10:00 PM

Juan and Hector

Daniel and Brian

All of Team Piezo
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Organization of Work and Timeline
January 5, 2009

- Phase | will be completed. This includes the construction afah&ol box
which will be builtto create a stimulus on a piezoelectric actuator which will excite the
system.This excitation will be monitored by a piezoelectric sensor that, along with the
actuator, will be placed on material test plate. The piezoelectric sensor will monitor the
signal output from the actuator and transfer this information back to the comsrar e
control box will then display the results on an LED disgaynonitor inconsistencies.
March15, 2009

-Phase Il will be completed. This includes the constructicntofdraulic
systenthat will be developed in order tave the ability to applyyclic loads on the
samples that will be tested. Thyesof loading that will be applied to the test plava
be Tension and Compressidrhis hydraulic system will be incorporated onto the same
table as the control box from phase | so that the tat phn still be monitored.
April 15, 2009

-Phase Il vas scheduled tbe completedBecause of time and tget
constraints, this was not able to happen. The goal was to cont@atenstruction of
furnacethat will be integrated into the systemith the hydraulic systemfrom phasdl
and the control box from phase le@use of cost, this system wadbeodesigned and
built specifically for this project in order twouse the testing samplasdapply thermal
stresses while being able to contiold monitorthe environment surrounding the

samples
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Breakdown of Responsibilities among Team Members
All group members contribute to every aspect of this project, but because of the
skills listedoverview section abovéhe focus of each member will be the tasks that

have been specified below:

Table 16. Control Box Assignment

Area of Project: Control Box (system control, data analysis)
Assigned to: Juan Camilo Meding
Assisted by: Hector Roog

Table 17. Pump Selection Assignment

Area of Project: Pump Selection(research, purchaseand assembly
Assigned to: Juan Camilo Meding
Assisted by: Hector Roos

Table 18 Hydraulic System Structure Assignment

Area of Project: Hydraulic SystemStructure (design and construction)
Assigned to: Brian Sanche:
Assisted by: Daniel Shaw

Table 19. Project Management Assignment

Area of Project: Project Management (report formulation, system integration)

Assigned to: Daniel Shaw

Assisted by: Juan Camilo Medinand Brian Sanche
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Project Management Software

A project as involved as this one will have many different files in many different
formats. In order to keep every file used in the progression of this poogantized; an
online software called Basecamp was used. Basecamp is-based project
management tool creeated by 37signilbas a variety of helpful features including
web-based text documents, milestone management, file sharing, time tracking, and a

messaging system.

This software allowed the group to upload files and have discussions regarding
theirimplementatiorand anyeditingthat would be required. It also served as a means to
ensure that each group member was completing the tasks beingatthkeah in a timely
mannervia milestonesThe use of this software was considered as a necessary expense

($25/month) and has been covered by the team.

Senior Design Il Team Piezo

(1N Messages To-Do  Milestones  Writeboards  Files People Search .

Project overview & activity B) This projects RSS feed

Subscribe to your project RSS feed and be notified
when someone posts a message, comment or file, or
adds or completes a to-do item or milestone in this
project. What's RS5?

Upcoming Milestones

Due in the next 14 days

Wed Thu Fri Sat Sun Mon Tue S
People on this project
5DPI MULTIMEDIA GROUP, INC.

15 Brian Sanchez

Final Presentation to IAB Members and Faculty Latest activity about
Team Piezo
Daniel Shaw

TODAY : -
Hector Roos
m @Team»Piezo Report.docx Daniel 5. ' "

s Juan Medina
TUESDAY, 7 APRIL 2009 N s oy
A T sTARCYL M3series-111308.pdf Hector R.

m E BTM Air-Oil cylinder.pdf Hector R.

Figure 19. Screenshot of Basecamp Software
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Engineering Design and Analysis

Structural Design Using Fatigue Analysis on the Coupon

The first step in deciding upon the design of the hydraulic system was to
determine the maximum limit that the coupon could endure before fatigue failure due to
the cyclic tension and compression loatise coupon must not surpass its yield strength
in order to maintain consistent material properties. The coupon must retain its properties
long enough to examine the integrity of the piezoelectric components during extended
tests. The Goodmaailure theay was used to predict the failure of the coupon due to

fatigue from cyclic tension and compression.
The variables used for the approach to fatigue failure are defined as the following:

S Endurance strength éluminum 2024

ka: Surface factor

kp: Size factor

ke: Loading factor (Stress Concentration Factor)

kq: Temperature factor

Ke: Reliability factor

ki: Miscellaneous factor

These factors are applied to determine the corrected endurance strength for the
coupon being tested. The endurance Ii&dits equal to %2 the ultimate tensile strength of
the materia[15]. The surface factdk,is dependent on the surface finish of the material

andis found using the equation:
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Ka= aSth
Wherea andb are found on the following table:

Table 20. Calculation of Surface Factork, [15]

- Factor a
Surface Finish : Exponent b
Sut kpsi St MPa
Ground 1.34 1.58 -0.085
Machined or cold-drawn 2.70 4.51 -0.265
Hot-rolled 14.4 57.7 -0.718
As-forged 39.9 272 -0.995

The size factoky is equal to 1 because for axial loading there is no size effect
[15]. The loading factor ks equal to 0.85 because of axial loadih§]. The temperature
factor ky is equal to 1.020 as shown in the table below. The range of temperature is from
100 to 2@ degrees Celsius when the tests are to be performed in the furnace. The lowest
factor in this range was used to ensure that the lowest endurance strength is used. Using
the lowest endurance strength guarantees that the coupon will not endure a stnelts that

cause it to fail prematurely.

Table 21 Calculation of Temperature Factorky[15]

Temperature, xC St/Skt Temperature, Xk St/Skt
20 1.000 70 1.000
50 1.010 100 1.008
100 1.020 200 1.020
150 1.025 300 1.024
200 1.020 400 1.018
250 1.000 500 0.995
300 0.975 600 0.963
350 0.943 700 0.927
400 0.900 800 0.872
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450 0.843 900 0.797
500 0.768 1000 0.698
550 0.672 1100 0.567
600 0.549

The reliability factor kwas calculated for a reliability of 90%. This percentage
was chosen for reasons similar to the choice of the tempefattiog; the lowest

endurance strength is desirable to maintain the integrity of the coupon during the tests.

Table 22 Calculation of Reliability Factor ke[15]

Reliability % Transformation Variate Reliability Factor k¢

50 0.000 1.000

90 1.288 0.897

95 1.645 0.868

99 2.326 0.814

99.9 3.091 0.753
99.99 3.719 0.702
99.999 4.265 0.659
99.9999 4.753 0.620

The following table illustrates the calculations made to determine the force
necessary to create the maximum stress that would be allowed by the coupon. The
endurance strength of 171 MBahe maximum stress that the coupon would allow
before fatigue failure. The force was found by multiplying the cross sectional area of the
coupon by the calculated endurance strength. This aids in the preliminary selection of the

pump used in the hydrhei systemas well as all other components that are used
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Table 23. Endurance Strength of Aluminum Coupon

ALUMINUM
Variable Sl Units English Units
Modulus of Elasticity 73.10 GPa 10.60 Mpsi
Yield Strength (S) 296.0 MPa 47.00 Kips
Ultimate Strength (Su) 446.0 MPa 64.80 Kips
S 245.3 MPa 35.64 Kips
Ka (surface factor) 0.8956 0.8939
Kb (size factor) 1.000 1.000
Ke (Ioading factor) 0.8500 0.8500
Kd (temperature factor) 1.020 1.020
Ke (reliability factor) 0.8970 0.8970
Kt (miscellaneous effects factor) 1.000 1.000
S 170.8 MPa 24.78 Kips
Thickness of Material 0.0016 m 0.0630 in
Width of Material 0.05080 m 2.000 in
Area of Material 8.129E05 m’ 0.1260 in®
Frax 13890 N 3122 lbs
Frmin -13890 N -3122 lbs
Max Strain 0.002337
Delta L 25.40 mm 1.000 in
Work 352.8 Joules 270.0 ft*|bf
Power 12700 Watts
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Clamp Design Based on Failure Theories

Because of the large cost of prenufactured clamps that could sustain the forces
required for the hydraulisystem and large temperatures from the furnace, the decision
was made to design and build the clamps specific for this application.

The following table illustrates the initial design considerations for the clamp. The
width and length were originally detained to cover the area necessary to safely hold the
coupons in place to withstand the tension and compression forces being sent through
them via the hydraulic system. The maximum force originally calculated from the coupon
analysis tables above, is 13/89. The clamp must produce at least this much frictional
force to not allow the coupon to move. The normal force determined to achieve the
minimum frictional force was found by dividing the shear force by the coefficient of
friction (0.61) between th@lumnum 2024 coupon and the steel @@lamp The normal

force required for the coupon not to sli@2i.77kN.

Table 24. Force Applied to Secure the Clamp

CLAMP (GENERAL SPECS)
Variable S| Units English Units

Width of Clamp 0.05080 m 2.000 in

Length of Clamp 0.02540 m 1.000 in

Area of Clamp 0.001290 m° 2.000 in”

Max Shear Force 13.89 KN 3122 Ib
Shear Stress 5382 KN/m? 780.3 Ib/in®
Ultimate Strength 341.0 MPa 49.50 Kips
Yield Strength (S) 220.0 MPa 32.00 Kips

Fapplied 22.77 kN 5117 Ib
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After determining that the force necessary to maintain the sufficient frictional
force was equal t@2.77kN, the next step was to calculate the torque needed to be
applied to the bolt that creates the normal force for the clamp. dsiegample problem
relating norméforce to torque applied @pendix B), the torque that is required to be

applied to the bolt to maintain the necessary frictional foré@&86N-m.

Table 25. Torque Applied to the Bolt Securingthe Clamp

TORQUE FOR BOLT
2 * Alpha 1.047 rad
Major Diameter 0.01270 m 0.5000 in
Minor Diameter 0.01150 m 0.4528 in
Mean Diameter 0.01210 m 0.4764 in
Length 0.02500 m 0.9843 in
Thread Friction 0.07500
Pitch 0.001270 m 0.0500 threads/in
Fapplied 22.77 kN 5117 Ib
dm 0.01188 m 0.4675 in
Num 0.02823
Den 0.03514
T applied 0.1086 kN-m 80.02 Ib-ft

TheBrittle CoulombMohr theory was used to determine if the top arm of the
clamp would fail due to shear stress fromhbetical forcebeing appliedby the bolt. The

factor of safety for the top arm was calculated to h®3rom the following equation:

Sut/zrmax =n
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Wherert,, ., IS maximum shear stress being applied to the arm an n is the factor of safety.
The factor of safety wagetermined under the assumption that the system is operating
under the maximum allowable force is being used. It is the intention to use a smaller
force to ensure that the system will not faihis assumption will be applied thefactors

of safetyfor each component designed

Table 26. Shear Stress Analysis of Clamp Arm

CLAMP ARM SHEAR
Height of Arm 0.03400 m 0.8636 in
Width of Arm 0.05080 m 1.290 in
Shear Face Area 0.001727 m’ 1.114 in’
Force 22.77 KN 5117 Ib
Shear Stress 13183 kN/m? 1111 psi
Factor of Safety 12.93

The next component to be analyzed for clamp design was the bolt being used to
create the frictional force between the clamp and the coupon. The material of the bolt
being used is 304 stainless steel. Bhigtle CoulombMohr failure theory was used to
predict the factor of safety for this bolt with the following equation:

Op_0s_1

Sk S N
As stated above, the factor of safety for each component was determined using the
maximum allowable force for th&ystem even though there is no intention of using such

a high force. This ensures each part remains reliable for a long term test.
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Table 27. Shear Failure Analysis of Bolt

BOLT SHEAR FAILURE
Bolt Area 0.0001039 m’ 0.06701 in°
Force 13.89 kN 3.121 Ib
Shear Stress 133700 kN/m” 19387 Ib/in®
Ultimate Strength 568.0 MPa 82346 Ib/in®
Factor of Safety 2.124

The next design consideration was failure to the clamp bolt through the thread.
Applying the Brittle CoulomiMohr failure theory as above, the factor of safety was

determined to b&1.49 proving to be another element of the clamp that is over designed

for safety.
Table 28 Bolt Thread Failure Analysis
BOLT THREAD FAILURE

Thread Count 787.4 TPM 20.00 TPI

Bolt Height 0.03400 m 0.8636 in

Thread Surface Area 0.0009213 m’ 0.5944 in®

Force 22.77 KN 5117 Ib
Shear Stress 24716 KN/m? 3583 Ib/in®

Ultimate Strength 568.0 MPa
Factor of Safety 11.49

The region that the bolt was to screw in to was also analyzed usiBgittie
CoulombMohr failure theory. The factor of safety was determined t@.Bethis reveals

a trend made for the construction of the hydraulic system. This trend is to design all
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essential components to have a very large factor of safety to account for any calculation
errors as well as to design components such as the bolts vighest bhance of failure as

they are the easiest to purchase and replace.

Table 29. Aluminum Thread Failure Analysis

STEEL THREAD FAILURE

Thread Count 787.4 TPM 20.00 TPI
Bolt Height 0.0340 m 0.8636 in
Thread Surface Area 0.001017 m° 0.6564 in°
Force 22.77 kN 5117 Ib

Shear Stress 22381 KN/ 3245 Ib/in®

Ultimate Strength 341.0 MPa 49.50 Kips

Factor of Safety 7.618

Thefollowing image is the final design for the clamp that will be used to hold the
coupons. There aeveral design features to note in the following image. The clamps

have ber designed using law carbon steel (1@) as the material
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Figure 20. Individual Clamp Design

Annotation 1 portrays a guide that is used to keep the clamp straight. The guides
used are called Shoulder Screws and are locatéuedeft and the right of the large
tightening screwandar e 1 0 i n di aaoitentthe middle Wil lee mhde ofg e r
stainless steel.

Annotation 2 in the above image shows the flange design required to attach the
clamp to the interface betwearsteelplate and the coupon. The clamp is supported by
six steel screws (three on each side) whthir nuts, and rubber spaseto prevent

loosening from vibration over time.
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Annotation 3 in the above image describes a design feature that was implemented
later on into the design to basically eliminate compressive forces on the clamp. This stop
almost completely eliminates thesempressive forces due to the ram force because the
coupon butts up against the material and translates the stress from the coupon to the

material directly.

Finite Element Analysis on the Clamp Design

Figure 21 Analysis ofi oFlange for the Clamp
The first clamp design used & Flange to secure it to a plate. It can be seen from
above that this would allow for too much deflection. This deflection would alternate
because of the cyclic loading which could eventually loosen/iviedbdlts until they
break. Therefore, the 10 flange was increa

of this simple design modification are promising.
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Model name: series_clamp_plate
Study name: Study 3

Plot type: Static nodal stress Stress1
Deformation scale: 98.9369

von Mises (W/m*2)
2.172e+008

' 1.991e+008
- 1.810e+008

. 1.629e+008

- 1.448e+008

- 1.267e+008
- 1.086e+008
- 9.052e+007

. 7.242e+007

- 5.4320+007

3.622e+007
1.812e+007
1.3472+004

Figure 22 StressAnal ysi s of 10 Flange for the Cl a
The above clampnalysis briefly portrays the FEA analysis of the clamps. It is
clearly visible that the coupon material will experience failure due to telwigrbefore
the clamp experiences any extreme loads (loads inducing stress beyond elastic
deformation) which wiresult in failure. As a result of the above study, the clamps can
be considered safe. Notice that the deformation scale is 98.9369, which augments the
deformation of the material approximately 99 times the true deformation amount. In
actuality, the ente clamp deflecta maximum o0.003 mm. In compression, the clamps
experience similar results.
I n the clamp design, compression forces

the end of the coupon which a buiiit feature of the clamp so that the couponsufi
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against the clamp and has no room for movement. Therefore jgHittle to no clamping

forceneeded for compression.

Clamp Assembly Design and Layout

| | |

L
[
=

Figure 23. Assembly of Clamps Holding Two Coupons in Series

The abovemage describes a simplistic version of the layout our coupon test
system will have. The system will have the ability to test two coupons experiencing the
same tensile and compressive forces simultaneously. The reason this can be achieved is
becauseeaofisSeructured system is used. This
up one after another and stretched in the same linesé&tup allowghe forcedo be
evenly distributed among both coupomkis layout is contrary to the original design
which had three coupons in a parallel formatidhe seriedayoutwill be supported on a
rail system which will basically allow the entire assembly to slide when necessary. As
precaution, supportsave beemlesigned to prevent deflection from occurring in these

rods due to the weight of the materials that are being supported.
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Figure 24. Analysis of Support Rods

The above graphs show the Deflection, Slope, Moment, and Shear Diagrams of

one of

18MAKS| Stedl Bodsdlttiat will beupporting the test bed. The mass of the

assembly would be approximaté&286.18grams, which is about 5.04 Ibs. We applied a

factor of safety to the system and set the weight acting on the rods to be 8 Ibs. This gave

us a maximum deflection can be seeb te

0.

02150. This is

very

that this is based off of a system with only 2 support points, one on each end. In our case,

there will be 4 support points evenly distributed along the length of the rods.

r
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Finite Element Analysis on Interface Design

Figure 25. Interface Plate Design

By reviewing the component and structure design, it was necessary to develop
some sort of Ainterfaced between the desig
hydraulic stucture the above design was implemented. The center of the interface mates
precisely with the ram component to create a snug fit but still allows a pivoting
movement as showin the following figure The interface design was delayed purposely
to becompleted after the hydraulic system components were received due to
discrepancies between the provided schematics and the actual parts themselves. If the
interface was desiga based off the original schematics, material and time would have

been wasted.
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Figure 26: Interface Assembly- Side View Figure 27: Interface Assembly: Exploded Isometric

View

Figure 28: Interface FEA Analysis - Visual Representation

The above image pways the Finite Element Analysis simulations applied to the
new interface design that has been developed for the hydraulic system. As viewed above,
it is clear that there will be a deflection caused by the force created by the ram. In reality
however, tie max deformation for the interface is approximately 1.792%réters,

which is much smaller than a millimeter.



Medina, Roos, Sanchez, Sha®8

Figure 29: Stress Concentrations around Holes
There are a few of areas of interest, in particular, the middle row of holes as
shown in the image above are close to the Yield Strength of the material (Low Carbon
Steel). To solve this issue, the bolts securing the interface in place have been be

reinforced by doubling up the nuts using to hold the interface to the system.

300000000 ....... : ............... :. .............. E...........,...: ............... . ........

sg
£ 200000000
%’ 100000000
s

0

#16014  #16007 #1166 #9104 #1099
Node

——— von Mises (N/m”~2)

Figure 30: Stress Concentrations from closest node to hole to farthest node.

The above graph portrays the Von Miséi®ss concentrations as the distance

from the goes from O (closest to the hole) to infinity (farthest from the hole).
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Finite Element Analysis on Rod / Table Mount Assembly

Figure 31 Table Mount for Hydraulic Structure

The purpose of the above table mounts is to raise the entire tested up and
off the table. The four top holes allow the block to be mounted, while the larger
centered hole allows for the threaded rods to rest in there and bolt into a fixed
position. The table maints have been constructed of 2014 Aluminum Alloy and will
have several stress concentrations occurring. Therefore, before beginning any
portion of the build, the part must be analyzed for any potential failure points.

Further discussion of the table moung take place below.
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Madel rame: simple_assembly
name: Study 1

Plot type Static nodal stress Stress1

von Mises (Nim2)
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Figure 32 FEA on simplified rod / table mount assembly.

The purpose of the Finite Element Analysis on the above assembly was to
determine if the aluminum block could withstand thece applied by the hydraulic ram.
A simplified version of rig was used to provide easy and understandable results. As a
result of the analysis, it has easily been determined that the force being applied to the
material is not enough to hinder the perfamoe and purpose of the block. The block (3)
will be able withstand the forces and stresses necessary to keep the entire structure in
place since all stresses remain within the yield strength of the material. There are some

figures below which will furtheconfirm the results.

To decrease the risk of slippage along the threaded rod (Label 1), the method of
doubling the amount of nuts (Label 2) securing the rod in place can be used. As a result,
adding these nuts will double the thread surface area themefducing the risk of thread

shear by half.
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Figure 33: Stress along rod due to force applied.

Figure33 displays the sties along the rofFigure 9i Label 1)from the surface of

the aluminum to infinityfrom left to right) The rod is able to withstand the force acting

along it axially, but endures a slight stress concentration as the rod reaches the aluminum

face as seeim Figure32.

—
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Figure 34: Von Mises movingaway from hole in radial direction (Refer to Figure 9- Label 4) to

infinity .
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Theabove figure displays the stresses moving out in the radial direction from the
0 . Bote. It is a common understanding that stress concentrations are maximum at holes
and notches, and decrease as the distance increases from the hole. Therefore, this allows
for the elimination of extraneous points which can lead to more accurate and acceptable

results.

S

%)

Figure 35: Detailed Sketch of Table Mount
The table mounts were constructed out of Aluminum Alloy 2014, and were cut to
sizeoutoa 20 x 20 x 120 bl oc kslightlyargerb@caudetlie h ol e s
holes did not require any dimensional accurddye holesver e dr il Il ed t o aboc

This makes the alignment and positioning of the mounts easier when being fixed to the

table.
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Simulation of the Hydraulic System

Once the final design has been conceptualized, it becomes important to estimate
how the system in going to behave with respect to a given input. In order to interpret and
estimate the behavior of the system, a pdwenathematical tool known as system

modeling was employed to determine the system response.

Initially a comprehensive model of the system was intended. The system
consisted of two different energy domains. There was a linear mechanical domain and a
fluids domain. The Fluids domain is composed of a pump which is connected to a
hydraulic cylinder and a fluid reservoir. The hydraulic cylinder acts as a Gyrator and it
transducers the energy from the fluids domain into the mechanical domain. The ram of
the tydraulic cylinder transform the pressure applied by the fluid into a force. The force

actuates on a metallic plate that is being fixed to the ground (Figure A).

\%

|
|

Fluid Pump
Reservoir

Figure 36. Schematicof the ComprehensiveHydraulic System
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For thissimulation themetallic plate was modeled with an equivalent mass,
damper, and spring system. The metallic plate possesses two different behaviors when it
undergoes a mechanical stress. It initially has an elastic behavior which can be modeled
as a mechaaoal spring. Once a critical point is reached, the behavior of the plate is no
longer elastic. It becomes plastic and the material undergoes large deformations. It is also
necessary to account for the mass of the metallic plate, the cylinder ram, asstitige t
interface. Those masses can be combined together and assumed to be one. Moreover,
there is always loss of energy in thestemihis loss can be due to many factors. It can
be due to the friction between all the components, or it can be partratamai loss of

energy in the system.

On the fluids domain, the hoses that transport the hydraulic oil between the
components are modeled as a combination of a fluid inertance and a resistanc&7Figure
shows how albf the elements of the system amnnected to form the linear gia

which is the initial step in the developmentao§imulation

Figure 37. Linear Graph for the ComprehensiveHydraulic System
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From the graph, it can be observed that it possesses 9 branch8j, (Brodes
(N =8), 2 parts (P = 2), and one source (S = 1). The equations describing the system will

be presented as follows:

Elemental equations: BS =91 1 =8

Fr=AP, Pys = 11d5t“ Py1 = R1Qpy Vig = %dstK
Qr = —AV3, Py = I di:z Peg = R,Qgo E, = md;/ig
Continuity Equations: N P =8i 2=6
Q=0Qn Q1 = Qr Qr1 = Qr
Qr = Q2 Qr = Q2
Fr+F,+ F,=0
Compatibility Equations: B NT P=91 8+2=3
Psy + Pyy + P + Pyg + Py — B =0 —V3g + V35 =0 (2)

The system possesses four state variables agdtnsist othe velocity of the
mass, the force through the spring, andftbv rates through the hoses. The state

variables and their derivatives with respect to tare presented bellow.

(L
dt
‘fk dVag
39 : dt
X = X = A u = {Q}
Qn %
t
Qn Lde
dt 7
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Even though there are four state variables, it can be seen from the continuity
equations that the flow rate through the inertances is equal to thdlaowuate which is
aknownvalue The previous relationship allows characterizing the flow rate though the
inertances as a function of time. It also avoids the necessity to compute a solution for the
flow rates. Thus, the state vector can be reducadda@dmponents which are the force

through the spring and the velocity of the mass.

From the previous set of equations, the state equations can be obtained.

dFy
ar = Vs

dv. 1 dQ
2= = —|Fi = (Ri+R)Q = (L + 1) =~ + AP,

It was determined that éhprevious system cogponds to a degenerate system,
which means that it ia limiting case This makes the systemuchsimpler because it is

symmetricakather tharthe general case.

It was not possible to obtain significant results from the previous system.
Therefore, the system was simplified to avoid its symmetry and to allow a more
meaningful solutionThe back section of theydraulic ram was assumedhave a

minimum effect on th system and #refore it could be neglectedigBre 38).
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Figure 38. Schematic for the Simplified Version of the Hydraulic System Model

Based on the simplified system presented above, it is possible to construct a system

graph.

Figure 39. Linear Graph for the Simplified Version of the Hydraulic System.Model






