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ABSTRACT

Nuclear reactors have large needs for in-pile sensors that are durable in high
temperature, radioactive, and corrosive environments. With the use of multiphysics finite
element analysis (FEA) researchers can speed up sensor prototyping. FEA also allows for
a better fundamental understanding of sensors and enables sensor optimization. This
research focuses on three types of in-pile sensors developed at Idaho National
Laboratory: acoustic sensors, linear variable differential transformers (LVDT), and
capacitance based strain gauges (CSG). Two acoustic sensors, magnetostrictive
waveguides and piezoelectric surface acoustic wave (SAW) sensors were first modeled.
These models showed the acoustic wave patterns and estimated the speed of sound. The
modeling results were compared to results from laser Doppler vibrometer testing. The
model was implemented to enhance the performance of the sensor designs. This research
then modeled a LVDT sensor used to measure fuel rod deformation and structural health
monitoring. A parametric FEA study was completed for the purpose of sensor
miniaturization. The FEA model was also used to investigate the potential of adding a
fiber optic cable through the LVDT core. This research eventually modeled CSGs used in
nondestructive structural health monitoring. Multiphysics models were used to

investigate the discrepancies in experiments and previous analytical models.
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CHAPTER ONE: INTRODUCTION

Currently in the U.S., 74 of the 100 operational reactors have been granted a 20
year expansion on the original 40 year license [1]. To extend the life of the operation past
2050 they would need extension past 60 years [1]. During 2013 alone an estimated 6.4
billion dollars in capital went to maintenance and upgrades [1]. There is also a need for
new technology to be implemented into new types of reactors. The molten chloride fast
reactor needs new sensors to tackle the wide variety of needs and safety concerns. There
is a need for extra safety and higher efficiency as the life of the current reactor increases
and new reactors are developed. The INL has been developing sensors to tackle some of
the needs that these reactors have.

Acoustic sensors are being evaluated at the INL as ultrasonic thermometers. There
are two types of acoustic sensors being tested for temperature sensing: magnetostrictive
waveguides and piezoelectric surface acoustic wave (SAW) sensors. These devices work
by relating the speed of sound to a known temperature of the material using an equation.
Ultrasonic thermometers can be used for getting live and continuous temperature data
from inside the nuclear reactors. Temperature sensors that are currently being used are
melt wires and thermocouples. Melt wires are limited to discrete data points and are
measured post-irradiation. Thermocouples are also limited by certain temperature ranges
and can become decalibrated in high temperatures and radioactive environments [2]. Any
temperature device that uses electrical measurements is limited by the electrical signal, as

the temperatures exceed 1800°C the electrical insulators degrade and cause electric



shunting errors [2]. Ultrasonic thermometers can use waveguides to protect the electrical
components of the sensor from large temperatures. With the electrical components
protected the ultrasonic thermometers are only limited by the material melting point,
which can provide temperature readings above double the temperature that electrical
thermometers can produce. Oak Ridge National Laboratory has verified the capability of
determining the temperature using a frequency analysis of a SAW sensor. The device was
only capable of a temperature resolution of 2.36% [3]. When the INL tested their current
sensors with a time domain analysis they were able to get slightly better resolution of
between 1-2% [2]. To improve the resolution of these devices and guide sensor
development, multiphysics FEA was used to model both the piezoelectric and
magnetostrictive temperature sensors. The models created for this thesis will be used as
the base for more accurate models once materials properties have been experimentally
found. Experiments using a laser Doppler vibrometer and ultrasonic transducer were
developed and presented for future researchers. These experiments will be used to help
determine material properties and validate model accuracy. Along with temperature
sensing the INL has the need to measure displacements of materials during irradiation.
LVDT sensors are well developed, simple sensors that measure linear
displacement. The LVDT works by measuring the voltage in two coils that is caused by
the magnetic field around a magnetic core. The difference in voltage between the two
coils is then related to the displacement. The sensitivity of the device is limited only by
the noise present in the system. The displacement sensors are versatile and are used as the
base sensors in several different types of devices. The INL designed and used LVDT

sensors for creep testing for new material that are planned to be used in high temperature



radiation [4]. The LVDT allows for the data from tests to be analyzed without the need of
specimen removal. The irradiation tests can be ran until the desired effect is reached
rather than removing and returning the test piece. [4]. Other labs are also using the LVDT
for nuclear analysis. The Institute for Energy Technology is using the LVDT for the
Halden Reactor Project as the base sensor for pressure transducers, fuel centerline
temperatures, cladding elongation, and fuel elongation [5]. The fast analysis of new
materials during irradiation allows for better cladding and fuels to be tested in shorter
amounts of time. The current LVDT devices on the market are larger than what is desired
by the INL and only withstands lower temperatures. Multiphysics FEA was used to
develop a model of the current LVDT device. Once this model is accurate and reliable the
simulation can be used to help develop a miniaturized LVDT sensor. Later in the thesis
model and verification data is presented. This thesis also goes over the impact of putting
a thru-hole in the LVDT core. The hole would be used as a port for a fiber optic cable.
Adding a port along with the LVDT sensor will reduce the use of a different slot for a
fiber optic cable in the reactor. The freed up slot can then be used for other devices or
sensors. FEA was used to determine the impact without actually damaging the LVDT.
The INL is doing research on many devices with applications in the nuclear field and
outside it.

The INL in conjunction with NASA has been developing small flexible CSG
sensors to provide non-destructive structural health monitoring. Soft structural materials
like Kevlar parachute chord have needs for this type of monitoring. Flexible CSG sensors
have been developed to allow for monitoring of strain in these types of materials [6].

These sensors were created using a typical interdigital electrode designs. The electrode



designs were then applied to a flexible polymer substrate [6]. The device works by
measuring the decrease in capacitance and relates it back to strain. The capacitance
decreases due to the increase in spacing of the interdigital electrode pairs. Current
commercial devices consist of parallel plates rather than the interdigital electrodes. The
parallel plate design is bulky and limited to strain measurements perpendicular to the
sensor [6]. Another device that measures strain is the resistance based strain gauge. CSG
have higher gauge factors than resistance based strain gauges. Resistance based strain
gauges have resistivity hysteresis which limits performance [6]. The CSG’s do not have
the limitations with resistivity and can provide higher performance [6]. Analytical models
were used to try and verify experimental results. The analytical equations underestimated
the capacitance. The use of FEA was used to try and explain the discrepancies with the
analytical model and the experimental data. The model was also used for a parametric
study to determine the impact of electrode size. The impact was measured by the change
in gauge factor as the electrode height and width changed. The following chapters go

over the testing, FEA modelling, and conclusions for all of the different sensors.



CHAPTER TWO: PIEZOELECTRIC ULTRASONIC THERMOMETER
2.1 Introduction
Piezoelectric materials are used in many applications and are useful because of
their ability to convert energy. This material can convert between electric potential and

stress (either bending, compression, tension, or torsion).
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Figure 1 Example of the piezoelectric effect (left) and the converse piezoelectric

effect (right). The dotted outlined material is the original material with no outside
boundary conditions. The solid grey material is the material response after either
strain or voltage is applied.

Piezoelectric solids have a linear relationship between electric polarization and stress [7].
The linear relationship can be expressed as:

P; = Yk dijk Ok 1)



where P is the induced polarization, d is the piezoelectric tensor, and o is the stress
tensor [7]. The relationship is what allows for the material to be used as a sensor. As the
material is under stress it induces a polarization that causes an electric potential. For
actuation the converse piezoelectric relationship is used. The converse piezoelectric
effect is when a strain or shape change is caused from an applied electric field [7]. The
converse relationship is also a linear relationship.

Sik = XidijkE;, 2
where S is the strain tensor and E is the electric field [7]. A basic example of the
piezoelectric effect and the converse piezoelectric effect is shown in Figure 1. In practice,
piezoelectric materials allow for both actuation and sensing through electrical leads
attached to the material surface.

Using the actuation, a piezoelectric material can be used to produce an ultrasonic
wave like that needed for ultrasonic thermometry. An ultrasonic thermometer is one
method of sensing temperature. It works by using the relationship between the speed of
sound in a material and its Young’s modulus. As the temperature of the sensor increases,
the Young's modulus of the material decreases, and the speed of sound increases. The
speed of sound through the material can be calculated using the time of flight of the wave
and the distance travelled. Then from the previous relationship the speed can be used to
retrieve the temperature. These thermometers can be made by attaching conductive
electrodes to the surface of a piezoelectric substrate and exciting mechanical waves in the
material and sensing the reflections produced.

Using piezoelectric materials for an ultrasonic thermometer have many benefits.

The first benefit is its durability in extreme temperatures and radioactive environments,



like those found in nuclear reactors. The sensors can also be made at a low cost and with
a smaller footprint using additive manufacturing. Sensor footprint is important because
nuclear reactors have limited space. The ultrasonic method also allows for real time data
on temperatures, along with rapid detection of critical fault conditions.

Multiphysics finite element analysis is needed to model this material to speed up
sensor prototyping, and better understand sensor fundamentals. Multiphysics FEA also
allows for solving of complex systems of differential equations. These differential
equations allow for solid mechanics, electrodynamics, and the piezoelectric effect to be
solved for simultaneously. FEA needs to be tuned using real data to ensure model
accuracy. A laser Doppler vibrometer was used to characterize the material and compare
results from FEA.

2.2 Methods

2.2.1 Vibrometer Testing

A piezoelectric ultrasonic thermometer was manufactured by printing two pairs of
inter-digital silver electrodes on top of a 10 mm by 10 mm by 0.5 mm lithium niobate Y-
cut 128° substrate. The sensor in Figure 2 is called a Rayleigh SAW sensor. The sensor

was manufactured by Nicholas McKibben in Boise State’s ANML.
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Figure 2 Dimensions of the Lithium Niobate SAW sensor (left) and the actual
printed sensor (right). All dimensions are in mm.
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The substrate is then placed on a foam support to replicate a free-free boundary

condition. The piezoelectric effect is effective in the z-direction of the substrate for Y-cut
lithium niobate [7]. The sensor was created in the z-direction, but the correct amplifier
was not available. Therefore, an impulse is provided by an Nd:YAG laser on the left edge
of the substrate parallel to the z-direction. The out of plane vibration (in the y-direction)
on the surface of the substrate is measured along the scanning field, shown in Figure 2,
using a Polytec PSV-400 laser doppler vibrometer. The scanning field is 3 mm long and
consists of 61 data locations along a straight line. Each measurement point was measured

for 25 ps and was stacked 200 times to reduce the measurement noise. The vibrometer

has a sampling frequency of 2 MHz and a minimum laser spot size of 36 um.




Impulse Laser

Piezoelectric device

Figure 3 Vibrometer testing setup for the piezoelectric sensor with attached
electrode leads.

Figure 3 shows the lithium niobate piezoelectric sensor and the layout of the laser
excitation and the vibrometer laser. Electrode leads were attached to the electrode pads
farthest away from the source laser to measure voltage from the piezoelectric effect in the
lithium niobate.

2.2.2 Finite Element Analysis

2.2.2.1 Rayleigh SAW Sensor

The Rayleigh SAW sensor produces waves that propagate along the top surface of
the sensor. The model consists of silver interdigital electrodes on top of a square PZT-5A
piezoelectric substrate. The dimensions of the square substrate are 76.2 mm width and 0.6
mm thickness. A 2-D cross sectional representation of the sensor is used to alleviate large

data sets and long computation times. A time domain analysis was implemented in order
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to capture the transient response of the sensor after excitation. In order to alleviate the
bending mode of the substrate during excitation and to allow the acoustic wave to

propagate properly, the substrate thickness was increased to 2 mm.

0.0354m
0.037 Air Piezoelectric Substrate
0.0257

0.023 Activation Electrodes Sensing Electrodes

0.0157 |  assain

001 [~
0.005"
0
-0.0057 | [+
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Fixed Constraint

-0.0157
-0.027
= — g
-0.0257
-0.037 Electrodes
-0 035‘||||r|n
' -0.04 -0.02 0 0.02
Figure 4 Model geometry and boundary conditions.

Figure 4 shows the 2-D cross sectional view of the model that was constructed in
COMSOL Multiphysics. The depth of this model that is in the out of plane direction is 1
mm. A square air domain with a width of 0.23 m is defined to replicate the infinite air
around the substrate in practice. The lithium niobate is fixed using a fixed constraint on
the left end of the substrate near the activation electrodes. The boundary condition is used
to prevent motion and make the substrate act as a cantilever beam with gravity ignored.
The silver electrodes have a width of 0.6 mm, height of 2.2 um, and a spacing of 0.3 mm.

The model contains two sets of ten electrodes on either end of the substrate for voltage
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excitation and sensing. The distance between the two sets of electrodes is 64.85 mm

(measured from the center of each electrode set). The excitation electrodes alternate from

ground to an applied voltage.

Voltage Input

1 L
0.8t
>,
© 0.6
8
C)
>04r
0.2
O L 1 . L
0 0.5 1 1.5 2 25
Time (us)
Figure 5 Voltage over time for excitation electrodes.

In Figure 5, the applied voltage is a Gaussian pulse of length 1.5 us and has an amplitude

of 1 V. The material properties that were used in the model are in Table 1 below.



12

Table 1 Material properties of PZT-5A used during simulation.
Property Variable Value Unit
Density rho 7750 kg/m3
{SE11, SE12, SE22, SE13, Eléigf’ﬁl’_'?&;;ee_'llzz’_
Compliance sE23, SE33, sE14, sE24, SE34, 7'22e-12’ 1 éBe-ll O
matrix, Voigt SE44, sE15, sE25, sE35, SE45, ' ' e 1/Pa
: 0,0, 4.75e-11, 0, 0, O,
notation SES5, sE16, sE26, SE36, SE46,
el 0,4.75e-11,0, 0, 0, O,
SE56, SE66} ; SEij = SEji 0, 4.43e-11}
{dET11, dET21, dET31,
dET12, dET22, dET32, {0, 0, -1.71e-10, 0, O, -
Coupling matrix, | dET13, dET23, dET33, 1.71e-10, 0, 0, 3.74e- C/IN
\oigt notation dET14, dET24, dET34, 10, 0, 5.84e-10, O,
dET15, dET25, dET35, 5.84e-10, 0, 0, 0, 0, O}
dET16, dET26, dET36}
. {epsilonrT11, epsilonrT22,
RV epsilonrT33} ; epsilonrTij =0, | {1730, 1730, 1700} 1
permittivity P ' €P =5 ’ ’

when i#]

2.2.2.2 Longitudinal-mode Sensor

The longitudinal-mode sensor does not produce SAWS, but produces a p-wave

instead. For the Longitudinal mode sensor, the material properties listed in Table 1 were

used. Again, a 2-D and time domain analysis was used in to analyze the transient

response quickly and efficiently. The dimensions used in the model were a substrate

thickness of 0.6 mm and width of 76.2 mm. The model geometry and constraints are

shown below in Figure 6.
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Figure 6 Longitudinal mode SAW sensor geometry and constraints.

The longitudinal mode SAW sensor shown consists of two pairs of electrodes on both
ends of the substrate. One pair of electrodes is for excitation and the other pair is for
sensing of the generated waves. The silver electrodes have a width of 0.6 mm and a
height of 2.2 um. The model has a fixed constraint on the substrate end next to the
excitation electrodes, this prevents motion and constrains the substrate as a cantilevered
beam with gravity ignored. The whole model is surrounded by a square air domain with
the width 0.23 m to simulate the infinite air surrounding the sensor in practice. The

excitation for the model is a sine pulse.
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Voltage Input
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-0.5
-1 L L L L
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Time (us)
Figure 7 Excitation voltage for longitudinal-mode piezoelectric sensor.

The sine voltage pulse in Figure 7 shows the voltage amplitude of 0.8 V and the pulse
length of 1.5 ps.
2.3 Results and Discussion

2.3.1 Vibrometer Testing

The vibrometer records the out of plane sensor vibration along the 3 mm scanning
field. This vibration can then be plotted in terms of relative distance from the start of the
scanning field and time with the vibration amplitude as the color scale. Then the first

arrival of the p-wave can be picked out from the graph.
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Figure 8 Vibration amplitude (color scale) over time along the scanning field
on the lithium niobate substrate. The red line shows the p-wave.

Figure 8 shows the vibration of the lithium niobate along the scanning line, as well as the
direct arrival of the p-wave at each scan point. The peaks of the first arrival vibration at
each scan point is then found and a wave velocity can be calculated. The pressure, or p-
wave velocity, was calculated as 2156.14+157.95 m/s at 95% confidence level. The

voltage from the sensing electrode was also collected.
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Figure 9 Voltage data from sensing electrode leads during testing. The red line

shows the time of arrival of the p-wave.

Figure 9 shows the voltage data from the sensing electrodes during the vibration testing.
The time of the first arrival is shown as the red line, there is significant signal before the
wave even arrives to the electrodes. This is likely electrical interference due to the EM
field related to the laser ultrasonic system and could be reduced by using shielded
electrodes and connection wires.

2.3.2 Finite Element Analysis

2.3.2.1 Rayleigh SAW Sensor

The FEA simulation was able to produce acoustic waves originating at the center
of the excitation electrodes and moving outward in both directions. The stress and
deformation in the piezoelectric substrate at 5.5 ps or after the excitation ended is shown

in Figure 10.
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Time=5.5E-6 s Stress and Deformation in Piezoelectric Substrate (Interdigital Electrodes)
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Figure 10 Stress and deformation in the piezoelectric substrate with silver

interdigital electrodes after the excitation voltage ends. P-wave is shown by the

kPa

i i O N

green line and s-wave is shown by the green circle. Deformation is increased by 8E5

times for visual purposes.

Due to the stress the wave propagates and reaches the sensing electrodes in 31.4 us. The

p-wave is the fastest wave and is shown in Figure 10. The s-waves are slower waves and

follow behind the p-wave at the top surface and are circled in Figure 10. However,

voltage has been detected on the sensing electrodes long before the surface acoustic wave

gets there, as shown in Figure 11.
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Figure 11 The excitation voltage (top) and the sensing voltage (bottom) for
interdigital electrode on PZT-5A piezoelectric substrate. The time of arrival for the
p-wave is shown as a red line.

2.3.2.2 Longitudinal-mode SAW Sensor

When the sinusoidal impulse was applied a compressive wave or p-wave formed
in the piezoelectric substrate. Since the electrodes were lined up with the edge of the

material, the wave propagation was not impacted by any reflections off the fixed end.

Time=1.5E-6 s Stress and Deformation in Piezoelectric Substrate
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Figure 12 The x-direction stress and x-y deformation in the substrate
immediately after the end of the voltage excitation. The deformation is increased by
7EG6 times for visual purposes.
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Figure 12 shows the stress only in the x-direction after the excitation. This p-wave
propagated to the other end of the substrate and started to reflect back. The voltage in the
sensing electrodes show a clean arrival of the p-wave created using the longitudinal-mode

Sensor.
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Figure 13 Comparison of the excitation voltage (top) and the sensing voltage
(bottom) for the longitudinal-mode piezoelectric sensor. The time of arrival of the p-
wave is shown as a red line.

Figure 13 shows the excitation voltage and the sensing voltage. This model shows a time
of arrival that is more easily visually interpreted. The excitation reaches the sensing
electrode at 20.7 ps. The calculated arrival time for the p-wave is 19.02 us. The percent
difference from the analytical is 8.83%. There was also significant EM interference from
the voltage impulse before the p-wave arrived to the sensing electrodes. The model was
also altered to see the impact of the placement of the electrode as well as the impact of
the voltage impulse. When the excitation electrodes were moved in just 10 mm from the

end, the stress initiated but did not produce a wave as shown in Figure 14.
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The x-direction stress and x-y deformation in the substrate with

shifted electrodes when the acoustic wave starts to reflect off the fixed end. The

deformation is increased by 7E6 times for visual purposes.

The reflection off the left end impacted the propagation and the wave was not allowed to

reach the other end. The voltage excitation was changed from the sine wave to a Gaussian

pulse, as seen in Figure 5. When the impulse is changed the material only expands once.

The change makes it so the stress is just released as large deformation after the excitation

ends. The stress and deformation for the Gaussian pulse is in Figure 15 below.



21

Time=1.5E-6 s Stress and Deformation in Piezoelectric Substrate (Half Sine Excitation)
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Figure 15 Comparison x-direction stress and x-y deformation in the substrate

immediately after the end of the Gaussian pulse voltage excitation (top). And a short
time after the excitation ends and stress is released (bottom). The deformation is
increased by 7E6 times for visual purposes.

2.4.1 Vibrometer Testing

2.4 Conclusion

From the vibrometer testing the p-wave velocity was calculated as

2156.14+157.95 m/s at 95% confidence level. The nominal speed of the surface acoustic

waves in lithium niobate is 3488 m/s. The error in the wave velocity can be related to the

excitation used during the test. The substrate was impulse using the Nd:YAG laser. This

excitation is at a single point. The propagation of the waves will be concentric to that
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point. Since the laser excitation and the scanning field are aligned by hand this leaves for

possibility of alignment error.

Wave propagation direction

____________________________ >

Scanning direction

Laser impact

O

a
R 4

Figure 16 Possible wave propagation direction and the scanning field in lithium
niobate substrate.

Figure 16 shows the possible alignment issue when testing. This difference could have
caused the data to be less clear and have higher error. Exciting the material using
electrodes and the piezoelectric effect will eliminate this error.

Since the substrate was not excited by the electrodes. This causes the waves to be
misaligned with the sensing electrodes. The misalignment makes the electrode lead
voltage in Figure 9 less significant and hard to interpret. The laser impulse caused the
sensor to vibrate at resonance frequency instead of the 10 MHz the electrodes were
designed to detect and generate. This mismatch also causes the electrodes to not read the
correct voltage profile. There is still an electrical interference that occurs before the p-
wave arrives through the material. To eliminate this interference, additional sensors will

need to be tested where the sensing and excitation electrodes are on two separate pieces
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of lithium niobate and attached to a passive and non-conductive material. Additional
testing with the sensor impulsed using the electrodes will need to be done to allow for
voltage excitation and sensing using electrode leads. The voltage excited sensor can be
used to calculate a speed of sound. Then the speed of sound can be compared to new
vibrometer data to determine sensor error.

2.4.2 Finite Element Analysis

2.4.2.1 Rayleigh SAW Sensor

As stress propagates through the sensor interactions and reflections occur at the
boundaries of the substrate. These reflections interact with the shear waves by adding and
subtracting, making the signal noise higher. The p-wave portion of the excitation is
fastest and is not impacted by boundary reflections due to its speed. The p-wave is the
first to arrive to the sensing electrode. Even though the p-wave is the first to arrive there
is still a significant amount of electromagnetic field interference when the acoustic wave
propagates in the piezoelectric material. This interference is why there is not a clear first
arrival for the p-wave or shear waves when looking at the sensing voltage in Figure 11.
The electromagnetic field interference has not been discussed or experimentally
characterized in literature. Future experiments will need to be conducted to validate this
observation. Another reason for not seeing a peak in voltage when the acoustic waves
arrive is due to the small electric voltage that is induced from the piezoelectric effect.
When looking at the stress in the model as it moves under the electrodes the stress
amplitude changes in the area under each electrode. It is believed the electrodes act as a
damper and absorbs some of the mechanical energy and reduces the electric potential

created by the piezoelectric substrate.
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2.4.2.2 Longitudinal-mode Sensor

During the simulation it was observed that the wave reflection on the left edge
will interfere with the p-wave sensing. The electrodes were moved further into the
substrate as shown in Figure 14. The resulting reflection in the left side of the substrate
impacted the acoustic wave propagation. From this, no wave was detected from the
sensing electrodes. This interaction could be solved by adding a damper to the left edge
to completely eliminate the reflection. The shape of the impulse voltage also impacts the
acoustic wave. When the model is excited by the Gaussian pulse, the material only
expands once creating a single p-wave. This p-wave had a large wavelength and
dispersed quickly as material expansion. Since the Gaussian pulse did not actuate at the
same frequency as in the sine pulse, it is unknown whether the full sine wave is needed or
just a higher frequency. Fine tuning the shape of the impulse voltage will help to
maximize the p-wave output. When looking at the solid mechanics of the longitudinal-
mode sensor model, the piezoelectric sensor produced p-waves regardless of the impulse
or voltage profile. When the electrode is at the edge and the voltage profile is a sine pulse
the stress in the material propagated through the substrate. The stress produced a voltage
in the substrate from the piezoelectric effect. Once the wave reached the opposite end of
the substrate the voltage was able to be transferred to the electrode. The plot of the
voltage over time of the excitation and sensing electrodes are shown in Figure 13. Since
the sensing electrode is at the end of the substrate then the wave starts to reflect back
underneath the sensor immediately. The reflection is both constructive and destructive
with the original wave. Additional models and testing will be needed to determine proper

location of sensing electrode to properly find the wave amplitude.
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CHAPTER THREE: MAGNETOSTRICTIVE ULTRASONIC THERMOMETER
3.1 Introduction
Magnetostrictive materials are another common form of actuation and sensing
material. These materials convert energy between magnetic field and stress (bending,

compression, or tension).

No Magnetic Field

Magnetic Field Applied

Figure 17 Magnetostrictive material before and after magnetic field is applied.

Magnetostrictive materials have a magnetic and mechanical linear relationship that is
reliant on two dependent equations [8]. The first equation is the relationship between

mechanical stress and strain and magnetic parameters:

€ =—+dH, 3)
Ey
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where € is strain, o is stress, EJ! is Young’s modulus at a constant applied magnetic field,
d = 0e/dH|, is the strain magneto-mechanical coefficient, and H is the applied
magnetic field [8]. The second equation is the magnetic induction equation:

B =doc+ u°H, 4)
where d* = dB/da|y is the magnetomechanical coefficient, and u is the permeability at
a constant stress [8]. As a magnetic field is applied to the magnetostrictive material the
material strains. When an outside force acts on the material that causes it to strain, the
magnetic field within the material will change. The back and forth coupled nature of this
material allows for it to be used for both an actuation and sensing.

The method for finding temperature is similar to the piezoelectric materials
outlined in chapter two. The major difference is magnetostrictive materials are actuated
using coils and a magnetic field instead of a voltage applied to electrodes. This type of
ultrasonic thermometer is being looked at by the INL for nuclear reactors due to its small
size and ability to withstand high temperatures [2]. The small diameter wire also allows
for dispersion of ultrasonic waves to be avoided [2]. INL tests have shown these sensors
have increased accuracy when compared to other temperature sensing methods currently
available [2].

Multiphysics FEA is needed to model the reflections seen during sensor testing.
The model can help determine the speed of sound through the material and characterize
the wave reflections. The modelling can also provide information on components that
could improve the sensors. To ensure model accuracy, the model will be compared to

data from the laser Doppler vibrometer and ultrasonic transducer experiments. Material
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parameter tuning and system damping can be added to help tune the results to match
FEA.
3.2 Methods

3.2.1 Testing

3.2.1.1 Magnetostrictive Transducer

The magnetostrictive ultrasonic thermometer consists of a galfenol wire inside a
transducer with an AC driving coil and a DC bias coil. The galfenol in this case is used as

a waveguide. The sensor dimensions and geometry are shown in Figure 18.
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Figure 18 Dimensions and geometry of the cross section view of the
magnetostrictive transducer and waveguide. The full sensor is revolved around
center axis shown.

The galfenol used during testing is research-grade, 18.6% wt. gallium, 100-oriented,
polycrystalline, and not stress-annealed. The AC coil is made of 200 turns in total with 50
turns in each layer of AWG 36 wire. The DC coil is made with 130 turns and AWG 18
wire. The casing around the AC coil is made of either SS-304 or SS-316. The AC coil
was controlled by US Ultratek EUT3160 ultrasonic testing instrument. The EUT system
is used as both the excitation and the sensor for this test. The impulse used was a 100V

amplitude square wave with one half cycle.
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W 2500 ns

Figure 19 Square wave with amplitude (A) and pulse width (W). Example of
impulse voltage used for experiments pictured right.

100V

Figure 19 shows the impulse voltage used by the EUT system for driving the coil. Half
cycle is defined as half a sine wave. In Figure 19, the pulse on the left has three half
cycles and the pulse on the right has one half cycle. The polarity in the EUT was set to
negative, causing the square wave to start negative rather than positive, which is typically
the case. The transducer frequency was set to be 200 kHz. The width of the pulse for the
experiment is 2500 ns. The pulse width can be found by,

w=f"/2, (5
where f is the transducer frequency. A gain of either 0 dB or 20 dB was used to increase
the signal to noise ratio during testing. The DC bias current used was a constant 2 A. The
EUT software has a built in signal filter with both low and high pass and were set to 9
MHz to 120 kHz respectively.

3.2.1.2 Vibrometer

Using the Polytec PSV-400 laser Doppler vibrometer a nickel wire was tested to
directly measure the time of flight of the material. To eliminate any uncertainty of the
acoustic wave excitation, a Nd:YAG laser was used to impulse the material rather than
the magnetostrictive transducer. The vibrometer has a sampling frequency of 2 MHz and
a minimum laser spot size of 36 um and stacked each measurement 200 times to reduce
noise in the signal. The entire end of the wire was impulsed at one end of the wire and the

out of plane vibration was measured along a straight line on the side of the wire.
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Figure 20 Nickel wire vibrometer experimental setup (left) and the scanning
field used in testing (right).

The nickel wire is supported by two thin slices of foam to simulate a free-free boundary
condition. The small contact area of the foam also keeps the energy loss to the foam low.
The scanning field, shown in Figure 20, has a length of 50 mm with 130 data points
evenly distributed.

3.2.2 Finite Element Analysis

A COMSOL Multiphysics FEA model was created to give insight into the wave
propagation. Unlike analytical modeling, the FEA model can take into account the eddy
current energy loss and more accurately model the speed of sound through the material.
Due to its axisymmetric properties, the sensor can be modelled as a 2D axisymmetric
model. The model consists of a galfenol wire inside a casing with an AC driving coil, as
well as a DC bias coil that is all surrounded by an air domain. The model geometry is

shown in Figure 21.
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Figure 21 2-D axisymmetric model of galfenol waveguide sensor in COMSOL.

The magnetic dynamics is simulated for all components. The mechanical dynamics is
only simulated in the galfenol wire. A spring foundation boundary condition with a
spring constant of 1 N/m is used to restrict rigid body motion. In practice there is no
spring and the galfenol wire is under free-free boundary conditions. The AC coil was
impulse with the same square voltage pulse as the EUT system.

3.3 Results and Discussion

3.3.1 Testing

3.3.1.1 Magnetostrictive Transducer

To check the correct gain needed for the best signal-to-noise ratio a gain of 0 dB

and 20 dB were used. The voltage measurement for both tests is shown in Figure 22.
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Figure 22 Voltage comparison of 0 dB and 20 dB for DC current of 2 A and
voltage Amplitude of 100 V.

The measurements compared together shows the repeatability and that the 20 dB gain
provides the best result and least noise. The signal also shows the high repeatability of the
EUT ultrasonic testing instrument.

Using the data from the gain of 20 dB each reflections voltage amplitude,
location, and time were collected and used to calculate a time of flight of the acoustic
wave. A typical waveform was created to show where the data points were being taken

from, shown in Figure 23.

A

Figure 23 A typical waveform of reflection voltage.
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The data points for each Ajwere chosen manually with a time resolution of 0.05 ps. The

summarized data taken from the 20 dB voltage profile is in Table 2.

Table 2 Reflection amplitudes and times for each location for galfenol
waveguide.
Location Aq Az As A4
Time | Voltage | Time | Voltage | Time | Voltage | Time | Voltage
(us) V) (ns) V) (ns) V) (us) V)
Reflection | 79.3 | -0.02586 |83.9 |0.07511 |88.55 |-0.112 93 0.06403
#1
Reflection | 163.2 | -0.009851 | 168.3 | 0.03325 | 173.1 | -0.05048 | 177.8 | 0.03201
#2
Reflection | 246.8 | -0.003694 | 252.6 | 0.01478 | 257.6 | -0.02586 | 262.6 | 0.01601
#3
Reflection | 330.8 | -0.003694 | 336.4 | 0.006157 | 341.9 | -0.01478 | 346.9 | 0.009851
#4
Reflection | 414.9 | -0.002463 | 420.3 | 0.002463 | 425.8 | -0.008619 | 431 | 0.004925
#5

The amplitude of the voltage at point Ay is smaller than the amplitude of the other points

resulting in less reliability. The time of flight between each reflection was then

determined and tabulated in Table 3.

Table 3 Calculated time of flight for galfenol waveguide between different
reflections and locations.
Location Reflection 1&2 | Reflection 2&3 | Reflection 3&4 | Reflection 4&5
A1 83.9 83.6 84.0 84.1
Az 84.4 84.3 83.8 83.9
Az 84.6 84.5 84.3 83.9
Ay 84.8 84.8 84.3 84.1
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The time of flight is pretty consistent no matter which reflection is used, with the average
time of flight of 84.13 ps. From the length of the rod and the average time of flight
between reflections a wave velocity can be calculated. The average velocity of the wave
IS 2645.67 m/s.

3.3.1.2 Vibrometer

The out of plane vibration was collected for all the points along the scanning
field. The data was then plotted as relative distance from the start of the scanning field
and time, with vibration amplitude as the color. Then the data was filtered using a band
pass filter to isolate the p-wave and the s-wave. Once isolated, the peaks of the wave
were chosen and a linear regression found the best fit for each wave. The optimal fit lines

as well as their corresponding velocities is shown in Figure 24.
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Figure 24 Vibration amplitude (color scale) over time along the scanning field of
the nickel wire. Green line is the p-wave and the blue line is the s-wave.

The data also shows the multiple reflections that happen by each wave type by the single

impulse. The velocity of the p-wave of the nickel is 4541.83+£43.50 m/s at 95%
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confidence level. The velocity of the s-wave is 2872.47+6.47 m/s at 95% confidence
level.

3.3.2 Finite Element Analysis

Using the finite element model, the magnetic field due to the DC bias was
checked when the current of the coil was at 2.0 A. The magnetic flux density of the
galfenol material was used to check if the material is fully saturated. Figure 25 shows the

resulting magnetic analysis.
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Figure 25 Magnetic flux density distribution when a current of 2.0 A is applied
to the DC caoll.

To measure the voltage output from the coil, the impulse needed to be converted
from a voltage impulse to a current impulse. This was done by running a simulation first
with the voltage impulse and plotting the resulting current. The resulting current is

plotted in Figure 26.
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Figure 26 AC coil input current found using simulation.

After 70 ps the current had to be manually set to 0 A, because there was still significant
oscillation. Figure 26 was then used as the input to the coil so that the voltage data could
be read from the same coil domain. The voltage was then filtered using a band pass filter
with band frequency from 120 kHz to 9 MHz. This filter is the same frequency used by

the EUT system. The results were plotted along with the results measured from the EUT

system for comparison.
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Figure 27 Comparison of simulated and measured voltage reflections.

The voltage amplitudes and times for the locations described in Figure 23 were obtained
from the model voltage data. The data is summarized in Table 4.

Table 4 Voltage amplitude and time data for reflection locations from
COMSOL simulation.

Location A1 A2 Az Az

Time | Voltage | Time | Voltage | Time | Voltage | Time | Voltage
(1s) V) (us) (V) (1s) V) (1s) V)

Reflection | 92.7 | -0.01991 | 95.85 | 0.04769 | 98.35 | -0.1067 | 101 | 0.0836
#1

Reflection | 188.4 | -0.02251 | 192.3 | 0.05209 | 195.1 | -0.09017 | 198 | 0.06666
#2

Reflection | 284.8 | -0.01858 | 288.9 | 0.04029 | 291.8 | -0.06531 | 294.9 | 0.05085
#3

Reflection | 381.3 | -0.01526 | 385.6 | 0.03159 | 388.5 | -0.04758 | 391.9 | 0.03685
#4

Reflection | 477.8 | -0.01234 | 482.1 | 0.02465 | 485.2 | -0.0345 | 488.8 | 0.0269
#5
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The time of flight for the model results were calculated using the data in Table 4. The

summary of time of flights for the simulated reflection data is tabulated for each location

and between each reflection.

Table 5 Calculated time of flight for galfenol waveguide between different
reflections and locations from COMSOL simulation.
Location Reflection 1&2 | Reflection 2&3 | Reflection 3&4 | Reflection 4&5
AL 95.7 96.4 96.5 96.5
A 96.45 96.6 96.7 96.5
Az 96.75 96.7 96.7 96.7
A4 97 96.9 97 96.9

The data from Table 5 resulted in an average time of flight of 96.68 us. When compared
to the results from the experiment the simulation time of flight was 12.53% higher. The
average wave velocity for the simulation was calculated as 2302.23 ps.
3.4 Conclusion

The time of flight for the EUT system measurements gradually increases as the
wave propagates, this is from the slight variation in galfenol. This variation comes from
the changing Young’s modulus in the magnetostrictive material due to the Delta-E effect
[9]. The Young’s modulus of galfenol (research grade and 18.6% wt. Gallium) varies
between 45 GPa to 71.9 GPa, when it is biased by a solenoid [9]. This leads to a large
variation in speed of sound through the material. TdVib LLC has the speed of sound for
research grade galfenol ranging from 2265-2775 m/s. The speed of sound is likely the s-
wave of the material rather than the p-wave due to its lower velocity. To test this, a

combination of the EUT transducer excitation as well as the laser Doppler vibrometer can
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be used. This test will allow for a direct measurement of the excitation waves and speeds
and be able to characterize the error present using the EUT system. The vibrometer
testing verified the experimental setup that can be used to obtain velocities for the
galfenol wires. The nickel wire velocity for the p-wave of the nickel is 4541.83+43.50
m/s and the s-wave is 2872.47+6.47 m/s at 95% confidence level. Since nickel is a
common material, the p-wave and s-wave velocity can be found in most material
databases. The Engineering ToolBox has the p-wave velocity as 4900 m/s and the s-wave
velocity as 3000 m/s. The percent difference in the nickel p-wave and s-wave velocity is
7.31% and 4.25% respectively. The small difference in the known to the measured could
be due to possible imperfections in the material and its shape. The imperfections could

slightly change the reflections and the speed of sound through the material.
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CHAPTER FOUR: CAPACITANCE BASED STRAIN GUAGE
4.1 Introduction
Flexible capacitance based strain gauges can be used for evaluation on any soft
structural material. The strain sensor is non-destructive and can be used for structural
health monitoring to ensure safety. It can monitor the strain and load in real time and
provide the ability to locate damage and diagnose issues [6]. Boise States ANML

manufactured a CSG and tested the sensor.

Backbone

Strain Direction

Electrodes Substrate

Figure 28 Diagram of CSG layout and design that is similar to the
manufactured and tested sensor. Dimension variables shown are used in the
capacitance equations (6) and (7).

Figure 28 shows a sensor similar to the one manufactured by ANML. The key difference
between Figure 28 and the manufactured sensor is the number of electrodes in each pair.
The actual sensor consists of two sets of 50 electrodes that are connected by the
backbone. There are two equations that govern the capacitance of the sensor. The first

equation is the initial unstrained capacitance:
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Co=pt(2l — a + ZW)( an_l) o, (6)
where C, is the initial capacitance, p is the dielectric constant of the PMMA that is over
the electrodes, t is the thickness of the silver electrode, [ is the length of the electrode, a
is the width of the interdigital electrode pair, w is the width of the silver electrode, n is

the number of digit pairs of electrodes, d is the spacing between the electrodes, and &, is

the permittivity of the free space [6]. The second equation is the strained capacitance:

Coy =pt(2l — a + 2w) (Zn_l) 0, (7

d+x

where x is the deformation in the sensitive axis. The sensor works by increasing the
distance between the electrodes causing a decrease in capacitance [6].

When the material was tested, the unstrained capacitance measured 42 pF and
when the material was strained to 10% the capacitance was 15 nF [6]. The analytical
equations above were used to compare the measured values. The initial unstrained
capacitance from the analytical equation was found to be 2.44 pF [6]. The analytical
equations are limited to one direction of sensitivity, when in practice the shape change
due to strain also impacts the capacitance. The equations also assume bulk materials,
under a scanning electron microscope the silver electrodes were porous [6].

A FEA model was created to explore the reasoning behind the difference between
the analytical equation and the actual measurements. The model allows for
multidirectional strains to be considered. The model assumes bulk materials, allowing for
the interaction between multidirectional strain and material porosity to be analyzed. The

model can help determine which of these factors cause the difference.



4.2 Methods

Modeling using multiphysics can be used to verify interdependencies of theory
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and physical testing. COMSOL Multiphysics can allow for strain (solid mechanics) to be

solved at the same time as capacitance (electrostatics).
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Figure 29 Capacitive sensor model geometry and boundary conditions.

Figure 29 is a 2-D cross sectional view model constructed in COMSOL Multiphysics.

The thickness of this model (depth along the out of plane z-axis) is 15.1 mm. A circular

air domain with a radius of 23.55 mm is defined to replicate the infinite air around the

sensor in practice. The strain gauge is fixed on the left end. A boundary displacement is

prescribed along the x-axis on the other end of the sensor, as shown in Figure 29. The

displacement is increasing at a constant rate of 0.1 mm/s. A total of 100 silver electrodes

are evenly distributed along the x-axis on the substrate. Each electrode is represented by

an 80 by 2.2 micron rectangular domain. To detect the capacitance, every other electrode

had to be linked, one set was for the constant voltage of 1 V, and the other set was for the

ground and had no electrical charges. The capacitance between two sets of electrodes are

calculated by the lumped parameters using the energy method. Material porosity is

ignored and material properties used in this study are summarized in Table 6.
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Table 6 Key material properties used in the physics of the COMSOL model
Material | Young’s modulus Density Poisson’s Relative
(GPa) (kg/m?) ratio permittivity
Silver 83 10500 0.37 100000
Kapton 2.8 1420 0.34 4
PMMA |3 1190 0.4 4.9
Air — _ _ 1

4.3 Results and Discussion

The input displacement strains the substrate and changes the spacing between

electrodes. Therefore, the capacitance varies with respect to the prescribed displacement.

Figure 30
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Figure 30 shows that the capacitance decreases from 44.73 pF to 41.75 pF as the

substrate strain increases from 0 to 10%. This corresponds to a gauge factor of 0.663. A

sensitivity study of the electrode parameters was done to determine the best parameters
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for the CSG. The sensitivity is displayed using the gauge factor for the capacitance. The

gauge factor for the different electrode height and width is shown in Figure 31.

CSG Gauge Factor

25 0.3
—_24
E 0.298
— 2.3
=
=P 0.296
- 0.294
2
0.292
1.9
1.8 0.29
80 80 100

50 60 70
Electrode Width (:m)
Figure 31 Gauge factor for changing electrode height and width.
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4.4 Conclusion

The FEA model was able to better predict the initial unstrained capacitance, but
was unable to get the same strained capacitance. The silver electrodes in the CSG are
porous and are not completely uniform due to the manufacturing techniques used. This
porosity is thought to be the reason for the large difference between the analytical model
and the FEA model to the actual measured capacitance. Attempts were made to recreate
the porosity inside the model but the model is incapable of modeling a large scale
deformation and strain problem along with the microscale pores the material possesses.
The sensitivity study did not result in a large variation in sensitivity as the parameters
were changed. The gauge factor for modeling is limited due to the strained voltage not
matching the actual sensor measurements. Continued model development will help to

improve accuracy and produce better guidance for future designs.
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CHAPTER FIVE: LINEAR VARIABLE DIFFERENTIAL TRANSFORMER
5.1 Introduction
Linear variable differential transformers are a common linear displacement
sensor. It converts linear mechanical displacement into an electrical signal that can then
be used to find a numerical value for displacement. This sensor has “infinite” resolution
that is only limited by the sensors noise. The LVDT consists of an excitation coil and two
sensing coils that surround a magnetic core. A generalized LVDT sensor is shown in

Figure 32.

Coil (sensing)

Tube Coil (excitation) Shielding

Figure 32 General LVDT component diagram.

The device uses the magnetic field produced by the excitation coil and the core then
measures the voltage in each coil and the difference is computed. The equations and a

diagram on the basics of how the LVDT works is shown in Figure 33.
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Vour =V1=Vo = + Vour =V1 =V =—
Figure 33 Equation and basic operation diagram of LVDT sensor.

Output voltage (V,,,;) can then be related to known displacements and a characterization
equation can be developed to convert the output voltage into displacement.

Monitoring of irradiation of new materials for use in new and existing reactors to
test for dimensional changes was previously done post removal [10]. The post removal
process was expensive and time consuming. The Halden Reactor Project have used the
LVDT sensors to detect mechanical changes and is the base sensor used in detecting fuel
elongation, cladding elongation, fuel centerline temperature, and fuel rod pressure [5].
The INL used commercial LVDT devices to provide live, inexpensive data [10]. The
commercial LVDT sensors have temperature and material limitations along with design
size [10]. A high temperature and miniaturized sensor needs to be developed to address
the short comings of the commercial sensors. An exploration into adding a fiber optic
cable through the core is also needed to evaluate the effects without damaging existing
sensors. Multiphysics FEA was used to help provide data on sensor miniaturization and
adding fiber optic cables. The FEA will be tuned using the characterization data that was

provided by the INL.



46

5.2 Methods
The INL tested an LVDT device and got characterization data for the core
displacement. The displacement in the core and the voltage output is plotted in Figure 34.
The data was tested at 7V RMS and at a frequency of 5 kHz. The device sensitivity is

6.53 mV/V/mm.
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Figure 34 LVDT characterization data measured at the INL.

Using the axisymmetric property of the LVDT system, a 2-D axisymmetric FEA model
was created using COMSOL Multiphysics. The model consists of two sensing coils, one
driving coil, a magnetic core, tubing, and shielding that are all surrounded by an air

domain. The model geometry is shown in Figure 35.
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Figure 35 2-D axisymmetric model of the LVDT sensor.

The model also includes a thru-hole in the core that ranges in size from no hole to 0.75
mm. The LVDT is surrounded by a circular air domain with a radius of 100 mm. All the
coils are simulated as homogenized multi-turn coil domains with AWG 36 wire. The
thru-hole study is to characterize the impact of drilling a hole in the core to place optical
fibers through in practice. The excitation voltage for the model is a sinusoidal wave with
an amplitude of 1 V and a frequency of 1 kHz. Both a time-domain analysis and a
frequency-domain analysis was studied. The time-domain analysis was done at steady
state. The voltage output is calculated from the amplitude of the difference in voltage
across the sensing coil (up) and the sensing coil (down). The estimated number of turns is
430. Two approaches to the model were done, the first approach assumed a linear core
permeability and the second approach the measured nonlinear permeability was used. The

nonlinear magnetic permeability used for the model was shown in Figure 36.



—_
[4)]

Flux Density [T]

05+
m— hysteretic data
anhysteretic data
0 1 |
0 5 10 15

Magnetic Field [kA/m]
Figure 36 Nonlinear HB curve for LVDT core.

The core is assumed to be linear when the magnetic field is below 5 kA/m and the
magnetic flux density is below 1.1 Tesla. Linear regression calculated the linearized
magnetic permeability as 232.5. The sensitivity is calculated for each solution method
and is calculated using the following equation:

_ sign(P)|Voutl
T PIVexl ®)
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Where P is the core position, V,,,; is the output voltage, and V,, is the excitation voltage.

The symbol “||” represents the amplitude of the signal. To test the impact a hole in the
LVDT core has on the sensor a sensitivity study was done. The simulation was a linear
magnetic permeability frequency-domain analysis with a fixed core position of 1 mm.
5.3 Results and Discussion
When the permeability is assumed to be linear the model for both time-domain
and frequency domain yield the similar results. The difference in frequency-domain
sensitivity was 4.3% smaller than the non-linear permeability with time-domain results.

Since the difference in sensitivity was low, linear permeability was assumed for the rest
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of the models. The frequency and time-domain analysis with linear permeability
produced the exact same sensitivity. The frequency-domain analysis reduced the
computation time by 87% when compared to the time-domain analysis. Due to having no
difference in sensitivity and large reduction in computation time, the frequency-domain
study was used for the rest of modeling. The sensitivity of the sensor is 4.21 mV/V/mm.

The voltage output for the sensor for the frequency-domain is shown in Figure 37.
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Figure 37 Voltage output of LVDT relative to the core position for frequency-
domain.

Since both of the types of simulations produced the same result, the computation time
was looked at to determine the best solution method.

The sensitivity of the sensor when a thru-hole is introduced to the core acts as
expected. The sensitivity decreases as the hole radius gets closer to the 1 mm radius of

the core. The sensitivity to the hole radius is in Figure 38.
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Figure 38 Sensitivity for an added thru hole in the core of the LVDT sensor.

5.4 Conclusion

The sensor sensitivity is highly reliant on the voltage amplitude and driving
frequency. At steady state conditions for 1 V and 1 kHz the sensor has a sensitivity of
4.21 mV/V/mm. The percent difference between the model and the device is 35.5%. The
difference is likely due to the difference in driving frequency between the model and the
experimental data. A thru-hole in the core only decreases sensitivity. If maximum
sensitivity is to be maintained and a fiber optic cable is to be added, the thru-hole should
be as small as possible. Once better information on the INL data is collected, the model
can be better compared to the experimental data. Fine tuning of model parameters can be

done to help improve model accuracy to the experimental data.
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CHAPTER SIX: CONCLUSIONS

Using FEA and experimental testing all the sensors can have improved
development. The ultrasonic sensors both have good models, but will need fine tuning to
provide verification. The fine tuning will be done through data obtained using the laser
Doppler vibrometer and the EUT system. The setup for the experiments described in this
thesis can be used, but future testing of the device will need to be done to get data that
can be used for model verification. The first test is the galfenol wire with the EUT system
and the laser Doppler vibrometer. The combination of those two tests will help tune the
material properties in the model and improve model accuracy. The test for lithium
niobate will be similar. The EUT system will be used to excite the material using the
electrodes, then the vibrometer will be used along with the sensing electrodes to
determine speed of sound. The CSG will need to try and provide a better more accurate
model. Exploration in a 3-D model could help produce better accuracy. The 3-D model
will not assume plane strain and could produce the higher resolution and gauge factor
shown in experiments. Once a verified model is done more parametric studies can be
done to show how the physical parameters change the sensor resolution. The LVDT
model needs to be verified at the correct frequency. Once the verification is complete
then parametric sweeps of parameters can be done for this device. These studies will be
aimed for high resolution miniaturized devices. The development of these models has led

to experience in FEA, experimentation, and project management.
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This project is a great culmination of all my engineering skills and knowledge.
Balancing four different devices for testing and modelling was challenging. The
challenges helped me develop my professional skills in time management and
prioritization. Each device had their own set of requirements that needed to be met
according to the INL schedule, with monthly, quarterly, and yearly updates and
deliverables. My knowledge of engineering has greatly broadened directly due to these
sensors. | have increased knowledge in electrical engineering, material science, and
geoscience. This will allow me to better communicate with people in other teams and be
a more valuable team member in future jobs. The research taught me a lot about self-
learning. Although I am done with my formal education the skills I obtained will help me

continue my learning.
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