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ABSTRACT

The goal of this thesis is to design and develop technologies for a robot that can inspect the integrity
of a dry nuclear storage cask from within the cask. In order to do so, the robot must be capable of
navigating the inner geometry of the cask, as well as capable of taking measurements pertaining
to the cask’s thermal environment and material composition. The specific areas of interest covered
in this work include the design of the robot’s body, the design of the winch mechanism, as well as
the mapping of position-based measurements taken by the robot. To complete the task at hand, the
robot will enter the cask and properly orientate itself with respect to the channel. As the robot
navigates down the channel via a winch mechanism, it will take periodic measurements of the
channel’s temperature and material composition. The robot will then be extracted from the channel
for further use in geometrically similar parts of the cask to fully determine its structural integrity.
The geometric constraints of the cask are constant, and will thus be used as parameters for the
aforementioned processes above. As a result of performing the multiple iterations of the machining
processes used to create the inspection system’s components, more efficient production processes
were established. Additionally, the initial EMAT testing yielded results that concluded that there
were little to no flaws in the nuclear cask’s composition.
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Chapter 1
Introduction

1.1 Project Background
Nuclear fuel rods are a common source of nuclear fuel used in power plants in the United States,
as well as the rest of the world. However, once these fuel rods are used and cease to produce
sufficient operating energy, they must be disposed of in a specific manner so as to not create
adverse effects to the surrounding environment. To temporarily mitigate the problem of
disposing of these spent nuclear fuel rods, dry storage casks have been used as a short-term
solution in the past few decades. These casks consist of overpacks composed of concrete and
steel, which contain inside them stainless steel canisters that hold the spent nuclear fuel rods
[HoltecInternational, 2000].

Over the years, this method of storage has become widespread throughout the nation, creating a
larger scale of usage that was initially unanticipated by engineers. The casks’ original designs
were developed to last no longer than 20 years; however, extensions of their licenses allowed
them to be used safely for 60 years. Unfortunately, the end of these 60 years is fast approaching
for many of the casks. Because of this, a recertification process is needed based on a thorough,
iterative inspection process [HoltecInternational, 2000].
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It is thus of paramount importance to develop technologies that can monitor the performance of
these storage casks over long periods of time, especially after their proposed dates of expiration.
This vigilance is important to maintain in order to ensure that no degradation of the cask occurs
as a result of radiation, thermal, or other environmental effects. Of particular concern is the
possibility of environmentally assisted cracking (or EAC), which is the premature failure of
materials due to unanticipated environmental factors. Because it is extremely difficult to access
the storage canisters inside the casks due to their geometric constraints, a more practical method
is required to facilitate this monitoring; thus, the use of an inspection robot is appropriate in such
a scenario. The development and iterative testing of said robot will both facilitate the process of
safely storing the used nuclear fuel as well as identify areas of the casks that may create cause for
further concern [McNelly, 2015].

1.2 Project Goals
The goal of the NEUP project is to create a system with which to inspect spent nuclear fuel casks
to ensure that their structural integrities are up to satisfactory standards. This process is necessary
to verify that it is safe to continue to use them as a proper storage method for spent nuclear fuel.
Although the casks are most likely able to last for hundreds of years, the inspection system must
be utilized to identify any possible catalysts to the degradation of the cask’s material
composition.

More specifically, there are three goals related to the design and use of this inspection system
that this thesis addresses in detail. The first of these goals is the design and construction of the
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robot bodies; because these bodies contain the sensor devices that are crucial to analyzing the
cask’s composition, this is a critical part of the design process for the inspection system. The
second goal relates to the design and creation of the winch mechanism, which will be used to
facilitate the robot’s descent into the cask. The final goal that is covered in this thesis is the
position mapping of the EMAT sensor readings. This analysis relates the EMAT sensor readings
to the robot’s position within the cask, so that potential flaws in the cask’s composition may be
identified and analyzed.

1.3 Summary of Contents
The remainder of this work consists of five more chapters, each allocated to a specific area of the
project. Each chapter includes a detailed description of the work performed during that segment
of the project, diagrams and tables further explaining the work, as well as sources justifying any
assumptions or concepts used to create said explanations.

Chapter 2
This chapter consists of the literature review. This chapter acts primarily as a brief for the
reader on any and all supplementary information used to begin working on the project.
This section includes summaries of previous theses pertaining to the project, reviews of
fundamental concepts and terminologies pertaining to the fuel casks, and an overview of
concepts and terminology related to the robot itself.
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Chapter 3
This chapter consists of the description and design process of the robot carts, with a
specific focus on the first cart that contains the EMAT sensor described in chapters 2 and
5. Included in this section are descriptions and diagrams of the geometric constraints of
the cart, descriptions of the cart’s features, as well as a detailed description of the creation
of the carts.

Chapter 4
This chapter consists of the description and modification process of the winch system
used to deliver the robot through the shaft. Included are both textual and visual
descriptions of the winch’s method of operation, as well as textual and visual descriptions
of the iterative design process used to modify the winch.

Chapter 5
This chapter consists of the description and evaluation of the position measurements of
the robot. The positioning of the robot is determined through the use of the winch system,
as described in the previous chapter. Additionally, pictures, diagrams, and calculations
are provided in order to clarify the analysis of the robot’s position.

Chapter 6
This chapter acts as the summary and conclusion of the thesis. Additionally, this chapter
provides the reader with the next steps to be taken by the team in order to continue the
project’s endeavor.
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Chapter 2
Literature Review

2.1 Dry Cask Storage Systems
A dry cask storage system is one of two ways identified by the United States Nuclear Regulatory
Commission to safely store spent nuclear fuel rods [United States Nuclear Regulatory
Commission, 2016]. These systems, when filled with fuel rods, must meet the safety
requirements of the commission in order to be stored legally. The amount of used fuel being
stored in these dry storage casks is steadily increasing, thus creating a need for a method for
inspecting the casks to insure their safety over longer periods of time.

Although dimensions of the casks may vary, the casks are always either welded or bolted
together. In this application, the HI-STORM 100S dry storage cask – made by Holtec
International – will be the primary focus of the inspection process [HoltecInternational, 2000]. A
mock-up of this model will be used in order to test the inspection robot’s functionality prior to
the field test, and allow for multiple design iterations throughout the process.
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2.2 Dimensions of the System
This project focuses solely on the dry cask storage system and the dimensional constraints that it
imposes on the proposed inspection method. Outlined below are the pertinent descriptions and
dimensions of the specific type of dry cask storage to be inspected during the project.

The entire dry cask storage system has two measures of containment that work simultaneously to
keep the spent fuel safe. The first measure of containment is the multipurpose canister, otherwise
known as the MPC. This is the element of the storage mechanism that is in direct contact with
the fuel rods, holding them securely in a lattice-shaped stainless steel structure [Holtec
International, 2000]. Encasing the MPC on the outer layer of the system is the second measure of
containment, called the overpack. This structure is composed of steel and concrete, and is used to
both support the MPC while also providing necessary ventilation to the entire system. The outer
geometry of the MPC and the overpack’s ventilation ducts together create the dimensional
constraints for the robot; it must be able to travel within these constraints, as well as remain fully
functional with regards to the implemented sensors.

Because the canister can emit intense amounts of heat, a clearance for ventilation is used in
between the canister and the overpack to allow the heat emitted from the canister to properly
ventilate through the system. This ventilation duct is the main source of entry for external
investigation methods, including the proposed design of the inspection robot. Although this
ventilation is necessary, over time it can facilitate the entrance of various salts that will
subsequently be pulled up through the structure, potentially causing EAC [McNelly, 2015]. This
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possibility further illustrates the need for a proper method by which to inspect the integrity of the
casks.

Figure 1: Diagram of the MPC and Overpack [Holtec International, 2000]

The overpack has four inlet vents on the bottom of the structure, and four outlet vents on the top,
all of which have identical dimensions and spaced equally around the circumference of the cask.
The robot will enter through one of the four top vents, and navigate down the ventilation
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channel. While inside the structure, the robot will have to conform to three constraints: (1) the
outlet vent, which has a height of 4.50 inches and a width of 24.625 inches, (2) the space
between the top of the MPC and the top of the overpack, which has a height of 6.0 inches, and
(3) the space between two of the 16 equally spaced channels on the inner surface of the HISTORM 100S model, which have minimum dimensions of 2.0 inches and maximum dimensions
of 3.0 inches [McNelly, 2015].

In summary, the robot’s body is most constrained by the outer wall of the MPC and the inner
wall of the overpack. Because each constraining feature has cylindrical geometry, a
simplification of the confined space must be made in order to define the dimensions of the
robot’s body. After some algebraic manipulation of the given parameters, the space has been
simplified to that shown below in figure 2; these calculations yielded a maximum width of 7.70
inches, and a maximum height of 1.80 inches [McNelly, 2015].

Figure 2: Simplification of Ventilation Constraints [McNelly, 2014]
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2.3 Multifunction Robotics
A number of different types of robots can be used for a wide variety of unique tasks. Such tasks
can include climbing robots, highly constrained robots, robots inspired from nature, inspection
robots, and many more [McNelly, 2015]. In the scope of this thesis, only features specific to
highly constrained robots and inspection robots will be discussed, seeing as the proposed robot
design is a combination of these two functionalities.

The inspection robot in this case is highly constrained because of the constraints that the dry
storage cask and canister impose on it, as previously described. The cask and ventilation system
present geometric constraints related to the inlet operational area within which the robot can
move. The actual fuel canister also presents the robot with temperature and radiation constraints,
which require that the robot’s body and all related sensors used for testing be resistant to such
effects. While these effects are significant and must be taken into account during calculations,
these constraints will not be closely examined in the scope of this thesis. Additionally, because
of the cask’s complex, cylindrical geometry, the robot must also be able to smoothly navigate the
curved surfaces without experiencing disruptive jamming or wedging.

2.4 EMAT Sensor Background
Although there will be a number of sensors and devices used in this project – including EMATs,
laser induced breakdown spectroscopy (LIBS), and other optical devices – this report will only
focus on the EMAT sensors used in the front cart.
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EMAT stands for Electromagnetic Acoustic Transducer, and its functionality is almost identical
to that of an ultrasonic device. The EMAT sensor contains an alternating current coil that creates
an eddy current in the test material below the sensor. This eddy current experiences a Lorentz
force due to the EMAT’s magnet, which lies directly above the material within the sensor
[McNelly, 2015]. This Lorentz force changes with respect to the test material’s properties and
structural integrity; when the magnitude and direction of the magnetic field are changed,
ultrasonic frequencies are produced which can then be analyzed to determine impurities in the
material [Niese, 2006]. This method exposes flaws or cracks in the surface in question, which
can then be used to determine whether or not it is safe to continue using the device in its current
state of imperfection.

Figure 3: Diagram of EMAT Sensor’s Functionality [Structural Integrity Associates, 2015]
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2.5 The Winch Mechanism
The winch system is one of the four main components of the cask inspection robot assembly. It is
the component that raises and lowers the robot within the ventilation channel, allowing the robot
to take measurements along the way. In the field test, the winch will be mounted on the side of
the cask via the exit vent, so that the wires may be easily fed through the ventilation system’s
exit vent.

Figure 4: First Prototype of Winch System Ready for Attachment [Lissenden, 2016]

The winch’s wires are attached to the robot carts, wrapped around the winch’s spool, and
attached to counterweights on the spool so that the weight of the robot is counteracted when
inserted vertically down the ventilation shaft. To prevent unwanted failures of the system, the
selected wire is designed to be able to withstand ~10 times the total weight of the robot
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[Lissenden, 2016]. In order to run, the winch is connected to a motor via a notched belt and
pulley system.

Figure 5: Belt and Pulley Motor System for Winch Mechanism [Lissenden, 2016]

2.6 Measuring the Robot’s Position
In addition to the EMAT readings themselves, it is important to obtain information relating these
readings to their locations within the cask system. Because the robot will not be visible within
the cask system, an optical encoder-based method must be implemented in order to determine the
robot’s positioning within the ventilation system during the test. Additionally, multiple methods
of position measurement must be used in the event that one methods fails or is disrupted, so that
the other can confirm the robot’s position without needing to perform maintenance on the
system.

The first system of position measurement used on the robot is a pair of optical encoders. One
encoder will be placed on the winch’s spool (as previously described) to track the amount of wire
that is unraveled as the robot traverses the ventilation duct; this encoder takes measurements
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accurate within 4.9 x 10-3 inches, and has a resolution of 10,000 [Lissenden, 2016]. Another
encoder will be placed on the actual driving motor to track its rotational movement; again, this
encoder is able to take measurements accurate to 4.9 x 10-3 inches, but only has a resolution of
1,000 [Lissenden, 2016]. This second encoder is imperative to the system in order for the two
encoders to simultaneously verify the other’s accuracy; this is possible because each encoder
theoretically track the same movement, assuming the belt and pulley system of the winch runs
smoothly and without error.

Figure 6: Optical Encoder on Winch Spool [Lissenden, 2016]

The second method used to measure the robot’s position within the vent is the use of the two
front-mounted lasers in conjunction with the front cart’s front-mounted camera system. Using
the pixel distance between the two laser points, the camera can calculate how far the bottom of
the MPC is from the robot cart, and thus determine the robot’s position along the ventilation
shaft [Lissenden, 2016]. However, if a sufficient number of pixels is not present between the two
dots (i.e. the cart is too far from the bottom of the MPC), then the distance reading will be
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inaccurate as a result of the abundance of image noise in the frame [Lissenden, 2016]. Because
of this, using the lasers as a measurement of position is only useful when the cart is relatively
close to the bottom of the cask, or for preventing the collision of the robot with the bottom of the
MPC.

Figure 7: Front-Mounted Lasers on First Robot Cart [Lissenden, 2016]

Using the simple geometry of the winch, determining the distance traveled by the robot is done
using the following equation:
s=rθ

where s is the theoretical distance traveled by the robot, r is the sum of the winch spool’s radius
and diameter of the winch’s wire, and θ is the rotational distance that the winch spool has
rotated, in radians [Lissenden, 2016].
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Figure 8: Winch Spool Parameter Diagram

While the two encoders and laser-camera system provide for a rather comprehensive way of
measuring the robot’s position within the shaft, there will be errors that will be propagated
throughout each measurement. Some of the areas for uncertainty include the cable slipping on
the spool, the belt teeth slipping on the motor and/or spool, and the drifting of the encoders over
time [Lissenden, 2016]. While these errors may not present themselves in abundance, it is
important to take note of them and the consequences that they bring to the measurements of the
robot’s position; these consequences will be discussed in a later chapter.
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Chapter 3
Assembly of the Prototype

3.1 Drafting of the Prototype
In order to construct a vehicle body that can properly maneuver throughout the cask’s complex
geometry, it is important to adhere to the constraints of the cask’s inner dimensions. Outlined
below are the various components and respective dimensions of the robot’s body. For purposes
of this thesis, only the first and leading cart that contains the EMAT sensor will be inspected.

Figure 9: Solidworks Drawing of Top Plate of Robot Body [Van Sant, 2017]
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Figure 10: Solidworks Drawing of Top Plate of Robot Body, Details of Hole Locations [Van Sant, 2017]

Pictured above is the top plate of the robot’s body. The three holes on the sides of the plate are
used for attaching the top to the sides via screws, while the 10 holes in the center of the plate are
used for attaching the appropriate sensors and other necessary hardware. The longer slits placed
on either side of the plate are to allow the servo arms to pass through the body of the robot.
These servo arms are in place in order to provide the necessary counterforce for the robot, so that
the EMAT sensors may properly and securely take hold of the cask – while they are not the focus
of this report, these arms will be discussed in greater detail later in the section.
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Note that the width of the top of the robot’s body does not exceed 7.70 inches, which was the
aforementioned maximum width that the body could have before the body would impinge on the
geometry of the cask. Because the above dimension of 5.90 inches is well below this maximum,
this design is sufficient to carry on to the construction phase. The only restrictions that the cask
imposes on the length of the top of the plate are related to wedging and jamming issues faced
upon entry of the cask, which are not discussed in detail in this report [McNelly, 2015].

Figure 11: Solidworks Drawing of Bottom Plate of Robot Body [Van Sant, 2017]

The above drawing is the robot’s bottom, which consists of a number of holes and a large cutout
in the center. The three holes on either side will again be used to attach the bottom to the sides of
the robot’s body, while the two holes on the top and bottom of the cutout will be used to mount
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the appropriate hardware within the body – namely, the EMAT sensor. The cutout in the middle
is used to allow the EMAT sensor to protrude from the robot and take measurements along the
body of the cask. Because the bottom plate’s outer dimensions are identical to those of the top,
this design is sufficient to carry forward towards the construction phase as well.

Figure 12: Solidworks Drawing of the Back Plate of the Robot Body [Van Sant, 2017]

The piece in Figure 12 acts as the robot’s back. The two smaller holes on either side are used to
attach the front and back pieces to the sides of the body, perpendicularly to those of the
connections on the top and bottom. The larger hole in the center is used primarily for electrical
wiring and air ventilation, which outlets through to the rest of the robot cars. Additionally, the
rounded rectangular cutouts are to provide an opening through which the connectors of the robot
carts will protrude and attach to each other.

Figure 13: Solidworks Drawing of the Front Plate of the Robot Body [Van Sant, 2017]
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The piece shown above is the front of the robot’s body. The two smaller holes on either side are
used to attach the plate to the sides of the robot, much like those in the back plate. In the front of
the robot cart, the larger center hole is used to enable the front-mounted camera to have a
widened view of the cask as the robot descends the channel. Finally, the two medium-sized holes
on either side of the plate are there to provide extra ventilation for the robot in the channel.

It is important to note that the heights of both the front and back plates of the robot do not exceed
the maximum allowable height, which was previously noted as 1.80 inches. Because this height
of 1.23 inches is well below this maximum, this design is sufficient to carry forward to the
construction phase.

Figure 14: Solidworks Drawing of the Side Plate of the Robot Body [Van Sant, 2017]

Figure 15: Solidworks Drawing of the Side Plate of the Robot Body, Detail 1 [Van Sant, 2017]……
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Figure 16: Solidworks Drawing of the Side Plate of the Robot Body, Detail 2 [Van Sant, 2017] ….

The sides of the robot – shown above in three different views – are relatively simple. The three
holes on the top and bottom of the side wall (which are identical to each other and the picture
above) are to attach them to the top and bottom plates of the robot body, respectively. The five
holes on the side of the piece are to attach the five wheels of the robot, which are staggered in
order to maximize the wheels’ effective diameters. The side walls of the robot contain identical
height dimensions to the front and back plates of the body, so it is sufficient to pass these parts
along to the construction phase as well.

Figure 17: Solidworks Drawing of the Robot Wheels [Van Sant, 2017]
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The wheels, again, are of extremely simplistic design. They are rounded in order to allow the
robot to smoothly transition from one surface to another, and contain a small hole in the center to
attach them to the shoulder screw, which will in turn be attached to one of the five holes in the
side of the robot. Because the wheels are of diameter 1.70 inches they do not surpass the
maximum allowable height to enter into the channel of the cask, and may thus be passed onto the
construction phase of the project.

3.2 Construction and Assembly of the Prototype
After obtaining the designs for the various components of the robot’s body, the pieces were
machined out of raw material either purchased via online resources or obtained by other means.
Although the entirety of the robot’s body was constructed from aluminum, because of the nature
of the different dimensions of the various parts, they must be created using different machining
techniques. The following processes are those used to construct the individual elements of the
robot’s body.

Figure 18: Snapshot of Water Jet Process
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The top, bottom, and wheels of the robot were constructed using a water jet. The water jet uses
extremely high pressure water in order to cut through a wide variety materials – in this
application, it was used to cut through the aluminum of the top and bottom of the body, as well
as through the PEEK used for the wheels. In order to cut the correct shape of the design, the
water jet was programmed using a DXF file of the part, and subsequently directed upon a certain
path that allowed for a clean and secure cut on all locations of the part. After the pieces were cut
using the water jet, they were cleansed of burs and other imperfections using de-burring tools, as
well as certain sanding techniques. It was of utmost importance to sand the wheels, lest the
imperfections create disruptions of the robot’s path which could lead to detrimental effects on the
data collected on those paths.

Figure 19: Machined Top Plate of Robot Body (left) and Machined Bottom Plate of Robot Body (right) ….

Figure 20: Machined Acrylic Robot Wheels
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While the side holes of the robot’s body were initially cut using a water jet, the holes on the other
faces of the body had to be made using other techniques because they lay on perpendicular
surfaces of the pieces and did not extend all the way through the piece. The easiest way to make
these holes was to use a mill with a drill bit attached. After using the appropriate techniques to
zero the machine, the holes were drilled on the top and bottom of the pieces, using the
appropriate diameter drill bit for each hole; this drilling process is pictured below.
After the holes were drilled into the other faces of the sides of the body, they were tapped using
the appropriate size taps; this tapping process is shown below.

Figure 21: Drilling Holes in Robot Side Plate (left) and Tapping Holes in Robot Side Plate (right) ….

After the body of the robot was assembled using a number of screw sizes, the wheels were
attached. However, spacers were necessary to attached between the wheels and the cart in order
to provide the proper offset to create the staggered nature (shown below). While the spacers were
obtained in stock sizes, it was found that sanding the spacers was necessary in order to provide
for the appropriate balance of stability of the wheels, while still allowing them to rotate on the
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shouldered screws. It was important that these spacers were sanded the correct amount; too much
sanding would allow the wheels to wobble and disrupt the robot’s path, while too little sanding
would prevent the wheels from turning, and thus could prevent the robot from moving smoothly
along the cask. Although these spacers were used in the EMAT sensor testing process, they will
later be replaced by spacers made of aluminum so as to adhere to the thermal constraints that the
cask will impose on the robot during the actual field test.

Small Spacer

Large Spacer

Figure 22: Detail of Sanded Wheel Spacers Attached to Robot Cart
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3.3 Functionality of the Prototype

5.90 inches

4.81 inches

1.25 inches

Figure 23: External Dimensions of the Robot Body

Pictured above is the first prototype of the front robot car’s body, without the sensors and other
hardware installed (seen by the absence of the ten holes for the hardware on the top plate). As
mentioned before, all of the dimensions adhere to the necessary constraints imposed on the robot
by the cask, so that the robot may travel smoothly throughout with little to no interruptions.

Figure 24: Finalized Robot Body Prototype, Upside Down (left) and Detached EMAT Sensor (right)
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Figure 25: Finalized Robot Body Right-side Up With Closed Servo Arms (left) and Open Servo Arms (right)

Above is the finalized prototype body with the necessary hardware installed. The two crucial
elements of this first cart are the EMAT sensor (shown in the top right picture, detached from the
cart), and the counteracting arms (shown in the bottom two pictures). The counteracting arms are
servo actuated, and may be both extended and retracted via electronic circuiting within the robot.
The servos are set up in a manner that accounts for any unanticipated loss in power – that is,
when power is shut off to the servos, the arms will remain extended so that the EMAT may take
another reading without being interrupted by the lack of power to the system. These
counteracting arms are necessary in order to provide a counteracting force to that of the EMAT
sensor – were there no counteracting force, the robot would be left free to swing in the channel,
which could potentially disrupt the EMAT readings.
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Chapter 4
Design of the Winch Mechanism and Exit Vent Mockup

4.1 Introduction of Vent and Winch Assembly
In addition to constructing the robot itself, mockups of the nuclear fuel cask’s exit vent and
vertical channel were needed in order to properly model and test the entire inspection system.
Using a 1:1 scale, this model will be used to analyze the most crucial constraints of the cask and
how the robot will navigate them once inside.

The primary features of interest of the mockup are the exit vent of the MPC and the vertical
channel through which the robot will traverse in order to take measurements during the trial
testing. The vent in question is dubbed “exit vent” in the drawings and models of the Holtec
100S MPC, because the vent’s primary purpose is to expunge excess heat generated in the MPC
as a result of the spent nuclear fuel stored inside. While the dimensions and modeling of the
vertical channel are equally important to understanding the robot’s constraints within the cask,
this chapter will focus primarily on the modeling, creation, and analysis of the exit vent and the
winch mechanism that will be attached to it.

In order to enter through the vent, descend down the vertical channel, and subsequently take the
appropriate measurements within the MPC, the train of robots must be guided by a device that
both facilitates and restricts movement within the channel. It was decided that a winch
mechanism mounted to the exit vent of the MPC would allow for both of these functionalities.
This winch will be mounted to the exit vent and its spool of wire will be attached to the last car
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on the train of robot bodies; arranged in such a manner, the winch will restrict any undesired
lateral movement of the train while in the channel, while facilitating the vertical movement of the
cars up and down the channel within the cask. The winch is operated by a motor, which will
allow the robot to move steadily down the cask while taking measurements.

While the aforementioned winch mechanism is based off of a relatively general winch design, its
mounting mechanism has much more specific application to the model at hand. Because the cask
expels large amounts of heat through the exit vents, the winch must be attached to the cask in a
way that allows the operator to use the winch while remaining at a safe distance from the vent,
while still allowing airflow if possible. Thus, a clamping mechanism must be designed to hold
the winch in place throughout the duration of the testing, without the need of human
intervention. The creation and modification of this clamping mechanism will be the primary
focus of this chapter.

4.2 Remapping of the Cask Dimensions
Prior to creating the winch and its mounting mechanism, the dimensions of the cask and exit vent
must be verified and modeled in order to supply the winch and its mounting mechanism with the
appropriate housing for testing. To do so, the engineering drawings of the cask model must be
inspected to glean the necessary dimensions to verify that the mockup is, in fact, dimensioned
appropriately.
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Upon initial assignment, the cask model to be used for testing was the HI-STORM 100S model.
However, after a visit to the Holtec site, the design team was informed that the cask dimensions
had been modified slightly, changing the MPC’s design to the HI-STORM 100S Version B
model. Although the larger cask dimensions, such as outer diameter and total height, remained
unchanged, many of the smaller, inner dimensions differed from those of the original HISTORM 100S model. Because of these discrepancies in the dimensions between to the two
different models, the drawings, CAD model, and physical model of the cask had to be modified.
Outlined below is the process of recording and modifying these dimensions according to the data
given by Holtec.

Figure 26: Cask Body Dimensions (left) and Cask Lid Dimension Details (right) [Holtec International, 2008]
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Pictured above are the outer dimensions of the new HI-STORM 100S Version B cask model. As
mentioned before, many of these dimensions remained practically the same as the previous
model. Although slight modifications were made to many of the dimensions – such as the height
and shell diameters – these slight changes will not affect the design of the robot body, winch, or
the winch’s mounting mechanism; thus, these discrepancies may be ignored for all practical
purposes of this thesis.

Figure 27: Exit Vent Dimensions, Top and Front Views (left) and Cask Lid Dimensions, Side View (right) [Holtec International,
2008]
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While the majority of the outer dimensions of the new cask model did not affect the design of the
inspection assembly, the majority of the inner dimensions of the cask did present significant
changes to the mockup. More specifically, the new dimensions of the exit vent shown above
introduced new constraints that the winch mechanism’s mounting design would have to adhere
to during the testing of the system. The table below outlines these changes, comparing the
dimensions of the original model to those of the new 100S Version B model.

Table 1: HI STORM 100S and HI STORM 100S-B Dimension Discrepancies

All of the dimensions that pertain to the vent mockup’s design are described and reported above.
While a total of ten dimensions are listed, the four that are outlined in red are the dimensions that
are crucial to the design of the robot’s body and winch mechanism – these are the dimensions
that provide constraints for the mounting mechanism, as well as for the robot body itself. After
these dimensions were noted and changed in the CAD model, the process of constructing the
new mockup for the exit vent of the HI-STORM 100S-B model was commenced.
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4.3 Creation of Vent Components
After recording and altering the measurements of the exit vent of the MPC, the new components
of the vent were constructed. The three components of interest that were used in the updated
mockup of the exit vent were the mockup vent base, the actual vent base, and the vent itself.
Because the vent itself was acquired during a visit to the client site, the only two components that
remained to be created were the mockup base and the vent base. Described below are the
machining processes used to make these parts, as well as the description of their dimensions and
how they pertain to the overall design of the delivery system.

Figure 28: Bandsaw Cutting Process (left) and Bandsaw Cutting Process Detail (right)
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Shown above is the machining process used to construct the mockup vent base for the exit vent.
The “mockup vent base” describes the part of the mockup to which the actual exit vent will be
attached – this is necessary in order to provide flexibility with which to modify the vent base’s
position with respect to the mockup, without actually altering the vent itself. This mockup vent
base is made out of a simple sheet of wood, which was cut using a vertical bandsaw (shown
above). The bandsaw was used to create the rounded edge of the base, which will be the inner
diameter of the MPC. After this cut was made, the edges were sanded so as to minimize their
contributed obstruction to the robot’s path within the vent and remainder of the cask.

Figure 29: Plasma Cutting Process (left) and Finalized Vent Base (right)
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The bottom of the exit vent used for the mockup was machined using a plasma cutter. In order to
properly cut the piece, a MasterCAD file was created with the appropriate cutting path outlined.
The file was then imported to the plasma cutter’s computer, where the file information was
processed and forwarded to the cutter, beginning the cutting process. Because the plasma cutting
process is far more inaccurate than previous used cutting methods (such as the water jetting and
bandsaw methods), there was a fair amount of slag that had to be removed from the final piece
(shown on the right above). After this excess material was removed from all edges of the piece, it
was placed into the mockup in the assembly shown below (on the left without the vent’s base, on
the right with the vent’s base). Note that the angled piece of steel on the top of the exit vent is
used simply to weigh down the vent’s body until it is properly attached to the vent’s base.

Figure 30: Vent Assembly Without Base (left) and Vent Assembly With Base (right)
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4.4 Modification of Winch Mounting Components
After the vent mockup was constructed, the process of modifying the current design of the winch
and winch clamping mechanism was begun. The need for modifications to the winch’s design
stemmed from discrepancies between the theoretical analysis of the winch via Solidworks and
the winch’s actual functionality when placed on the vent mockup. It was observed that, although
the design seemed to work flawlessly in the CAD model, there were a number of issues with the
winch’s mounting mechanism that needed to be remedied. Outlined in the section below are the
problems that needed to be addressed and the design processes that were used to resolve them.

Figure 31: Solidworks Model of Winch Mechanism Clamped to Cask Assembly [Bracken, 2017]….

The Solidworks model above shows the initial design of the winch and its mounting mechanism,
attached to the model of the HI-STORM 100S-B MPC. The primary functionality of the
mounting mechanism lies in the two pairs of three aluminum arms; the arms rotate with respect
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to the pins by which they are attached, allowing them to be extended or retracted to either lock or
unlock the arms in the vent mockup. To lock or unlock the arms, the arms of the winch clamping
mechanism were connected with a metal rod to be used as a handle by the operator (shown
below on the right). As mentioned before, while this design proves to be fully functional within
the scope of the CAD model, there were two significant aspects of the design that proved to be
detrimental to the mounting mechanism’s overall purpose.

Figure 32: Initial Winch Clamp Design (left) and Initial Winch Clamp Handle (right)

The first aspect of the design that needed to be changed was the length of the center link of the
arms of the mounting mechanism. Because the arms only extended through approximately one
third of the vent’s length, they did not provide enough support for the winch itself outside of the
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vent. More analytically, the only part of the clamping mechanism that was actually providing a
clamping force was the combination of the length of the middle arm that extended into the vent,
and the effective length of the bottom arms that lay below that length (shown below).

Middle Link of
Clamping Arm

Figure 33: Solidworks Model Winch Clamping Detail With Circled Effective Clamping Contact Points [Bracken, 2017]

The second aspect of the winch mounting mechanism’s design that needed to be improved was
the point of contact between the mounting arms and the top of the vent. This part of the design is
crucial, as this point of contact is the part of design that provides the clamp with the necessary
force to hold the winch in place during the testing period. While the straight and flat nature of the
middle link of the arms seemed to provide contact between the vent and the arms throughout the
length of the arm that extended into the vent, it was noted after the installment of the physical
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system into the vent that this was not the case. In the physical mockup, the only effective point of
contact between the mounting arms and the vent was the tip of the middle arm link (shown in the
picture below).

Figure 34: Winch Clamp Contact Point Detail

In order to resolve both of the aforementioned issues with the winch’s clamping mechanism, the
team ran through a number of design iterations before coming to a conclusive solution. The
simplest, and most effective solution was to extend the length of the middle arm of the clamping
mechanism; this decision was justified in that it applied a relatively simple solution that would
resolve both issues with the design without accruing too many undesired costs or excessive
manufacturing time. These extended arms easily solve the issue of extending the clamping
mechanism, however another component was required to enhance the contact point and overall
clamping force that the clamp applied to the vent. To remedy this problem, stock-ordered clamps
(shown below) were purchased to use in conjunction with the winch’s handle, so that a proper
holding force would be applied to the entire contraption.
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Figure 35: Stock-ordered Clamp in Unlocked (left) and Locked (right) Positions

Pictured above is the stock-ordered clamp to be used with the mounting device for the winch.
The design of the clamp is based around a simple latching mechanism; the device is opened
when the latch is pulled downwards, and clamped (or locked) when the latch is pulled upwards.
Although this is the next iteration of design for the clamping mechanism for the winch, it must
be noted that this will not be used with the final design. Although the functionality of the clamp
resolves the issue with clamping force that the prior design had, its design and positioning on the
winch poses a separate problem altogether; the clamp cannot be operated by the operator during
the field test, simply because it lies too close in proximity to the vent. In the final design of the
mounting mechanism, an actuated clamp of similar geometry and functionality will be used to
remedy this problem.
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To further improve the functionality and practicality of the winch and its mounting mechanism,
it was decided that the winch be rotated 90 degrees, so that it may be placed farther down the
height of the cask – this modification of the design will allow for increased accessibility by the
operator, as the winch is no longer in close proximity to the excess heat exit vent.

To extend the middle links of the clamping mechanism, the links had to be re-machined
altogether; attaching new material to the old links would prove to be tedious, and provide the
clamping mechanism with unnecessary complexity. Outlined below is the machining process
used to create the extended arms for the winch mounting mechanism.

Figure 36: Snapshot of the Horizontal Bandsaw Process
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To create the new extension arms, the team ordered an aluminum bar of thickness 3/8 inches,
width 1 inch, and length of 6 feet. Because each of the extension arms was to be approximately 3
feet in length, the bar had to be cut in half prior to machining the rest of the features of the arm.
To cut the aluminum bar, a horizontal bandsaw was used (shown above).

Figure 37: Drilling of Holes in Extended Clamp Links

After the aluminum bar was cut in half, the rest of the pieces had to be machined using other
instruments. The first features of each bar that were produced were the holes on either side; these
holes were drilled using the mill and drill bits of appropriate diameter. These holes will be used
to attach the extension arms both to the winch and to the other arms that extend into the vent.
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Figure 38: Snapshot of Belt Sanding Process Before (left) and After (right) Sanding

The final features of the extension arms that were machined were the rounded edges. This was
done using a belt sander, which is shown in the picture above. The rounded edges of the arms of
the winch mechanism are extremely important because it is this geometry that allows the arms to
rotate when in close proximity to constraining geometries of the rest of the winch and vent
assembly. After properly rounding these edges, the extension arms were assembled into the
winch mount-vent mockup assembly using a variety of bolts, washers, and screws.
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Chapter 5
Position Mapping of the EMAT Sensor Readings

5.1 General Testing Process
After constructing both the robot bodies and the winch and its mounting mechanism, the
inspection assembly was ready to undergo testing of the sensors. While the finalized train of
robot cars will contain many types of sensors, the focus of this work lies within the scope of the
EMAT sensor and its testing process.

The EMAT sensor testing process had two main objectives. First, the test had to verify that the
robot was physically capable of properly taking measurements using the EMAT sensor with little
to no interruption within the cask mockup assembly. After this task was performed, the team was
to analyze the readings in the context of the cask to ensure that the data gave a comprehensive
understanding of the cask’s composition; that is, to ensure that there were no experimental errors
that yielded inaccurate data.

The testing process itself was simple in nature – any unnecessary complexities were avoided in
order to minimize the possibility of error before, during, or after the readings were taken. First, a
zero point was chosen within the cask, to which the robot train would be aligned prior to starting
the testing – this is where the robot is to begin its decent, and where the position and EMAT
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readings will commence [Cho, 2017]. Next, the train of robot bodies was inserted into the
channel and aligned to the zero point; connected to the robot were all the necessary electrical and
networking wires, as well as the winch cables to facilitate the robot’s movement up and down the
channel. Once the robot was properly positioned, the team began to record the appropriate
measurements.

Figure 39: Descended Robot Car Train Side View Without (left) and Top View With Overpack (right) [Cho, 2017]……..

Figure 40: Sensor Networking System Diagram [Cho, 2017]
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In Figure 40 is a diagram of the networking system used to measure and record the data from the
EMAT sensor, which is denoted by the “T” and “R” squares (representing the transmitting and
receiving aspect of the sensor) [Cho, 2017]. Two computers were used to track different aspects
of the testing; the computer that started recording data first was used in order to track the robot’s
position within the cask, while the second computer was used to record the EMAT sensor’s
readings during the testing [Cho, 2017]. To end the testing, the computer measuring the EMAT’s
readings was stopped first, then the position-based computer was stopped – thus, there was an
excess of position data produced that did not have matching EMAT measurement data. Although
initially unanticipated, this method of using two computers would eventually produce a
significant discrepancy in the data that will be discussed in detail in a subsequent section [Cho,
2017].

5.2 Data
As mentioned above, two types of data sets were taken during the testing of the EMAT sensor
cart assembly. The first of these sets of data was used to track and record the position of the
robot’s body down the channel of the cask. To measure the position, an optical encoder was
placed on the winch mechanism to track the amount the spool rotated (explained in the literary
review). This rotation was then converted into a translational measurement, which was recorded
with respect to time. A sample of this position data lies in the table below.
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Table 2: Initial (left) and Later (right) Sample Robot Position Data, No Overpack [Cho, 2017]…...

The first table on the left shows the beginning of the measurement recording; note that while the
time is increasing, the position value stays the same – this denotes the initial stage of the testing,
when the robot was stationary. The table on the right shows readings from later in the testing
process; it may be seen in the fifth entry that the position measurement begins to change,
denoting the commencement of the robot’s movement.
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The second type of data that was taken was the EMAT measurement data. Similar to the position
data, the EMAT measurements were mapped against time as the robot descended down the cask.
Shown in the table below is a sample of the EMAT measurement data.

Table 3: Sample EMAT Reading Data, No Overpack [Cho, 2017]

It is important to note that the “Time” has values in both the first column and the first row. When
the “pulser” in the EMAT sensor excites an electromagnetic wave, the pulse lasts for
approximately 4x10-4 seconds – this duration is represented by the entirety of the time column on
the left, beginning with the measurement of 1x10-8 seconds [Cho, 2017]. For each entry in this
column, the digitizer records the measurement and lists it in the corresponding cell in the second
column [Cho, 2017]. After the pulse is stopped, the system remains dormant and does not record
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any measurements for the next 0.0996 seconds; after this period of rest has elapsed, the system
begins the same process of measurement after passing the point of 0.1 seconds, which is denoted
by the increments in the row of time measurements at the top of the table [Cho, 2017]. It is this
increment of .1 seconds for which each EMAT measurement is taken.

The data provided above is a small sample of the multiple sets of data collected. For each set of
data, there exist approximately 24,000 rows of incremental EMAT measurements. Additionally,
there are six sets of data, each differing with respect to the cask’s orientation with respect to the
overpack. The cask’s orientation was determined by two measurements: the clearance between
the cask and the channel on the left of the robot, and the clearance between the cask and the
channel on the right of the robot [Cho, 2017]. Outlined in the table below are the testing
iterations and the clearance measurements by which they were defined.

Table 4: EMAT Testing Iteration Clearances [Cho, 2017]

For the first test iteration, the overpack was omitted from the mockup; this was done in order to
establish a control run to which the rest of the iterations may be compared. The other five
iterations each have their own position and EMAT measurement data sets. These iterations may
be found in the appendices, labeled “17 17” to reference the left and right clearances,
respectively.
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5.3 Reading Discrepancies
The two different computers used to record the data sets during the testing procedure produced
two completely different types of data – namely, position data and EMAT voltage reading data.
Ideally, each position measurement taken would be matched to the respective EMAT voltage
reading that was taken at that same position; however, after analyzing the data, it was concluded
that this was not the case [Cho, 2017]. Because the computer that was used to record the position
of the robot was started before and stopped after the computer recording the EMAT data (as a
result of slightly different internal clocks), there existed an excess of position data that did not
match with any EMAT data. As a result of this excess position data, when the data sets were
matched to each other on a one-one basis, the EMAT data points did not match with their
respective, correct positions along the cask [Cho, 2017]. Thus, further analysis was required in
order to correctly map the EMAT measurements to their respective positions.

To do so, the team implemented a statistical analysis in order to compare the types of data, and in
turn correctly match the EMAT readings to their positions along the cask; a method called
“Cross Correlation” was used [Cho, 2017]. Cross Correlation is a method of measuring the
similarity of two functions by comparing the displacement of one function relative to the other
function [MathWorks, 2017]. If functions f and g are continuous functions, then the following
equation may be used to define their “cross correlation” between each other:
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Here, f* represents the complex conjugate of function f, and the τ value represents the
displacement between the functions, or the “lag,” [Wikipedia, 2017]. To complete the analysis, a
MATLAB code was implemented, using the cross correlation function xcorr to inspect the
discrepancy between the two sets of data. The written code is as follows:
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Figure 41: MATLAB Cross Correlation and B-Scan Analysis Code [Cho, 2017]

The code for calculating the cross correlation of the two data sets lies in lines 1-44, while the
remainder of the code is used to create the b-scan diagrams (which will be discussed in the
following section).
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Figure 42: Cross Correlation Analysis, No Overpack [Cho, 2017]

The graph above shows the result of the cross correlation analysis produced by the MATLAB
code. Using this graph, the user may compare the similarity between the two signals – the
position vs. time function and the voltage vs. position function of the robot – to the time at which
they were recorded; the y-axis represents a dimensionless ratio by which to compare the two
functions, while the x-axis represents the time of the testing in microseconds. Analyzing this
graph, it may be noticed that the two sets of data are slightly incongruous throughout the period
of testing up to 200 microseconds, where they begin to differ significantly – it is at this point that
the electromagnetic wave has returned to the sensor, denoting the end of the relevant data.
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Figure 43: Cross Correlation Analysis Detail, No Overpack [Cho, 2017]

A greater understanding of the discrepancies between the readings may be obtained by analyzing
the beginning of the experiment. Shown above are the first 30 microseconds of the cross
correlation analysis, which displays that a significant change in the readings occurs at
approximately 10 microseconds, or after the 9th measurement was taken [Cho, 2017]. From this,
it may be concluded that the car began to move at this point in time, creating the difference in the
position vs. time and voltage vs. position readings. Once this moment in the experiment was
recognized, the readings were ready to be appropriately analyzed via the b-scan diagrams.
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5.4 EMAT B-Scan Diagram
After recording the six iterations of testing, the recorded position and EMAT sensor data were
analyzed using a MATLAB code to produce the appropriate plots. The plots created consisted of
a mapping of the EMAT voltage readings across the distance that the robot was set to travel vs.
time; for all practical purposes, this plot may be referred to as a “b-scan,” a shortened term used
for referencing ultrasonic scans of similar nature.

Figure 44: B-Scan Diagram, No Overpack [Cho, 2017]

In order to properly explain the b-scan diagram, it is important to understand the fundamentals
behind the EMAT sensor. As mentioned before, the EMAT sensor contains a magnet with
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alternating current coils – these coils are arranged in an interval-like pattern, much like that of a
DC motor. The magnet and coil structure creates electromagnetic waves that propagate through
the materials to which they are subjected to – in this case, it is the metal of which the cask is
constructed. These electromagnetic waves are sent into the material and reflected back to the
sensor, which obtains a voltage reading that varies with respect to the composition of the
material through which it traveled.

In the b-scan diagram above, there are a number of bright bands that span across the entirety of
the y-distance that the robot traveled during the testing; these bright bands represent large
voltage amplitudes detected by the EMAT sensor, as denoted by the voltage color scale on the
right of the diagram. It is important to note that the first thick yellow voltage band must be
ignored for all analytical purposes – this band represents the initial voltage reading, which was
created as a result of the electromagnetic wave passing through the air between the EMAT
sensor and the cask [Cho, 2017].

The second band in the diagram is the core of the analysis of the testing. This band represents the
voltage reading that resulted from the electromagnetic wave striking the weld on the cask [Cho,
2017]. In analyzing this voltage band, it is important to take note of any imperfections in the
band. If the band were perfectly colorized, it may be assumed that the weld’s integrity is sound,
and the cask is not experiencing and EAC or other forms of corrosion. If the band is not perfectly
colorized, it signifies that there is either some form of corrosion present, or an error in the
reading technique used [Cho, 2017]. Looking at this second band in the b-scan diagram, a small
interruption in the band may be seen around y position of 15 inches. Because this impurity in the
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band is rather large in nature, it may be assumed that this is not a result of a crack or other form
of corrosion, but rather a result of an error produced by the EMAT measurement technique. This
error could be the result of an uneven compressive force from the stabilizing arm, an uneven
liftoff of the EMAT from the mockup, or even unpredicted lateral and vertical movement of the
robot itself [Cho, 2017]. In order to consider an impurity a result of cracking or corrosion, the
blip in the graph would be present before the band at a slightly earlier instance in time (in the bscan above, it would appear slightly to the left of the band that represents the weld) [Cho, 2017].
To obtain further conclusive results that contain such imperfections, the experiment must first be
altered in a manner that eradicates the probability of any of the aforementioned errors.

To completely understand the true nature of the cask’s welds, the entirety of the cask must be
inspected using the procedure described above. While this will not be completed until the field
testing at a later date, the remainder of the five iterations of testings’ EMAT and position data,
cross correlation analyses, and b-scans are included in the Appendixes A, B, and C of this work,
respectively. In analyzing the six different b-scans, it may be seen that in each instance there
exist no alarming disruptions in the scan that would indicate EAC or other damage to the cask.
Although a further perfected testing process is required to eliminate all sources of error and
verify this conclusion, the assumption that the casks are safe to continue using in the time being
is sufficient for this analysis.
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Chapter 6
Conclusion

6.1 Project Conclusion
In completing the prescribed work on the NEUP project, two different conclusions were made
with regards to the results produced. The first of these conclusions relates to the physical creation
of the robot bodies and the winch mechanism used to control them. In modifying, machining,
and assembling both the robot bodies and winch mechanism, each process used was performed
in an iterative manner that ultimately improved their overall efficiency as the project progressed.
Secondly, the analysis of the EMAT readings and testing process produced a greater
understanding of the errors within the experiment, and how these errors could be remedied. This
understanding is important in moving forward with the project, as these errors must be
eliminated to the best of the team’s ability prior to the final field testing.

Although the scope of this work concludes with the designs and analyses provided in the
previous chapters, the project is ongoing and will continue to progress with the design and
creation of the cask inspection system until the final field test is completed in September of
2017. To meet this goal, there exist three priorities that pertain to the contents discussed in this
work. The first two priorities involve finalizing the physical models of the robot bodies and
winch, which must correspond to their final designs. The last priority involves completing the
code that will allow the EMAT sensor to take position-based measurements. After these tasks are
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completed in conjunction with other components of the system, the inspection device will be
ready for testing.

6.2 Next Steps
While the cross correlation method of comparing and relating the two different data sets was
sufficient to the extent of this preliminary testing, it is preferable to have one data set that may be
used to track the EMAT sensor data; this way, all discrepancies that may lead to erroneous
conclusions made form the data may be eliminated.

To combine the position and EMAT measurements into one robust data set, the EMAT
measurements should be taken with respect to the robot’s position, instead of time. In doing so,
time as a variable is eliminated from the testing altogether, shifting the focus strictly to the
EMAT measurement versus the position at which they were taken. However, recording EMAT
versus position data in such a fashion is presently difficult with the current software and
hardware – thus, an alternate method is used.

To remedy this problem, a computer program is being developed in order to allow the user to
take measurements with the EMAT sensor based on position instead of time [Cho, 2017]. This
program is a Linux-based software that will broadcast the time and position data to the various
computers within the same network [Cho, 2017]. This functionality will eliminate the need for
two different sets of data, as the software enables the user to know where the robot is at any
given time, without having to measure its position manually.
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Although this software applies directly to the process of recording and analyzing the EMAT
measurements, it is a current work in progress and thus will not be discussed in the scope of this
work. The program will be implemented at a later time when the inspection assembly has been
finalized for its final field testing.
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Appendix A
Sample EMAT Position Data

A1: EMAT Reading Data, 0 mm left and 0 mm right Clearances [Cho, 2017]

A1: EMAT Reading Data, 0 0 Clearances

A1: EMAT Reading Data, 0 0 Clearances

A1: EMAT Reading Data, 0 0 Clearances

A1: EMAT Reading Data, 0 0 Clearances
A2: Robot Position Data, 0 mm left and 0 mm right Clearances [Cho, 2017]

A1: EMAT Reading Data, 0 0 Clearances
A2: Robot Position Data, 0 0 Clearances
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A3: EMAT Reading Data, 17 mm left and 17 mm right Clearances [Cho, 2017]

A3: EMAT Reading Data, 17 17 Clearances

A3: EMAT Reading Data, 17 17 Clearances

A3: EMAT Reading Data, 17 17 Clearances

A3: EMAT Reading Data, 17 17 Clearances

A4: Robot Position Data, 17 mm left and 17 mm right Clearances [Cho, 2017]
A3: EMAT Reading Data, 17 17 Clearances

A4: Robot Position Data, 17 17 Clearances
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A5: EMAT Reading Data, 35 mm left and 35 mm right Clearances [Cho, 2017]

A5: EMAT Reading Data, 35 35 Clearances

A5: EMAT Reading Data, 35 35 Clearances

A5: EMAT Reading Data, 35 35 Clearances

A5: EMAT Reading Data, 35 35 Clearances

A6: Robot Position Data, 35 mm left and 35 mm right Clearances [Cho, 2017]
A5: EMAT Reading Data, 35 35 Clearances

A6: Robot Position Data, 35 35 Clearances
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A7: EMAT Reading Data, 0 mm left and 17 mm right Clearances [Cho, 2017]

A7: EMAT Reading Data, 0 17 Clearances

A7: EMAT Reading Data, 0 17 Clearances

A7: EMAT Reading Data, 0 17 Clearances

A7: EMAT Reading Data, 0 17 Clearances

A8: Robot Position Data, 0 mm left and 17 mm right Clearances [Cho, 2017]

A7: EMAT Reading Data, 0 17 Clearances

A8: Robot Position Data, 0 17 Clearances
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A9: EMAT Reading Data, 17 mm left and 35 mm right Clearances [Cho, 2017]

A9: EMAT Reading Data, 17 35 Clearances

A9: EMAT Reading Data, 17 35 Clearances

A9: EMAT Reading Data, 17 35 Clearances

A9: EMAT Reading Data, 17 35 Clearances

A10: Robot Position Data, 17 mm left and 35 mm right Clearances [Cho, 2017]
A9: EMAT Reading Data, 17 35 Clearances

A10: Robot Position Data, 17 35 Clearances
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Appendix B
EMAT B-Scan Graphs

B1: B-Scan Diagram, 0 mm left and 0 mm right Clearances [Cho, 2017]

B1: B-Scan Diagram, 0 0 Clearances

B1: B-Scan Diagram, 0 0 Clearances

B1: B-Scan Diagram, 0 0 Clearances

B1: B-Scan Diagram, 0 0 Clearances
B2: B-Scan Diagram, 17 mm left and 17 mm right Clearances [Cho, 2017]

B1: B-Scan Diagram, 0 0 Clearances
B2: B-Scan Diagram, 17 17 Clearances
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B3: B-Scan Diagram, 35 mm left and 35 mm right Clearances [Cho, 2017]

B3: B-Scan Diagram, 35 35 Clearances

B3: B-Scan Diagram, 35 35 Clearances

B3: B-Scan Diagram, 35 35 Clearances

B3: B-Scan Diagram, 35 35 Clearances

B4: B-Scan Diagram, 0 mm left and 17 mm right Clearances [Cho, 2017]
B3: B-Scan Diagram, 35 35 Clearances

B4: B-Scan Diagram, 0 17 Clearances
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B5: B-Scan Diagram, 17 mm left and 35 mm right Clearances [Cho, 2017]

B5: B-Scan Diagram, 17 35 Clearances

B5: B-Scan Diagram, 17 35 Clearances

B5: B-Scan Diagram, 17 35 Clearances

B5: B-Scan Diagram, 17 35 Clearances

B5: B-Scan Diagram, 17 35 Clearances

B5: B-Scan Diagram, 17 35 Clearances
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Appendix C
Cross Correlation Figures

C1: Cross Correlation Graph, 0 mm left and 0 mm right Clearances [Cho, 2017]

C1: Cross Correlation Graph, 0 0 Clearances

C1: Cross Correlation Graph, 0 0 Clearances

C1: Cross Correlation Graph, 0 0 Clearances

C1: Cross Correlation Graph, 0 0 Clearances
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C2: Cross Correlation Graph, 17 mm left and 17 mm right Clearances [Cho, 2017]

C2: Cross Correlation Graph, 17 17 Clearances

C2: Cross Correlation Graph, 17 17 Clearances

C2: Cross Correlation Graph, 17 17 Clearances

C2: Cross Correlation Graph, 17 17 Clearances

C3: Cross Correlation Graph, 35 mm left and 35 mm right Clearances [Cho, 2017]
C2: Cross Correlation Graph, 17 17 Clearances

C3: Cross Correlation Graph, 35 35 Clearances
C2: Cross Correlation Graph, 17 17 Clearances
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C4: Cross Correlation Graph, 0 mm left and 17 mm right Clearances [Cho, 2017]

C4: Cross Correlation Graph, 0 17 Clearances

C4: Cross Correlation Graph, 0 17 Clearances

C4: Cross Correlation Graph, 0 17 Clearances

C4: Cross Correlation Graph, 0 17 Clearances

C5: Cross Correlation Graph, 17 mm left and 35 mm right Clearances [Cho, 2017]
C4: Cross Correlation Graph, 0 17 Clearances

C5: Cross Correlation Graph, 17 35 Clearances
C4: Cross Correlation Graph, 0 17 Clearances
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