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Summary 
This report describes a demonstration activity conducted at Pacific Northwest National 
Laboratory (PNNL) in Richland, Washington, on December 10–12, 2019 in collaboration with 
the Electric Power Research Institute (EPRI) and the United States Nuclear Regulatory 
Commission (NRC) to demonstrate technologies for accessing and depth sizing chloride-
induced stress corrosion cracking (CISCC) flaws potentially detected in stainless-steel canisters 
in dry storage systems (DSSs) for spent nuclear fuel. The demonstration was conducted at a 
DSS mockup facility that consists of a partial stainless-steel canister and structures to simulate 
the geometric constraints of overpacks for vertical and horizontal systems.  This facility provides 
for independent evaluation of technologies in a low-risk environment and allows technology 
vendors to obtain rapid feedback on the performance of technologies under development. The 
facility enables empirical testing to inform aging management programs for DSSs that continue 
to store spent fuel beyond the initial licensed or certified term.  

In this activity, the participation of vendors developing technology for depth sizing of cracks and 
developing robotic crawler technology was organized to demonstrate current capabilities for 
depth sizing potential CISCC flaws. The ability to accurately depth size flaws detected in DSS 
canisters is important to understanding the extent to which the canister integrity is compromised 
and in selecting an appropriate repair strategy.  Robotic Technologies of Tennessee (RTT), LLC 
and Intelligent Optical Systems (IOS) developed the robotic crawler and crack depth sizing 
technologies described in this report, respectively. 

In the United States, several DSSs for commercial spent nuclear fuel are approaching the end 
of their initial licensed or certified term. Many of these systems were originally licensed or 
certified for 20 years, after which the licensing or certification may be renewed for periods up to 
40 years, according to Title 10 of the Code of Federal Regulations (10 CFR), Part 72, “Licensing 
Requirements for the Independent Storage of Spent Nuclear Fuel, High-Level Radioactive 
Waste, and Reactor-Related Greater than Class C Waste.” Guidance for reviewing renewal 
applications is provided in NUREG-1927, “Standard Review Plan for Renewal of Spent Fuel Dry 
Cask Storage System Licenses and Certificates of Compliance” (NRC 2016). A review of aging 
effects that could affect important-to-safety structures, systems, and components is required in 
renewal applications, and applicants are required to address aging effects using either a time-
limited aging analysis or an aging management program. 

Most DSSs in service in the United States use a welded stainless-steel canister inside a 
concrete shielding overpack or module. The NRC originally communicated concern regarding 
the potential degradation of welded canisters by CISCC in a technical report (NRC 2014) and in 
NRC Information Notice 2012-20, “Potential Chloride-Induced Stress Corrosion Cracking of 
Austenitic Stainless Steel and Maintenance of Dry Cask Storage System Canisters” (NRC 
2012). EPRI has been developing robotic crawler technologies capable of carrying an 
nondestructive examination (NDE) payload to the surface of a canister and facilitating remote 
examinations (EPRI 2016). An American Society of Mechanical Engineers (ASME) Boiler and 
Pressure Vessel (B&PV) Section XI Task Group titled “Inservice Inspection of Spent Nuclear 
Fuel Storage and Transportation Containment Systems” was also formed to develop 
requirements for the inspection of welded canisters in DSSs, which resulted in the recently 
approved Code Case N-860 “Examination Requirements and Evaluation Standards for Spent 
Nuclear Fuel Storage and Transportation Containment Systems”. 



PNNL-30001 

Summary iii 
 

The scope of the December 10–12, 2019 activity focused on demonstrating a laser Ultrasonic 
Testing (UT) technology for depth sizing of CISCC flaws in dry storage canisters and on 
demonstrating a platform crawler deployment system designed to deploy suction crawlers to the 
surface of the canister shell for horizontal systems by accessing the canister from underneath. 
The scope of this activity builds upon a previous demonstration activity conducted at the 
mockup facility on August 6–8, 2018, which focused on flaw detection and crawler access from 
above the canister and maneuverability. The laser UT system was demonstrated on a few 
selected flaws in the canister mockup while in the vertical orientation. Further testing was also 
performed on the transitioning suction crawler designed to navigate over the corner formed at 
the joint between the canister lid and shell for canisters in horizontal orientation. 

The length and depth sizing results presented for the laser UT system exhibit consistency with 
the fingerprinting UT results.  In this activity, laser UT data was collected for three flaws in the 
canister mockup, which are referred to as Flaws A, B, and C. The flaw depth estimations 
obtained with the laser UT system for the shallower flaws (A and B) are closer to the 
manufacturer’s reported flaw depths than the depth estimations provided by the fingerprinting 
UT results. A review of the B-scan response images for Flaws A and B indicates that the 
responses from the flaw tips for Flaws A and B are not well defined when compared to the 
response from the tip of Flaw C. Although sizing estimates were obtained for Flaws A and B, 
their signals appear relatively weak. 

Testing was also conducted on the horizontal system mockup with a focus on evaluating the 
capability of a platform crawler deployment system and a transition suction crawler. The 
platform crawler was designed to facilitate remote deployment of a suction crawler to the 
canister shell from underneath by accessing space below the canister through ventilation ports 
at the bottom of the reinforced concrete horizontal storage module (HSM). The ability of the 
platform crawler to maneuver in position beneath the canister and attach a suction crawler to 
the canister shell using a telescoping arm was demonstrated.  The transition suction crawler 
was designed for deployment onto the lid of a canister and remote transition to the shell of the 
canister by navigating the corner formed by the joining of shell and lid components.  In this 
effort, despite improvements to the canister lid mockup fabrication with respect to the August 6–
8, 2018 demonstration activity, navigation from the lid to the shell component still proved 
challenging. Part of the difficulty is attributed to the surface of the silicone material used to fill 
the gap between the edge of the lid and the shell.   
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1.0 Introduction 
This report documents and provides an overview of a demonstration activity conducted at 
Pacific Northwest National Laboratory (PNNL) in Richland, Washington, on December 10–12, 
2019 in collaboration with the Electric Power Research Institute (EPRI) and the United States 
Nuclear Regulatory Commission (NRC). The purpose of the activity was to demonstrate 
technologies for accessing and depth sizing of chloride-induced stress corrosion cracking 
(CISCC) flaws potentially detected in stainless-steel canisters in dry storage systems (DSSs) for 
spent nuclear fuel. The demonstration was conducted at a DSS mockup facility that consists of 
a partial stainless-steel canister and structures to simulate the geometric constraints of 
overpacks for vertical and horizontal systems.  The DSS mockups can be vertically and 
horizontally oriented for testing of inspection systems to inform aging management programs for 
DSSs that continue to store spent fuel beyond the initial licensed or certified term.  Thus, the 
facility provides for independent evaluation of technologies and allows technology vendors to 
obtain rapid feedback on the performance of technologies under development in an 
environment that replicates the storage system design without the radiological hazards.  

In this activity, the participation of vendors developing technology for depth sizing of cracks and 
for developing robotic crawler technology was organized to demonstrate current capabilities for 
remotely depth sizing potential CISCC flaws in DSS canisters. The ability to accurately depth 
size flaws detected in DSS canisters is important to understanding the extent to which the 
canister integrity is compromised and in selecting an appropriate repair strategy. Robotic 
Technologies of Tennessee (RTT), LLC and Intelligent Optical Systems (IOS) developed the 
robotic crawler and crack depth sizing technologies described in this report, respectively.   

1.1 Background 

In the United States, several DSSs for commercial spent nuclear fuel are approaching the end 
of their initial licensed or certified term. Many of these systems were originally licensed or 
certified for 20 years, after which the licensing or certification may be renewed for periods up to 
40 years, according to Title 10 of the Code of Federal Regulations (10 CFR), Part 72, “Licensing 
Requirements for the Independent Storage of Spent Nuclear Fuel, High-Level Radioactive 
Waste, and Reactor-Related Greater than Class C Waste.” Guidance for review of renewal 
applications is provided in NUREG-1927, “Standard Review Plan for Renewal of Spent Fuel Dry 
Cask Storage System Licenses and Certificates of Compliance” (NRC 2016). A review of aging 
effects that could affect important-to-safety structures, systems, and components is required in 
renewal applications and applicants are required to address aging effects using either a time-
limited aging analysis or an aging management program. 

Most DSSs in service in the United States use a welded stainless-steel canister inside a 
concrete shielding overpack or module. These systems typically consist of a stainless-steel 
container into which the spent fuel is loaded prior to sealing by welding. The welded canisters 
are then placed into a concrete overpack that provides physical protection for the welded 
canister and serves to shield the radiation emanating from the spent fuel. More detailed 
descriptions of some vertical and horizontal welded canister DSS designs are included in PNNL-
22495 (Meyer et al. 2013). Concern regarding the potential degradation of welded canisters by 
CISCC was originally communicated by the U.S. NRC in a technical report (NRC 2014) and in 
NRC Information Notice 2012-20 (NRC 2012) titled, “Potential Chloride-Induced Stress 
Corrosion Cracking of Austenitic Stainless Steel and Maintenance of Dry Cask Storage System 
Canisters.” 
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Periodic inspection of components with nondestructive examination (NDE) is an integral part of 
aging management at nuclear power plants (NPPs). Metallic piping and vessel components are 
subject to visual, surface, or volumetric examinations, depending on the mode of degradation 
and the important-to-safety function of the component. Inservice inspection requirements are 
included in Section XI of the American Society of Mechanical Engineers (ASME) Boiler and 
Pressure Vessel (B&PV) Code (ASME 2017). The inservice inspection requirements defined in 
Section XI of the ASME B&PV Code apply to nuclear power plant components and were not 
developed for application to DSSs. To help fill this gap, an ASME B&PV Section XI Task Group 
titled “Inservice Inspection of Spent Nuclear Fuel Storage and Transportation Containment 
Systems” was also formed to develop requirements for the inspection of welded canisters in 
DSSs, which resulted in the recently approved Code Case N-860 “Examination Requirements 
and Evaluation Standards for Spent Nuclear Fuel Storage and Transportation Containment 
Systems”. 

The industry is developing NDE technologies and robotic crawler technologies capable of 
carrying an NDE payload to the surface of a canister and facilitating remote examinations with 
help from EPRI in leading and coordinating technology development and demonstration efforts. 
EPRI has funded the development of robotic crawler systems for welded canisters and 
coordinated with utilities to conduct several demonstrations (EPRI 2016; EPRI 2017b).  A 
summary of the status of industry-wide efforts to resolve technical challenges with performing 
examinations of DSSs is also provided in EPRI Report 3002010617 (EPRI 2017a). 

1.2 Summary of the August 6–8, 2018 Demonstration 

A previous demonstration activity was conducted at the mockup facility at PNNL in Richland, 
Washington, on August 6–8, 2018 and focused on technologies for CISCC detection (Meyer et 
al. 2019). This was also a collaborative effort between the NRC, PNNL, and EPRI and included 
participation by commercial vendors developing robotic crawler and inspection technologies. 
The design and set-up of the mockup facility, including the canister mockup and overpack 
mockups, and a description of the process for fingerprinting flaws in the canister mockup by 
ultrasonic testing (UT) and radiographic testing (RT) is documented in Meyer et al. (2019). 
Readers are encouraged to refer to Meyer et al. (2019) for more information about the design 
and setup of the mockup facility beyond what is included in this report. 

In the demonstration activity conducted with the mockup facility on August 6–8, 2018, the 
maneuverability of suction crawlers in horizontal systems and the maneuverability of magnetic 
wheel crawlers in vertical systems were demonstrated. The horizontal system demonstrations 
showed that suction crawlers can navigate over smooth, continuous surfaces, such as the 
canister shell and lid. However, transitioning over sharp features, such as the corner formed at 
the joint between the canister lid and shell, is more challenging. In vertical system 
demonstrations, the magnetic wheel crawlers demonstrated the ability to navigate over the liner 
shell and between channels attached to the liner surface. Also, the demonstrations showed that 
crawlers outfitted with NDE equipment have the ability to navigate through the overpack vents 
and around the sharp corner formed at the joint between the ventilation port and the liner shell. 
Testing performed with an eddy current probe provided by EPRI demonstrated that it was able 
to detect all flaws that were examined in the canister mockup and plate specimens. This 
included the “hybrid-mechanical cracks” implanted in the canister mockup, implanted thermal 
fatigue cracks (TFCs), and laboratory-grown CISCCs in plate specimens. 

Some adjustments were made to the mockup facility for the flaw sizing demonstration activity on 
December 10–12, 2019 as a result of observations made during the demonstration activity 



PNNL-30001 

Introduction 3 
 

performed on August 6–8, 2018. An improved mockup of the canister lid was fabricated to 
eliminate discontinuous surface features at the joint between the lid and the canister shell to 
better represent actual canister features. Modifications were also made to the horizontal 
overpack mockup to allow demonstration of a platform crawler for deployment of suction 
crawlers that attach directly to the shell portion of canisters from underneath. For the vertical 
system mockup, adjustments were made to widen the annular gap between the mockup liner 
and canister, and channels were removed to simulate one example of an NAC International 
system for demonstration of a laser UT system for flaw depth sizing. 

1.3 Scope of This Work 

The scope of the December 10–12, 2019 activity focused on demonstrating a laser UT 
technology for depth sizing of CISCC flaws in dry storage canisters and demonstrating a 
platform crawler deployment system designed to deploy suction crawlers to the surface of the 
canister shell for horizontal systems by accessing the canister from underneath. The laser UT 
system was demonstrated on a few selected flaws in the canister mockup while in the vertical 
orientation. Further testing was also performed on the transitioning suction crawler designed to 
navigate over the corner formed at the joint between the canister lid and shell.  

1.4 Organization of Report 

Section 2.0 of this report provides a description of modifications made to the mockup facility 
following the August 6–8, 2018 demonstration and in preparation for the demonstration activity 
on December 10–12, 2019. Section 3.0 provides technical background describing the basis for 
flaw depth sizing for the laser UT system that was the focus of this demonstration. An overview 
of the collaborative demonstration activity by NRC, PNNL, and EPRI is provided in Section 4.0. 
Finally, a summary and conclusions are provided in Section 5.0. 
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2.0 Modifications to Mockup Facility 
As noted in Section 1.2, some adjustments were made to the mockup facility for the flaw sizing 
demonstration activity on December 10–12, 2019 as a result of observations made during the 
demonstration activity performed on August 6–8, 2018. These adjustments are summarized 
below: 

• An improved mockup of the canister lid was fabricated to eliminate discontinuous surface 
features at the joint between the lid and the canister shell to better represent actual canister 
features.  

• Modifications were made to the horizontal overpack mockup to allow demonstration of a 
platform crawler for deployment of suction crawlers that attach directly to the shell portion of 
canisters from underneath.  

• For the vertical system mockup, adjustments were made to widen the annular gap between 
the mockup liner and canister, and channels were removed to simulate one example of an 
NAC International system for demonstration of a laser UT system for flaw depth sizing.   

Readers are encouraged to refer to Meyer et al. (2019) for more information about the design 
and setup of the mockup facility beyond what is included in this report. Improvements to the 
mockup of the canister lid included sanding the surface of the plywood lid so that the surface of 
the lid was flush with the end of the canister shell and filling an annular gap between the outside 
circumference of the lid and the inside surface of the canister shell with silicone caulking (see 
Figure 2.1). A plywood lid was also fabricated for the mockup for the testing performed on 
August 6–8, 2018. A diagram representing how the cap fit on the end of the canister mockup for 
the August 6–8, 2018 demonstration is provided in Figure 2.2. The conditions of the August 6–8, 
2018 demonstration are depicted by the “ACTUAL” illustration and shows the thickness of 
plywood did not match exactly to the space afforded to the lid as it rested on a support ring 
attached to the inside diameter of the canister mockup. In addition, an annular gap 
approximately 1/8″ existed between the edge of the lid and the end of the canister mockup. The 
new lid shown in Figure 2.1 is closer to meeting the desired fit of the lid to the canister mockup 
depicted by the “IDEAL” illustration in Figure 2.2. 
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Figure 2.1. Photograph of plywood lid fabricated for the December 10–12, 2019 demonstration 

activity and fit to the end of the canister mockup. 

 

 
Figure 2.2. Depictions of how the plywood mockup of a canister lid fit on the canister mockup. 

The depiction labeled “ACTUAL” provides an illustration of how the plywood cap fit in 
practice, while the depiction labeled “IDEAL” shows the desired fit. 

Modifications were made to the horizontal overpack mockup to allow demonstration of a 
platform crawler for deployment of suction crawlers that attach directly to the shell portion of 
canisters from underneath. This required adjustments to the aluminum T-slot frame structure for 
the horizontal overpack mockup and to the T-slot frame that is part of the support stand for the 
canister mockup. The frame for the overpack mockup was modified to simulate a bottom air inlet 
vent for standardized NUHOMS horizontal storage modules (HSMs) to allow access of the 
platform crawler beneath the canister. A horizontal support member was raised on the canister 
mockup support stand to also allow the platform crawler to maneuver underneath the canister 
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mockup. The photograph in Figure 2.3 highlights where adjustments were made to the overpack 
mockup and the support stand. 

 
Figure 2.3. Photograph of the horizontal overpack mockup, canister mockup, and canister 

mockup support stand, highlighting adjustments made to simulate inlet vent access 
for standardized NUHOMS HSMs for a platform crawler system. 

Adjustments were made to the vertical system mockup to simulate one example of an NAC 
International system for demonstration of a laser UT system for flaw depth sizing. These 
adjustments included the removal of channels from the liner and positioning the canister 
mockup near the liner to provide the appropriate amount of space in the annular gap between 
the liner and canister mockup. A photograph of the vertical system mockup liner with channels 
removed is provided in Figure 2.4. 

 
Figure 2.4. Photograph of vertical system mockup liner with channels removed from surface. 
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3.0 Time-of-Flight Diffraction (TOFD) UT 
The primary focus of this demonstration activity was the demonstration of a technology to 
measure and quantify the depth of detected CISCC flaws in DSSs. A laser UT system under 
development by IOS was the technology evaluated under this effort. The system is comprised of 
two laser beams for generation and detection of the ultrasonic signal in the target material. 
Thus, the technology provides a “non-contact” method for sizing CISCC flaws and does not 
require the application of couplant.  

The laser UT system under development by IOS performs flaw sizing by employing a UT 
technique known as Time-of-Flight-Diffraction (TOFD) UT. To understand the basis for TOFD 
UT, a brief explanation of fundamental concepts regarding the interaction of UT signals with 
flaws is provided here. 

3.1 Angle Beam Examinations 

Ultrasonic inspections may be performed using transducers at a normal orientation to the 
surface of a component or at an angle. The latter scenario is typical for weld inspections where 
ultrasonic energy at appropriate angles is needed to ensure significant interaction of the beam 
with the planar crack face. Angle beam transducers are commonly fabricated to generate 
longitudinal or shear waves at 30°, 45°, and 60° in stainless steel material (ASNT 2007). 

3.2 V-Path Examinations 

Service-induced flaws in Class 1 safety piping and vessels typically manifest as inner diameter 
(ID) surface-connected cracks. Inspections can be employed using angle beam transducers to 
detect and characterize back-surface-connected flaws using a half-V beam path as illustrated in 
Figure 3.1. For front-surface-connected flaws, these inspections may be conducted using a full-
V beam as illustrated in Figure 3.2. A corner trap reflection is indicated in both figures, although 
the beam can return to the transducer upon reflection from the crack face. Detection of corner 
trap signals is often used to identify the base of a crack and aid in depth sizing. 

 
Figure 3.1. Illustration of half-V Path technique for examination of back surfaces and detection 

of back-surface-connected flaws. 
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Figure 3.2. Illustration of full-V path technique for examination of front surfaces and detection of 

front-surface-connected flaws. 

3.3 High-Angle L-Wave Mode Examinations 

High-angle longitudinal mode (L-mode) examinations can be performed to detect and help 
characterize large back-surface-connected cracks (greater than 50 percent through wall) by 
sampling material located in the region near the front surface of the component under test 
(ASNT 2007). In practice, the technique is commonly employed using an L-wave refracted at 
70° as illustrated in Figure 3.3 and Figure 3.4. This technique may be more effective at 
detecting and sizing flaws emanating from the same scanning surface (Figure 3.4) because 
material near the front surface is preferentially sampled. 

 
Figure 3.3. Vector depiction of high-angle (70 degrees) longitudinal (L-mode) refraction and 

accompanying side lobe surface wave. 
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Figure 3.4. Illustration of high-angle L-mode examination technique for detection of front-

surface-connected flaws. 

3.4 Tip-Diffracted Signals and Flaw Sizing 

Sizing of flaws is based on amplitude drop methods, as depicted for length sizing in Figure 3.5, 
or detection of a tip-diffraction signal (Figure 3.6), with tip-diffraction techniques being more 
common for depth sizing. Interaction of the incident sound beam energy on the face of a crack 
will impart an oscillation, or vibration, along this face. This vibration energy propagates along the 
face of the crack until it reaches the tip, where the energy is re-emitted into the bulk material as 
a spherical wave front, as depicted in Figure 3.6. The re-emitted signal is referred to as the tip-
diffracted signal and a portion of the signal travels back to the transducer, which may afford 
detection. An accurate technique for depth sizing of flaws involves measuring the relative time-
of-arrival (TOA) of the corner-reflected signal from the base of a flaw and the tip-diffracted 
signal. The tip-diffracted signal is normally very weak compared to the corner-reflected signal 
and can be difficult to detect in practice, especially in highly attenuative materials. 

 
Figure 3.5. Illustration of amplitude drop method for flaw sizing. 
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Figure 3.6. Illustration of the excitation of a tip-diffracted signal because of interaction of incident 

beam with base of crack. 

3.5 TOFD UT 

TOFD UT is a dual-probe method using one probe for transmitting and the other probe for 
receiving (Figure 3.7). The transmitter introduces a high-angle L-wave near the critical angle, 
which induces a so-called “lateral wave” that propagates along the surface of the component 
between the pair of transducers. With no flaws present, the receiver will pick up a back-wall 
echo and the transmitted lateral wave. The transit time information for the back-wall signal and 
lateral wave can enable crack detection and location. In the case of front-surface cracks, crack 
detection and location will be based on the lateral wave echo. Depth sizing may be 
accomplished by detection and transit time analysis of a tip-diffracted signal. The illustration in 
Figure 3.7 displays a TOFD response from a surface breaking flaw in both A-scan (middle) and 
B-scan (bottom) views. The TOFD response, in this case, includes the lateral wave and back-
wall signals as well as the tip-diffraction signal from the flaw. The B-scan depiction in Figure 3.7 
illustrates the break in the lateral wave response caused by the existence of a surface breaking 
flaw.  
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Figure 3.7. Diagram of TOFD UT and response for surface breaking crack. 

3.6 Laser Generated TOFD UT 

A depiction of laser generated TOFD UT applied to a surface breaking crack is provided in 
Figure 3.8. In this case, laser beams constitute the receiving and transmitting transducers. 
Unlike TOFD UT using conventional transducers, laser-generated TOFD produces two surface 
waves: 1) a skimming L wave and a Rayleigh (R) wave. The skimming L wave is the “lateral 
wave” referred to in the description of TOFD UT in the previous section. It has a velocity that is 
approximately twice the velocity of the R wave (~6000 m/s for L wave and ~3000 m/s for R 
wave). Figure 3.8 also depicts a diffracted L wave (LL).  The LL notation is used to represent 
that the signal results from two components, including an incident L wave to the crack tip and a 
diffracted L wave from the crack tip to the receiver. The detection of a surface breaking crack 
can be inferred by an interruption in the skimming L wave response and detection of the LL 
signal.  Further, the depth of a surface breaking flaw can be estimated from the arrival time of 
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the LL signal due to the relationship between path length and depth of the flaw as depicted in 
Figure 3.8. 

 
Figure 3.8. Diagram of laser generated TOFD UT technique for depth sizing of cracks. (Top 

illustration provided courtesy of IOS)  
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4.0 Description of Flaw Sizing Activity 
This section provides a description of the demonstration activity conducted at PNNL on 
December 10–12, 2019 in collaboration with EPRI and the NRC to demonstrate technologies for 
accessing and depth sizing of CISCC flaws potentially detected in stainless-steel canisters in 
DSSs for spent nuclear fuel. The demonstration was conducted at a DSS mockup facility that 
consists of a partial stainless-steel canister and structures to simulate the geometric constraints 
of overpacks for vertical and horizontal systems. 

The scope of this activity was focused on demonstrating a laser UT technology for depth sizing 
of CISCC flaws in dry storage canisters and to demonstrate a platform crawler deployment 
system designed to deploy suction crawlers to the surface of the canister shell for horizontal 
systems by accessing the canister from underneath. The laser UT system was demonstrated on 
a few selected flaws in the canister mockup while in the vertical orientation. Further testing was 
also performed on the transitioning suction crawler designed to navigate over the corner formed 
at the joint between the canister lid and shell. The rest of this section describes the on-site 
demonstration activity and presents the results from the flaw measurements in the canister 
mockup. 

4.1 Integration of Laser UT Probe and Magnetic Wheel Crawler 

The transmitted and received laser signals were propagated between system electronics and a 
probe car through fiber optic cables.  The probe car encapsulates the ends of the transmitting 
and receiving fiber optic cables and the lenses. The probe car provides protection to the 
exposed ends of fiber optic cables and lenses from mechanical impacts and adverse weather 
conditions. The probe car also provides a convenient method for mounting the optical 
components to crawlers. A window in the probe car allows the passage of laser energy between 
the probe car and the canister surface, and the wheels on the probe car allow it to contact the 
surface of canisters and roll on the surfaces, maintaining consistent spacing of the fiber optic 
lenses with the surface under inspection.  Figure 4.1 is a photograph of the probe car mounted 
on an actuator of the magnetic wheel crawler to position the probe car on the canister surface.  
A photograph of the laser UT probe car and magnetic wheel crawler in the annulus between the 
overpack liner and canister for the vertical system is displayed in Figure 4.2. 
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Figure 4.1. Photograph of the laser UT probe car mounted on a magnetic wheel crawler. 

 
Figure 4.2. Photograph of magnetic wheel crawler and laser UT probe car positioned in annulus 

between liner shell and canister surface. 

In addition to the mechanical integration of the laser UT probe car and magnetic wheel crawler, 
systems for controlling the laser UT probe and the RTT controller for the magnetic wheel 
crawler required synchronization to properly position the probe car over a flaw, scan along the 
length of the flaw, and encode data with position. The communication between the RTT 
controller and the laser UT probe was achieved using a laptop computer. A diagram of the 
overall system is displayed in Figure 4.3. The system for laser UT generation and reception 
consisted of multiple components that include a power supply, laser generator, and a receiver.  
The received laser signal is processed, conditioned, and routed to the laptop computer for 
display, and the computer is used to automate the firing of the laser generator.  The laptop 
computer also passes instructions to the RTT controller to scan over the length of the flaw and 
encode the data with position.   
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Figure 4.3. Overall diagram of the system for laser UT inspection demonstrated on the vertical 

DSS mockup. 

4.2 Positioning of Laser UT Probe 

The laser UT system was developed by IOS for the purpose of sizing the depths of detected 
flaws by the TOFD technique described in Section 3.6. The system was not developed for the 
purpose of flaw detection and was not intended for inspecting large surface areas. 
Nevertheless, the system does require the ability to scan limited areas since it is expected that 
detected flaws will not be located precisely and to enable obtaining depth profiles of flaws. To 
perform depth sizing, it is necessary for the transmitting and receiving beams to straddle the 
flaw as depicted in Figure 3.8. A flaw depth profile can then be obtained by scanning along the 
length of the flaw, as depicted in Figure 4.4, and collecting measurements in positional 
increments. 
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Figure 4.4. Depiction of flaw depth profile procedure in which the transmitting and receiving 

laser beams are scanned along the length of a flaw after having been positioned to 
straddle the flaw. (Illustration provided courtesy of IOS.) 

It is assumed that detected flaws can be located with enough precision that the laser UT probe 
can initially be positioned in the proximity of the flaw so that a response from the flaw can be 
observed when the transmitting laser beam produces an excitation signal. The relative location 
of the flaw can be determined from an arrival time analysis of the flaw response, and this 
information can be used to reposition the probe so that the transmitter and receiver are in the 
straddle position with respect to the flaw. This is illustrated in Figure 4.5. The top of the figure 
depicts initial probe positioning in proximity of the flaw and the bottom of the figure displays a B-
scan obtained from the laser UT system from one of the flaws targeted in this effort. In this 
scenario, the arrival time of the Rayleigh wave reflection from the flaw is utilized to determine 
relative location of the flaw and to reposition the probe for sizing. 
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Figure 4.5. Depiction of the laser UT probe initially positioned in the proximity of a flaw (top) and 

a B-scan produced from a flaw targeted in this effort, highlighting the Rayleigh wave 
response from the flaw that is used to reposition the probe for sizing (bottom). 

(Modification of images originally provided courtesy of IOS.) 

4.3 Flaw Sizing Results 

Flaw sizing measurements were collected with the laser UT system on three flaws in the 
canister mockup, all oriented parallel with the canister axis. One of the measured flaws was an 
electro-discharge machined (EDM) notch, which is in the heat affected zone (HAZ) of the short 
axial weld, which was located at the top of the canister for this canister orientation. The EDM 
notch had an orientation that was parallel to the weld. The other two flaws were hybrid 
mechanical flaws located in the HAZ of the long axial weld and both flaws also had orientations 
that were parallel to the weld. Readers are encouraged to refer to Meyer et al. (2019) for a 
description of the canister fabrication, location of welds, and details regarding the calibration 
EDM notches that were machined into the canister mockup. The following sections describe the 
results of measurements performed on these three flaws with the laser UT system. 
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4.3.1 Summary of Sizing Measurement Results 

A summary of the flaw sizing estimations obtained from the data collected from the laser UT 
testing on the three flaws is provided in Table 4.1 and Table 4.2, below, for length sizing 
estimations and depth sizing estimations, respectively. The length and depth sizing analysis 
were performed by the laser UT technology vendor (IOS) and communicated to the author 
through annotated images of response data. The data upon which depth and length sizing 
estimates are based will be presented in the following sections for Flaws A, B, and C. 

Table 4.1 includes the manufacturer’s reported specification for flaw length, the flaw length 
measured by RT, and the flaw length measured by UT fingerprinting in the 0° and 180° skew 
orientations.  For Flaws A and B, the estimated flaw lengths from laser UT measurements are 
consistent with the UT fingerprinting measurements but overestimate the flaw lengths reported 
by the manufacturer and determined from RT. For Flaw C, which has a reported length that is 
much greater than the reported lengths for Flaws A and B, the laser UT measurements appear 
consistent with both the manufacturer’s reported flaw length and the results of fingerprinting by 
RT and UT.  Therefore, it appears that the laser system UT tends to oversize shorter flaws and 
exhibits better accuracy for larger flaw lengths. 

Table 4.2 displays the depth sizing results for the laser UT system along with fingerprinted 
depth size measurements obtained by UT in the 0° and 180° skew orientations for Flaws A, B, 
and C.  In addition, the flaw manufacturer’s reported flaw depths are included in the table. The 
flaw depth measurements obtained with the laser UT system are consistent with the 
manufacturer’s reported flaw depths for Flaws A and B.  For Flaw C, the laser UT system depth 
measurement is significantly undersized with respect to the manufacturer’s reported depth. 
Comparison of the laser UT system depth sizing results with the UT fingerprinting results shows 
general consistency for Flaws B and C. In this case, all the measurements undersize the flaw 
with respect to the manufacturer’s reported flaw depth.  For Flaw A, a tip diffracted signal could 
not be resolved in the fingerprinted UT data. 

Table 4.1. Summary of reported and measured length size estimates for Flaws A, B, and C in 
the canister mock-up. 

  
Flaw  

Manufacturer’s 
Spec. Length 

(mm) 

RT  
Length (mm) 

UT Length 0 
Skew (mm) 

UT Length 180 Skew 
(mm) 

Laser UT 
Length (mm) 

A 2.6 2.6 8 11 8 - 11 
B 6.6 6.5 9 12 8.5 - 9 
C 19.1 19.1 17 25 21 

 

Table 4.2. Summary of reported and measured depth size estimates for Flaws A, B, and C in 
the canister mock-up. 

  
 Flaw 

Manufacturer’s 
Spec. Depth (mm) 

UT Depth 0 Skew 
(mm) 

UT Depth 180 Skew 
(mm) 

Laser UT 
Depth (mm) 

A 1.4 n/d n/d 1.2 
B 3 2.1 1.8 2.6 
C 9.2 6.3 7.5 5 
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4.3.2 Flaw A – Shallow EDM notch 

The B-scan response obtained from the shallow EDM notch (denoted as Flaw A) is provided in 
Figure 4.6.  The top of Figure 4.6 displays the full B-scan response that was collected and a 
portion of that response within the red dashed rectangle is displayed in the image on the 
bottom. The tip diffracted L wave (LL) is annotated in the image on the bottom. The LL signal is 
identified in the B-scan as a response that is only slightly delayed with respect to the skimming 
L-wave response, suggesting a shallow flaw. The length of the flaw is also interpreted from the 
B-scan image and from the plot of the measured depth profile in the bottom of Figure 4.7.  

 

 
Figure 4.6. B-scan response image obtained from Flaw A (shallow EDM notch). The full 

response image is included on the top and the portion of the B-scan response inside of the red 
dashed rectangle is displayed on the bottom. (Modification of images originally provided 

courtesy of IOS.) 
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Figure 4.7. The B-scan response from Flaw A is displayed on the top and the measured depth 

profile of Flaw A is displayed on the bottom. (Modification of images originally 
provided courtesy of IOS.) 

4.3.3 Flaw B – Shallow Hybrid Mechanical Flaw 

The B-scan response obtained from a shallow hybrid mechanical flaw (denoted as Flaw B) is 
provided in Figure 4.8.  The top of Figure 4.8 displays the full B-scan response that was 
collected, and a portion of that response within the red dashed rectangle is displayed in the 
image on the bottom. The LL wave is annotated in the image on the bottom. The location of the 
LL response relative to the skimming L-wave response in the B-scan suggests a shallow flaw. 
The length of the flaw is also interpreted from the B-scan image and from the plot of the 
measured depth profile in the bottom of Figure 4.9. 
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Figure 4.8. B-scan response image obtained from Flaw B (shallow hybrid mechanical flaw). The 

full response image is included on the top and the portion of the B-scan response 
inside of the red dashed rectangle is displayed on the bottom. (Modification of images 

originally provided courtesy of IOS.) 
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Figure 4.9. The B-scan response from Flaw B is displayed on the left and the measured depth 

profile of Flaw B is displayed on the right. (Modification of images originally provided 
courtesy of IOS.) 

4.3.4 Flaw C – Deep Hybrid Mechanical Flaw 

The B-scan response obtained from a deep hybrid mechanical flaw (denoted as Flaw C) is 
provided in Figure 4.10.  The top of Figure 4.10 displays the full B-scan response that was 
collected, and a portion of that response within the red dashed rectangle is displayed in the 
image on the bottom. The LL response is annotated in both images. In this case, the location of 
the LL response displays some overlap with the Rayleigh surface wave response. It is located 
much later in time relative to the skimming L-wave response than the LL responses in Figure 
4.6 and Figure 4.8, which implies that Flaw C is much deeper than Flaws A or B. The length of 
the flaw is also interpreted from the B-scan image and from the plot of the measured depth 
profile in in the bottom of Figure 4.11. 
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Figure 4.10. B-scan response image obtained from Flaw C (deep hybrid mechanical flaw). The 

full response image is included on the left and the portion of the C-scan response 
inside of the red dashed rectangle is displayed on the right. (Modification of images 

originally provided courtesy of IOS.) 
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Figure 4.11. The B-scan response from Flaw C is displayed on the top and the measured depth 

profile of Flaw C is displayed on the bottom. (Modification of images originally 
provided courtesy of IOS.) 

4.4 Testing of Platform Crawler and Transitioning Suction Crawler 

As part of the December 10–12, 2019 demonstration activity, testing was also performed on the 
horizontal system to demonstrate a platform crawler deployment system designed to deploy 
suction crawlers to the surface of the canister shell for horizontal systems by accessing the 
canister from underneath. Further testing was also performed on the transitioning suction 
crawler designed to navigate over the corner formed at the joint between the canister lid and 
shell. 

Overall, the platform crawler was capable of navigating beneath the canister and was able to 
deploy a suction crawler to the canister shell.  The platform crawler was also capable of 
attaching to and removing the suction crawler from the canister surface for retrieval. The 
platform crawler consists of a base with a continuous track propulsion system and a telescoping 
arm with an end attachment for crawlers. A photograph of the platform crawler with its arm 
retracted is provided in Figure 4.12, and photographs of the platform crawler with the arm 
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extended towards the surface of the canister for placement of a suction crawler is shown in 
Figure 4.13. 

 
Figure 4.12. Photograph of platform crawler with retracted arm, in preparation for testing. 
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Figure 4.13. Photographs of telescoping arm of platform crawler extended to deploy suction 

crawler on surface of canister from underneath. 

Limited testing of a transitioning crawler was performed as part of this activity to see if 
improvements in fabrication of the mockup of the canister lid would result in better performance 
of the crawler.  These improvements are described in Section 2.0. The transitioning crawler is 
developed for deployment to the lid of the canisters in horizontal storage. Once on the lid, the 
crawler is designed to navigate to the canister shell by transitioning over the corner formed by 
the joining of the shell and lid components.  Difficulty in transitioning this corner was observed 
during testing of the transitioning crawler as part of the August 6–8, 2018 demonstration activity. 
Despite the improvements made to the fabrication of the mockup of the canister lid, the crawler 
still experienced difficulty in performing the transition from lid to shell on the mockup during the 
December 10–12, 2019 activity.  A silicone filler was used to eliminate any gap between the 
edge of the plywood lid and canister shell.  Despite the improvements made to eliminating gaps 
between the lid and shell and making surfaces even, it was observed that the friction from the 
surface of the silicone filler challenged the crawler’s ability to navigate over the corner. This 
challenge may be unique to the PNNL mockup as successful navigation of the corner has been 
observed by EPRI and RTT on mockups they have prepared for the transition crawler 
development.         
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5.0 Summary and Conclusion 
This report summarizes a demonstration activity conducted at PNNL on December 10–12, 2019 
in collaboration with the EPRI and the NRC to demonstrate technologies for accessing and 
depth sizing CISCC flaws potentially detected in stainless-steel canisters in DSSs for spent 
nuclear fuel. The primary focus of this activity was the demonstration of a laser UT system 
developed by IOS for depth sizing flaws in the canister mockup.  This part of the activity was 
performed with the canister mockup in a vertical orientation. The laser UT system was 
integrated with a suction crawler developed by RTT to simulate accessing a flaw under relevant 
field constraints. However, because the objective of the technology was on flaw sizing, and not 
detection, information on the location of the selected flaws was provided. Thus, the task of the 
integrated laser UT and suction crawler system was to bring the laser UT system to the 
specified location of the flaw and make modest adjustments to position necessary to facilitate 
scanning. 

The length and depth sizing results presented for the laser UT system exhibit consistency with 
the fingerprinting UT results.  In this activity, laser UT data was collected for three flaws in the 
canister mockup, which are referred to as Flaws A, B, and C. With regards to depth sizing, the 
laser UT system exhibited better capability for sizing of the shallower flaws, A and B, than 
observed in fingerprinting. A review of the B-scan response images for Flaws A and B in Figure 
4.6 and Figure 4.8, respectively, indicates that LL responses from the flaw tips for Flaws A and 
B are not well defined when compared to the LL response from the tip of Flaw C, which is 
shown in the B-scan images of Figure 4.10. Although sizing estimates were obtained for Flaws 
A and B, the LL signals appear relatively weak. 

Testing was also conducted on the horizontal system mockup with a focus on evaluating the 
capability of a platform crawler deployment system and a transition suction crawler. The 
platform crawler was designed to facilitate remote deployment of a suction crawler to the 
canister shell from underneath by accessing space below the canister through ventilation ports 
at the bottom of the system overpack.  The ability of the platform crawler to maneuver in 
position beneath the canister and attach a suction crawler to the canister shell using a 
telescoping arm was demonstrated.  The transition suction crawler was designed for 
deployment onto the lid of a canister and remote transition to the shell of the canister by 
navigating the corner formed by the joining of shell and lid components.  In this effort, despite 
improvements to the canister lid mockup fabrication, navigation from the lid to the shell 
component still proved challenging. Part of the difficulty is attributed to the surface of the 
silicone material used to fill the gap between the edge of the lid and the shell.   
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