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Summary 
This report describes the setup of a mockup facility at Pacific Northwest National Laboratory 
(PNNL) in Richland, Washington, for demonstrating and assessing inspection systems for the 
detection of chloride-induced stress corrosion cracking (CISCC) in stainless-steel canisters in 
dry storage systems (DSSs) for spent nuclear fuel. This report also provides an overview of a 
demonstration activity conducted with the mockup facility on August 6–8, 2018. The 
demonstration was performed in collaboration with the U.S. Nuclear Regulatory Commission 
(NRC), PNNL, and the Electric Power Research Institute (EPRI). Vendors of both inspection 
technologies and robotic crawler technologies were organized to participate in the 
demonstration. EPRI also demonstrated an eddy current technology developed for canister 
inspection applications. 

 
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 (NRC 2016), Standard Review Plan for Renewal of 
Spent Fuel Dry Cask Storage System Licenses and Certificates of Compliance. 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 
an 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.” EPRI is developing robotic crawler technologies capable of carrying an 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” has also been formed to develop requirements for the inspection of 
welded canisters in DSSs in draft Code Case N-860. 

 
The mockup facility was designed to be applicable to both horizontal and vertical DSSs and 
consists of components that simulate stainless-steel canisters and the overpacks that shelter 
the canisters. The efforts involved applying ultrasonic testing (UT) to fingerprint flaws (verify 
length and depth) that were implanted into the canister mockup and radiographic testing (RT) of 
axial and circumferential welds in the canister mockup. The purpose of conducting RT on these 
welds was to ensure that no weld fabrication flaws were interfering with implanted flaws and to 
document the weld conditions for posterity. Overall, the UT fingerprint data corresponded well 
with flaw sizes reported by the manufacturer. One exception is that the lengths of the shortest 
flaws are measured larger than reported by the manufacturer. This could be explained by the 
probe beam spot size which is larger than the flaw dimensions in these scenarios. In addition, 
the depths of the shallowest flaws (approximately 1.3 mm [0.05 in.] deep, or 10% through-wall) 
could not be sized because the tip-diffraction signals could not be isolated from the specular 
corner response. The results of the RT examination indicated that there are some fabrication 
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flaws in the mockup but none of them interfere with the implanted flaws. The RT examination 
appeared to be able to provide a very accurate measure of flaw length as length size 
measurements generally agreed with the manufacturer’s reported length sizes within 1 mm 
(0.004 inches). 

 
In the demonstration activity conducted with the mockup facility on August 6–8, 2018, the 
maneuverability of suction crawlers in horizontal systems was demonstrated and the 
maneuverability of magnetic wheel crawlers in vertical systems was 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, 
they demonstrated the ability to navigate the sharp corner formed at the joint between the 
ventilation port and the liner shell. Testing performed with the EPRI eddy current technology 
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 issues were observed during the demonstrations performed on the horizontal and vertical 
system mockups that should be addressed for future testing. For the horizontal system, an 
improved canister lid mockup should be designed and fabricated to eliminate discontinuous 
surface features. Further modifications to the overpack mockup should be made to allow 
demonstration of a platform robot for deployment of suction crawlers that attach directly to the 
shell portion of canisters from underneath. For the vertical system mockup, it is recommended 
that modifications to the mockup liner shell are made so that annulus gap spacings for both 
NAC International and Holtec systems can be simulated for a single positioning of the canister 
mockup. 
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Acronyms and Abbreviations 
10 CFR Title 10 of the Code of Federal Regulations 
ASME American Society of Mechanical Engineers 
B&PV Boiler and Pressure Vessel 
CISCC chloride-induced stress corrosion cracking 
DSS dry storage systems 
EDM electro-discharge machined 
EPRI Electric Power Research Institute 
HAZ heat-affected zone 
HSM horizontal storage module 
ID inner diameter 
IOS Intelligent Optical Systems, Inc. 
IQI image quality indicator 
NDE nondestructive examination 
NPP nuclear power plant 
NRC U.S. Nuclear Regulatory Commission 
OD outer diameter 
P-M peak-to-mean 
PNNL Pacific Northwest National Laboratory 
RT radiographic testing 
RTT Robotic Technologies of Tennessee, LLC 
SNR signal-to-noise ratio 
TFC thermal fatigue crack 
TRL transmit-receive longitudinal 
TW through-wall 
UT ultrasonic testing 
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1.0 Introduction 
The purpose of this report is to describe and document the setup of a mockup facility at Pacific 
Northwest National Laboratory (PNNL) in Richland, Washington, for demonstrating and 
assessing inspection systems for the detection of chloride-induced stress corrosion cracking 
(CISCC) in stainless-steel canisters in dry storage systems (DSSs) for spent nuclear fuel. This 
report also documents and provides an overview of a demonstration activity conducted with the 
mockup facility on August 6–8, 2018. This facility provides for independent evaluation of 
technologies in a low-risk environment and allows technology vendors to obtain rapid feedback 
on performance of technologies under development. Ultimately, the facility enables empirical 
testing to inform regulation of DSSs that continue to store spent fuel beyond the initial licensed 
or certified term. 

 
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 (NRC 2016), Standard Review Plan for Renewal of 
Spent Fuel Dry Cask Storage System Licenses and Certificates of Compliance. 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 Meyer 
et al. (2013). Concern regarding the potential degradation of welded canisters by CISCC was 
originally communicated by the U.S. Nuclear Regulatory Commission (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.” 

 
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” has also been formed to develop requirements for the inspection of welded canisters 
in DSSs in draft Code Case N-860. 
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The industry, through the Electric Power Research Institute (EPRI), is developing NDE 
technologies and robotic crawler technologies capable of carrying an NDE payload to the 
surface of a canister and facilitating remote examinations. 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 
2017a). 

 
1.2 Scope of Work 

This report describes the effort to set up a mockup facility for demonstrating and assessing 
inspection systems for stainless-steel canisters in DSSs. The mockup facility was designed to 
be applicable to both horizontal and vertical DSSs and consists of components that simulate 
stainless-steel canisters and the overpacks that shelter the canisters. The efforts involved 
applying ultrasonic testing (UT) to fingerprint flaws (verify length and depth) that were implanted 
into the canister mockup and radiographic testing (RT) of axial and circumferential welds in the 
canister mockup. The purpose of conducting RT on these welds was to ensure that no weld 
fabrication flaws were interfering with implanted flaws and to document the weld conditions for 
posterity. 

 
In addition to the UT and RT performed on the canister mockup, overpack mockups for vertical 
and horizontal systems were designed, fabricated, and constructed. The overpack mockups 
were created so that physical access constraints for several types of DSSs could be realistically 
simulated. 

 
Finally, this report provides an overview of a demonstration activity conducted at the mockup 
facility at PNNL in Richland, Washington, on August 6–8, 2018. The demonstration was 
performed in collaboration with the NRC, PNNL, and EPRI. Vendors of both inspection 
technologies and robotic crawler technologies were organized to participate in the 
demonstration. EPRI also demonstrated an eddy current technology developed for canister 
inspection applications. 

 
1.3 Organization of Report 

Section 2.0 of this report provides a description of the canister mockup including drawings and 
photographs as well as a description of the flaws that were implanted into the mockup. In 
Section 3.0, a detailed description of the UT performed for flaw fingerprinting and the results of 
the fingerprinting is presented. Also, Section 3.0 includes a description of the RT performed of 
welds and the outcome of the RT examinations. Section 4.0 describes the design and assembly 
of the overpack mockups for vertical and horizontal systems and the final configurations for the 
August 2018 demonstration activity. An overview of the collaborative demonstration activity by 
NRC, PNNL, and EPRI is provided in Section 5.0. Finally, a summary and conclusions are 
provided in Section 6.0. 
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2.0 Description of Canister Mockup 
This section provides a description of the canister mockup including drawings and photographs 
of the mockup and a description of the welds and how the mockup is fabricated. In addition, this 
section includes a general description of the flaws implanted into the mockup. The general 
description of flaws includes the range of flaw sizes, orientations, and general description of 
their locations. Publication of complete information about the flaws implanted into the mockup is 
avoided to preserve the usefulness of the mockup for future evaluations of technologies under 
blind test conditions. 

 
2.1 Weld Descriptions and Mockup Fabrication 

The stainless-steel canister mockup was fabricated from two rolled 12.7 mm (0.5 in.) thick 304 
stainless-steel plates. It is a cylinder that is constructed with a long axial weld, a short axial 
weld, and a full circumferential weld to a final size of 1.70 m (67 in.) nominal outer diameter 
(OD) and 1.52 m (60 in.) in overall length. The mockup does not include a lid or bottom plate; 
thus, the ends of the canister mockup are open. A pre-fabrication drawing of the mockup is 
shown in Figure 2-1 and Figure 2-2, respectively. 

 
Figure 2-1 provides a rendered drawing of the full canister mockup as well as a cross-sectional 
drawing. The detail in Figure 2-1 specifies the attachment of a ring to the inner-diameter (ID) 
surface of the canister at both ends to maintain the cylindrical shape. Figure 2-2 details the 
fabrication of the canister mockup as the joining of two cylindrical sections end-to-end by a 
circumferential weld. One of the cylinders has a length of 0.3 m (12 in.) while the other cylinder 
is 1.22 m (48 in.) in length. An axial weld extends the entire length of each cylinder. After joining 
of the two cylinders, the axial welds are located approximately 165° relative to each other. 
Throughout this report, the axial weld in the shorter cylindrical section is referred to as the 
“short” axial weld and the axial weld in the longer cylindrical section is referred to as the “long” 
axial weld. 

 
Eventually, “dog ears” were attached to both ends of the mockup to allow attachment of rigging 
for lifting and orienting the canister mockup. Figure 2-3 provides a photograph of the actual 
canister mockup. As the photo shows, three dog ears are attached to each end of the mockup 
with nominal spacing of 120°. 

 
Although not incorporated in the original design, a cap was constructed out of plywood to 
simulate the lid of a canister. This was constructed to accommodate testing of a suction crawler 
that is described in Section 5.0. Images of the plywood cap also appear in photographs of 
testing included in Section 5.0. 
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Figure 2-1. Page one (1) of the pre-fabrication drawing of the canister mockup including a 

rendered view of the complete mockup at an angle. 
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Figure 2-2. Page two (2) of the pre-fabrication drawing of the canister mockup including 

specifications and cross-sectional views of the “short” (0.3 m; 12 in.) and “long” 
(1.22 m; 48 in.) sections of the mockup on either side of the circumferential weld. 

 

Figure 2-3.   Photograph of actual canister mockup. 
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2.2 General Flaw Information 

Flaws were eventually fabricated into the mockup to simulate crack-like defects. After 
considering options for in situ flaw implantation, a proprietary technique by FlawTech was 
selected. The flaws fabricated by this technique were referred to as “hybrid-mechanical cracks.” 
Up to eight of these flaws were implanted into the canister at locations distributed in the heat- 
affected zones (HAZs) on either sides of the circumferential weld and the long axial weld. 

 
In addition to distributing flaws along the circumferential and long axial weld, the flaws were also 
specified so that flaw orientations perpendicular and parallel to each weld were represented in 
the population and that flaw sizes with depths ranging from 10% through-wall (TW) to 75% TW 
were also represented in the population. 

 
Four electro-discharge machined (EDM) notches were fabricated into the canister for calibration 
purposes. In this case, two of the EDM notches were fabricated into the HAZs of the short axial 
weld and two EDM notches were fabricated into the HAZs of the circumferential weld. The EDM 
notches were specified so that notches with orientations perpendicular and parallel to both the 
short axial weld and circumferential weld were represented. Further, the depths of the EDM 
notches ranged from 10% TW to 75% TW depth. 

 
All the flaws and notches were generated from the OD and are “surface-breaking.” However, the 
hybrid-mechanical cracks are not visible to the naked eye, while the EDM notches are easily 
visible. All the flaws and EDM notches were designed with the intention to have an approximate 
2:1 length-to-depth, or aspect ratio. A drawing outline of the mockup canister showing the axial 
and circumferential welds and the locations of the EDM notches is provided in Figure 2-4. The 
table in the figure provides details regarding the sizes, locations, and orientations of the EDM 
notches. 
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Figure 2-4. Drawing outline of canister mockup showing axial and circumferential welds and 

locations of EDM notches. The table provides further details regarding the sizes, 
locations, and orientations of EDM notches. 
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3.0 Description of Flaw Fingerprinting in the Canister 
Mockup 

This section includes a detailed description of the UT fingerprinting and the RT examination 
performed on the canister mockup. This includes a description of equipment and parameter 
settings and practical information regarding how the examinations were performed. In addition, 
summarized results from the UT fingerprinting and RT examinations are provided in this section 
along with selected examples of data images from the examinations. 

 
3.1 Ultrasonic Flaw Fingerprinting 

The ultrasonic data collection was automated using commercial hardware to control excitation of 
the UT transducer and for data acquisition. A commercial controller was also employed to 
operate scanner motors to manipulate the location of the UT transducer on the canister mockup 
surface. The data analysis and interfacing with the control and data acquisition hardware was 
facilitated with an accompanying software package. 

 
A magnetic ring track was mounted inside of the specimen to hold the scanner motor unit, as 
shown in Figure 3-1 (the motor unit can be seen at the bottom of the ring). The probe was 
coupled to the mockup by a shallow pool of water, with enough depth to keep the wedge contact 
surface wet without submerging the entire probe. The specimen was rotated as needed on a 
specially designed wheeled stand to submerge various scan regions. 

 

Figure 3-1. Scanning Ring Mounted Inside the Mockup. A magnetic track ring for UT scanning 
was mounted concentrically with the mockup. The motor unit can be seen at the 
bottom of the ring. 
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3.1.1 Transducer 
 

An in-house 2.0 MHz phased-array UT probe, operated in transmit-receive longitudinal (TRL) 
configuration, was used for data acquisition; see Figure 3-2 for a photograph of this array probe. 
The probe consists of two matrix arrays, each containing ten elements in the primary axis and 
five in the secondary. The elements were 2 mm (0.079 in.) wide with a pitch (or inter-element 
spacing) of 2.2 mm (0.087 in.), resulting in an overall active aperture of 21.8 mm × 10.8 mm 
(0.856 in. × 0.423 in.) for each transmit and receive array. The probe’s transmit and receive 
wedges were ultrasonically isolated from each other. These were made of Rexolite with an 
angle of 16.5° to produce a refracted center angle of 45° in the stainless-steel canister if all 
elements were to be operated with no delays. 

 

Figure 3-2. Phased-array transducer used for UT scanning. This 2.0 MHz, 10×5 element 
matrixed array probe was operated in a TRL configuration. 

 
3.1.2 Theoretical Beam Models 

 
Beam models were calculated in UltraVision to simulate the anticipated spot size and beam 
profile for a far-surface, one-half Vee metal path (the projected sound field from the ID surface 
to the OD surface) in an isotropic stainless-steel medium. A “true-depth” focus (focusing at a 
constant depth for each projected angle applied) at a depth of 12.7 mm (0.50 in.) was modeled 
with a steered angular range of 30° to 70°. The simulations showed that the full probe aperture, 
all 10×5 elements, is predicted to focus effectively at this depth for the range of angles planned. 
Figure 3-3 shows examples of the beam models, including side profiles for the 30° to 70° range 
and spot sizes at a depth of 12.7 mm (0.50 in.) for the 30°, 45°, and 70° beams. The spot sizes 
at a −6 dB threshold were measured to range from 3.4 mm × 5.4 mm (0.13 in. × 0.21 in.) at 30° 
to 17.2 mm × 8.4 mm (0.68 in. × 0.33 in.) at 70°. The modeled beam spots were measured 
along the plane of the focus and the primary and secondary axes, respectively. It should be 
noted that these theoretical spot sizes for certain angles are relatively large, as compared to 
several of the flaws introduced into the canister. 
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Figure 3-3.  UT beam models. The top panel shows the results of the side profile (top) for the 

30° to 70° beams, in steps of 5°. The remaining panels show spot sizes for the 30°, 
45°, and 70° beams, respectively. The cursors indicate the −6 dB limits. 
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3.1.3 Data Acquisition 
 

Data were acquired at resolutions of 1.0 mm (0.04 in.) in the index direction (parallel to the flaw) 
and 0.5 mm (0.02 in.) in the scan direction (perpendicular to the flaw). Raster scans were 
completed from both directions normal to each flaw face; that is, probe skew 0° and skew 180° 
(conventionally, skew 0° is in the positive circumferential direction and downstream axial 
direction). True-depth focusing was used with focal delay laws producing a refracted angle 
range of 30° to 70° in increments of 2° to enable a manageable data file size. Note that for 
circumferential scans of axial flaws, no minor impingement angle corrections1 were applied, 
because the mockup was approximated as a flat plate over the short range of each scan due to 
its small [12.7 mm (0.5 in.)] thickness and relatively large [0.85 m (33.5 in.)] radius. 

 
3.1.4 Data Analysis and Results 

 
During scanning, measurement precision for setting the probe locations was hindered by lack of 
access to the edge of the specimen due to the forming rings welded inside the mockup. 
Nevertheless, based on the UT data, the locations of all flaws were found to be consistent with 
the diagrams provided by FlawTech. 

 
UltraVision 3.6R5 software was used for data analysis. Length-sizing was accomplished by 
using the refraction angle, or focal law, with the strongest specular response from each flaw. 
After gating the response, the flaw length was measured at the −6 dB extent of the signal in the 
D-scan (end view) along the index axis. Theoretically, this means that approximately half of the 
UT beam was impinging on the flaw to produce this amplitude response. However, when a 
small flaw approaches the size of the beam spot, length-sizing accuracy may be adversely 
affected, and the beam width may be sized instead of the flaw length. Flaws were depth-sized 
by finding the angle with the strongest flaw tip response, if a tip response was detected. The 
distance between the peak of the tip response to the peak of the specular response at the same 
refraction angle was measured. Peak-to-mean (P-M) signal-to-noise ratio (SNR) was measured 
at the same metal path as, and on both sides of, the peaked specular response and at the same 
refraction angle used for length-sizing. 

 
Figure 3-4 shows an example of the UT scan of one of the implanted flaws, a 6.1 mm (0.24 in.) 
deep (48% TW) hybrid-mechanical crack from the skew 0° and 180° directions. The skew 180° 
scan was acquired through the weld material. The black, red, and green arrows indicate the 
specular, tip, and other responses, respectively, and the yellow brackets outline the 
approximate weld region extent. In the skew 180° scan, where the sound beam passed through 
the weld before reaching the flaw, there were a considerable number of coherent signals well 
above the noise background emanating from the weld region. These signals, as well as 
attenuation and scattering from the anisotropic weld material itself, may have diminished the 
amount of sound energy that reached (and returned from) the flaw. Also, the signals emanating 
from the weld region further obfuscate the flaw. Even so, the flaw specular and diffracted-tip 
responses are clearly visible in both skews. 

 
Figure 3-5 shows another example of a UT scan—a 6.3 mm (0.25 in.) deep (50% TW) EDM 
notch, from the skew 0° and 180° directions. This is comparable in length and depth to the flaw 

 
 

1 The impingement angle is the angle at which the sound beam impacts the specimen surface, in this 
case, the OD surface from an ID scan. With small-radius and/or thick-walled specimens, this angle can 
vary significantly from the refraction angle, with higher angles being more strongly affected. 
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examined in Figure 3-4. In this case, neither scan had to pass through the weld material. The 
arrows indicate the same features as in Figure 3-4, described above. 

 

Figure 3-4. Ultrasound scan of hybrid-mechanical crack. This figure shows a 48% TW hybrid- 
mechanical crack as detected from the skew 0° (top) and skew 180° (bottom) 
scans. The skew 180° scan detected the flaw through the weld material. Clockwise 
from top left: sectoral view, C-scan (top view), B-scan (side view), and D-scan (end 
view). 
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Figure 3-5. Ultrasound scan of EDM notch. This figure shows a 50% TW EDM notch as 

detected from the skew 0° (top) and skew 180° (bottom) scans. The flaw was 
perpendicular to the weld, so neither scan was required to traverse the weld 
material. Clockwise from top left: sectoral view, C-scan (top view), B-scan (side 
view), and D-scan (end view). 
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These flaws were selected for comparison because they were about the same size and TW 
depth, but the hybrid-mechanical crack was oriented parallel to the weld while the EDM notch 
was oriented perpendicular to the weld. The UT scans of these two flaws show some 
differences, as seen in Figure 3-4 and Figure 3-5. In the skew 0° scans, the tip, or top corner 
response, of the EDM notch appears to be more prominent relative to the specular signal than 
the tip-to-specular response of the hybrid-mechanical crack. This is expected, as the tip 
responses of EDM notches are typically much stronger than diffracted crack-tip responses. In 
the skew 180° scans, the angle of peak signal detection for the hybrid-mechanical crack was 
higher, so the peak specular response appears “smeared” compared to that of the EDM notch 
due to the larger spot size of higher angles. Also, the total gains in the different skews for the 
EDM notch were the same, but the total gain in the skew 180° scan of the hybrid-mechanical 
crack was 6 dB higher than for the skew 0° scan; higher gain was needed in the skew 180° 
scan of the hybrid-mechanical crack to compensate for signal loss in the anisotropic weld joint. 

 
For both skew 0° and skew 180° scans of all flaws and EDM notches, the SNRs were above a 
3:1 (9.5 dB) level. Most of the flaws examined through weld material had SNR levels that were 
much lower than levels measured from the opposite skew through only parent material. The UT 
fingerprint length data shows fair correlation with the FlawTech reported values (nominally 
within 2–3 mm [0.08–0.12 in.] for one skew or the other). The shortest flaws are generally over- 
sized in length due to array probe beam spot size limitations described earlier. Depth-sizing 
provided results that agreed better with FlawTech values, except that tip signals on the smallest 
flaws were not distinguishable from the specular response. 

 
3.2 Radiographic Examination of Welds 

RT was performed on the welds of the dry cask mockup to ensure that there were not any 
fabrication flaws that could interfere with the flaws that were implanted and to document any 
fabrication flaws for posterity. The examinations were performed in the radiography vault at 
PNNL. The size of the mockup presented spacing and access concerns; therefore, a full-size 
cardboard model of the mockup was built and positioned in the vault. Figure 3-6 shows the 
model of the mockup in the radiography vault to verify available space and maneuverability 
without the difficulties of moving the actual mockup. The maximum achievable distance between 
the x-ray source and the mockup was determined so that the geometric unsharpness could be 
assured as acceptable. 

 
The mockup was then maneuvered into the vault on a custom-built wheeled frame (the same 
frame used for UT scanning), which allowed for translational and rotational motion. Thus, the 
mockup could be rotated for scanning of the circumferential weld, and it could be moved laterally 
for scanning of the axial welds, as needed (the x-ray tube could also be moved laterally, but not 
the full length of the mockup). Figure 3-7 shows the mockup inside the radiography vault on the 
wheeled frame. Figure 3-8 illustrates the mockup’s position relative to the x-ray tube. A tape 
measure with lead distance markers is shown taped to the mockup. The red laser spot visible in 
the photograph indicates the center of the x-ray beam and is used for positioning and alignment. 
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Figure 3-6. Full-sized model of the dry cask mockup. A full-sized model of the mockup was 

built to test size and maneuverability constraints in the RT vault. 
 

Figure 3-7. The mockup inside the RT vault. The mockup was on a wheeled frame and could 
be manipulated as needed for RT scanning. 
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Figure 3-8. RT of the mockup. This photograph shows the relative positioning of the mockup 
and the x-ray tube. 

 
3.2.1 Equipment 

 
Key equipment used for RT scanning included: 

• 450 kVp Comet x-ray tube with a 0.38 mm (0.015 in.) thick copper filter 

• phosphor imaging plates (FujiFilm model CR UR-1, 113 mm × 252 mm [4.5 in. × 10 in.]) 

• imaging plate cartridge with lead sheet backing to prevent backscatter exposure 

• #12 hole-type image quality indicator (IQI) 

• measuring tape with lead distance markers, placed on the source side of the mockup 

• arrow location markers, placed on the film side of the mockup 

• portable phosphor plate digitizer (Scan-X Discover HR model D5000-DRB) 

• SENTINEL VisionHR software for initial image screening 

• ImageJ software for image filtering and analysis. 
 

The imaging plate cartridge had a lead “B” on back to indicate any x-ray backscatter that might 
affect image quality. All scans were single-wall. The outer surface of the mockup was smooth, 
but the inner surface had remnants of the weld crown, with some regions approximately 1 mm 
(1/16 in.) thick and other regions ground flush. No IQI shim was used, but a more conservative 
(thinner) IQI was selected than was required by ASME Code Section V. 
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3.2.2 Data Acquisition 
 

Several test scans were acquired to optimize the exposure parameters. Images were evaluated 
for contrast in the weld region, for the visibility of the IQI, and for the appearance of the IQI 2T 
and 4T holes. The final imaging parameters were: 180 kVp tube voltage, 8 mA tube current, 
90 seconds exposure time, and 5.5 mm (0.22 in.) focal spot size. The x-ray source was 
positioned 0.826 m (32.5 in.) from the mockup, resulting in a geometric unsharpness of 
0.084 mm (0.0033 in.), which is well below the allowable maximum of 0.5 mm (0.02 in.) for 
material of this thickness. Geometric unsharpness is defined as the focal spot size multiplied by 
the ratio of the object-to-detector distance to the source-to-object distance. The object-to- 
detector distance was 12.7 mm (0.5 in.)—the thickness of the mockup. 

 
Once the imaging parameters were set, they were not changed for the duration of the data 
acquisition. For each scan, the imaging plate was placed on the inner surface of the mockup 
using tape to conform the plate to the curvature of the mockup. The arrow fiducials were placed 
on the specimen ID about 25 mm (1 in.) from either end of the plate. The arrows were used as a 
guide for plate placement to assure overlap between scans. For each new scan, one arrow was 
moved with the plate and the other left stationary (now positioned at the other end of the plate) 
to indicate the exact location and amount of overlap in each scan. The IQI and tape measure 
with lead numbers were taped to the outer surface near the weld region. 

 
3.2.3 Data Analysis 

 
The imaging plates were scanned at 40 µm (0.0016 in.) isotropic resolution. Images were 
immediately assessed for quality using the SENTINEL VisionHR software. Acceptable images 
were exported to ImageJ for analysis. First, images were filtered with a radius=3-pixel median 
filter to reduce speckle noise. Next, an unsharp mask was applied with a radius=15 pixels and a 
weight factor of 0.6. This helped bring out features more clearly and sharpen feature edges. 
Finally, brightness and contrast were adjusted as needed to visualize the IQI 2T and 4T holes. 
Figure 3-9 shows an example of a scan of the circumferential weld. The IQI is visible along with 
the 2T and 4T holes (note that features are clearer on a high-resolution computer display). The 
lead position indicators show the distance from the mockup origin in inches. The weld region 
had an ID weld crown that was slightly thicker than the parent material and therefore had 
greater x-ray opacity. The weld region appears as a light band through the length of the image; 
variations in the thickness of the weld crown are apparent as image intensity variations. 
Possible small porosity and lack-of-fusion flaws in the weld can be seen in Figure 3-9. Also 
visible are stripe artifacts that arise from the phosphor plate scanning process—these artifacts 
appear in every image and are ignored. Additional artifacts arising from scratches or dust 
particles on the plate can appear as well. 
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Figure 3-9. Example RT scan of the circumferential weld. This scan shows possible regions of 
lack of fusion and a possible porosity. 

 
Flaw lengths as measured by RT and as reported by FlawTech agreed very closely, to within 
0.5 mm (0.020 in.), and most measurements agree to within about 1 mm (0.004 in.). The RT 
length results agree with the FlawTech true-state better than the UT, because the RT has sub- 
millimeter resolution while the UT resolution was spot-size limited to several millimeters. Overall, 
there were only a few potential fabrication flaws observed in the RT scans—none of which 
would have interfered with the UT scans. 
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4.0 Design and Assembly of Overpack Mockups 
This section describes the design and assembly of the overpack mockups for vertical and 
horizontal DSSs. These were developed so that access restrictions of several systems could be 
realistically simulated. Flexibility was designed into mockups of both vertical and horizontal 
systems so that access restrictions associated with different models of vertical and horizontal 
overpacks could be simulated with modest adjustments. 

 
4.1 Horizontal Overpack Mockup Design and Assembly 

The mockup for horizontal systems is based on the horizontal storage modules (HSMs) of 
Transnuclear NUHOMS systems. Several different designs of HSMs exist and are briefly 
described in Meyer et al. (2013). Generally, the HSMs can be described as reinforced concrete 
shelters into which stainless-steel canisters containing spent fuel are loaded to provide radiation 
shielding and physical protection. Ventilation ports through the concrete allow the circulation of 
air to remove decay heat from the canister. Normally, inlet air vents are located at or near the 
bottom of the HSM and outlet air vents are located at the top. One of the main variations 
between systems that is relevant to NDE is the location and configuration of ventilation ports in 
the HSM as these often provide the best access to the canisters for performing examinations. In 
some designs, such as the HSM for the standardized NUHOMS system, ventilation ports are 
located on the sides (not front and back) of the HSM module. A version of the HSM installed at 
Calvert Cliffs contains one main inlet vent on the front, while outlet vents are located on top near 
the front and back of the system, as depicted in Figure 4-1. 

 
The initial design of the horizontal overpack mockup was based on the systems installed at 
Calvert Cliffs. The mockup is designed to simulate the access and geometric constraints for the 
rear half of the system, which required simulating the geometry of the rear outlet ventilation port. 
The front outlet ventilation port and the bottom inlet ventilation port are also possible entry 
points for equipment. However, the relatively complicated path associated with the bottom inlet 
ventilation port makes this a less likely option for instrument delivery. The front outlet ventilation 
port is geometrically very similar to the rear outlet ventilation port; thus, simulation of the rear 
outlet ventilation port can serve for also simulating the front outlet ventilation port with minor 
adjustments. 

 
The overpack mockup is fabricated using slotted aluminum structural framing to allow for 
flexibility in adjusting to accommodate many design features as they are determined relevant. A 
drawing of the diagonal, side, and rear views of the mockup are provided in Figure 4-2 and a 
photograph of the frame undergoing initial assembly is provided in Figure 4-3. The overpack 
mockup was designed so that foam insulation board could be attached to the slotted aluminum 
framing to simulate the inner walls of the overpack. 
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Figure 4-1.   SolidWorks Cross Section of the HSM Similar to the One Deployed at Calvert Cliffs 
 

Figure 4-2.   Drawing of horizontal overpack mockup frame showing multiple views. 
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Figure 4-3. Photograph of slotted aluminum structural framing during initial assembly of the 

horizontal overpack mockup. 
 

In addition to the fabrication of the frame to simulate the horizontal overpack walls, a stand was 
fabricated to hold the canister in a horizontal configuration. The canister is supported in the 
horizontal orientation by two rails that contact the canister in the axial direction on the shell 
circumference. In the Calvert Cliffs HSM, these rails are themselves supported by beams that 
are anchored into the side walls of the HSM. In the case of the mockup, the support rails could 
not be anchored into the side walls and are supported by four legs that extend to the floor. This 
configuration is similar to the rail support configuration of the standardized NUHOMS systems. 
An illustration of the rail support stand for the canister mockup is provided in Figure 4-4. 

 
A photograph of the test area following assembly is provided in Figure 4-5. This photograph was 
taken on the first day of the demonstration activity conducted at PNNL on August 6–8, 2018, 
which is discussed in Section 5.0. The photograph displays the canister mockup resting on the 
rail support stand and inside of the slotted aluminum frame simulating the inside overpack walls. 
Foam insulation board is attached to the slotted aluminum framing to form the boundaries of the 
top outlet ventilation port; the rear overpack wall, one side wall of the overpack, and the 
remainder of the frame is open to facilitate observation. The system is anchored to a concrete 
pad for safety. When not in use, the foam insulation board is removed from the overpack 
mockup, and the frame is lifted off the canister mockup and rail support stand and positioned on 
its side. The canister is also lifted off the rail support stand and rested on the concrete pad 
surface. 
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Figure 4-4.   Illustration of rail support stand for the canister mockup. 

 

Figure 4-5.   Photograph of test area for horizontal system testing and demonstration. 
 

4.2 Vertical Overpack Mockup Design and Assembly 

The design of the overpack mockup for vertical systems is based on general design features of 
several commercial vertical system overpacks. In addition, adjustable features are incorporated 
into the mockup design so that the relevant design features that are specific to individual 
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systems can be simulated. Characteristic design features common to all the vertical system 
overpacks include an inner carbon steel liner such that an annular gap is created between the 
liner and the surface of the canister when it is inserted into the overpack. The liner helps provide 
strength and form to concrete that shields radiation. In some systems, the grout is completely 
encapsulated by a carbon steel liner, while in other systems, no liner exists on the outside- 
facing surface (in these systems, the concrete is reinforced). From the perspective of performing 
examinations of the canister surface, the inner carbon steel liner is the feature of most 
relevance in addition to the ventilation ports as these features form the boundaries of the 
accessible pathways for examination equipment. 

 
Some vertical system designs incorporate channels that protrude out from the surface of the 
inside liner surface to help maintain the canister in the center of the overpack and provide air 
flow channels. In the design of the vertical overpack mockup, the channels are designed to be 
bolted to a carbon steel shell instead of being attached by welding so that they are removable. 

 
For example, differences in design among Holtec system models result in differences in the 
relative positions of the top of the channels, the top of the canister, and the ventilation ports. 
Thus, the vertical position of the channels on the carbon steel shell are designed to be 
adjustable. Diagrams depicting “rolled-out” views of three Holtec systems (100, 100S, and 100S 
version B) are shown in Figure 4-6 to illustrate variations in the relative positions of the top of 
the canister, the location of outlet vents, and the top of the overpack liner channels. 

 
A 3-D rendered drawing of the vertical system overpack mockup is provided in Figure 4-7. The 
drawing shows that the vertical system design can take advantage of symmetry allowing for 
fabrication of a mockup that provides less than 360° coverage of the canister. In fact, the design 
depicted in Figure 4-7 represents 180° section, which is enough to capture relevant features for 
accessing canisters in vertical systems for examinations. Three rectangular notches in the 
middle of the mockup can be seen in the drawing of Figure 4-7. These notches are included to 
accommodate the rigging attachments on the canister mockup. In this case, three notches are 
included (one at the top of the liner shell, one at the bottom of the liner shell, and a third one 
positioned near the top of the channels as depicted in Figure 4-7). The purpose of the multiple 
notches is to allow for adjustment of the relative positions of the top of the canister mockup to 
the outlet ventilation ports and to the top of the channels. This adjustment is achieved by placing 
shim material (e.g., wooden blocks) underneath the bottom of the liner shell. 

 
The drawing in Figure 4-7 also depicts two outlet ventilation ports attached to the top of the liner 
shell. These are attached to the top of the liner shell with bolts for flexibility and easy removal. 
Different ventilation port mockups can be designed and attached to accommodate variation in 
ventilation port geometries. Plates are attached to the bottom of the liner shell for stability. The 
plates have bolt holes so that the whole vertical mockup assemble can be fixed in place. A 
photograph of the completed vertical overpack mockup bolted to a wooden pallet base is shown 
in Figure 4-8, and a photograph of the test area on the day of testing is provided in Figure 4-9 
showing positioning of the canister mockup adjacent to the vertical overpack mockup assembly. 
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Figure 4-6. Diagrams of “rolled-out” views of Holtec systems 100, 100S, and 100S version B 

illustrating variations in relative positions of the top of the canister, location of the 
outlet vents, and the top of the overpack liner channels. 
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Figure 4-7.   Three-dimensional rendered drawing of the vertical system overpack mockup. 

 

Figure 4-8.   Photograph of completed vertical overpack mockup attached to wooden pallet base. 
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Figure 4-9. Photograph of vertical system mockup showing the canister mockup oriented 

vertically and positioned next to the carbon steel liner shell. 
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5.0 Review of Demonstration Activity at PNNL 
This section provides an overview of a demonstration activity conducted at the mockup facility at 
PNNL in Richland, Washington, on August 6–8, 2018. The demonstration was performed in 
collaboration with the NRC, PNNL, and EPRI. Vendors of both inspection technologies and 
robotic crawler technologies were organized to participate in the demonstration. EPRI also 
demonstrated an eddy current technology developed for canister inspection applications. 
Demonstrations of technologies were performed on both the horizontal and vertical system 
mockups, and some additional testing using the EPRI-developed eddy current technology was 
also performed on plate specimens. 

 
The two participating vendors included Robotic Technologies of Tennessee (RTT), LLC and 
Intelligent Optical Systems (IOS), Inc. RTT has received support from EPRI to develop robotic 
crawler systems to access the space in vertical and horizontal DSSs between stainless-steel 
canisters and the inner overpack walls and to gain entry to these spaces through the overpack 
ventilation ports. IOS is developing a laser UT system for sizing the flaws that are detected. A 
prototype of the laser UT system was not ready at the time of the demonstration; however, a 
representative from IOS was able to bring a sample of the fiber optic cable that their system 
would incorporate and assess the ability of the fiber optic cable to be routed through ventilation 
ports and into the space between the canister surface and inner walls of the overpack systems. 

 
5.1 Overview of the Testing Participants 

RTT supplied several versions of robotic crawlers for testing on the horizontal and vertical 
system mockup facilities. For the horizontal mockup facility, RTT developed suction crawlers 
that were able to use vacuum to attach to the surface of the stainless-steel canister mockup and 
used a continuous track system (i.e., like military tanks or bulldozers) for propulsion with electric 
motors. One system was designed for deployment through a rear outlet ventilation port for 
systems like the Calvert Cliffs HSM. It is designed to be lowered down this vent to the rear of 
the HSM and initially attach to the lid and then transition over the edge of the lid to the curved 
shell surface. An image of this system is provided in Figure 5-1. This system includes a 
telescoping arm that assists in transitioning from the lid to the shell portion of canisters. It also 
includes a specially designed skirt to facilitate transitioning over the corner formed at the joint of 
the lid and shell while maintaining enough vacuum. 

 
A second suction crawler designed for attachment directly to the curved shell surface was also 
developed. This system is meant for deployment through lower inlet ventilation ports of the HSM 
for the standardized NUHOMS system. Deployment of this system involves two stages in which 
the suction crawler is initially maneuvered through the ventilation port and into the overpack into 
the space beneath the canister by a platform robot that propels along the ground or floor of the 
HSM. The platform robot includes an arm component that is actuated to extend upwards to the 
surface of the canister for attachment of the suction crawler. Photographs of platform robot are 
not included because a demonstration of that system was not performed (discussed in 
Section 5.5). 

 
For vertical system testing, RTT has developed magnetic wheel crawlers that are designed to 
attach to the inner carbon steel liner of vertical system overpacks and propel along the surface 
of this liner by electric motors. RTT brought two magnetic wheel crawlers to the demonstration. 
One crawler was designed for Holtec systems and the other crawler was designed for NAC 
International systems. The crawler designed for Holtec systems was smaller because the gap 
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between the canister and overpack liner is smaller for Holtec systems than NAC International 
systems. Also, in some NAC International systems such as the current NAC-UMS, crawlers do 
not encounter the constraints imposed by channels that are on the surface of the liner in Holtec 
systems. A photograph of the magnetic wheel crawler developed for Holtec systems is included 
in Figure 5-2 and the photograph of the crawler for NAC International systems is shown in 
Figure 5-3. 

 

Figure 5-1. Image of RTT suction crawler designed to attach on the lid of a canister and 
transition over the edge of the lid to the curved shell surface (image courtesy of 
EPRI). 

 

Figure 5-2. Image of RTT magnetic wheel crawler designed to attach to the surface of the 
carbon steel liner on the inside of Holtec overpack cavities (image courtesy of 
EPRI). 
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Figure 5-3. Image of RTT magnetic wheel crawler designed to attach to the surface of the 

carbon steel liner on the inside of NAC International overpack cavities (image 
courtesy of EPRI). 

 
As noted, the other vendor, IOS, is developing a laser UT system for sizing the flaws that are 
detected. Because a prototype of the laser UT system was not ready at the time of the 
demonstration, IOS brought a sample of the fiber optic cable that their system would incorporate 
to assess the ability of the cable to be routed through the vent ports and areas between the 
canister and overpack walls. 

 
EPRI brought a flexible eddy current array probe, for the demonstration, that was designed by 
EPRI and constructed by EddyFi. The coils of the array probe are arranged in a rigid, high- 
radiation tolerant polymer-based housing that can conform to the curved surfaces of canister 
shells. The eddy current array coils are located on a flexible, printed circuit board with a 
connecting foam between the polymer backing and flexible printed circuit board. The foam is 
high-temperature and high-radiation tolerant, but with a compression factor to maximize contact 
between the printed circuit board and canister surface. A photograph of a version of the probe 
under development is shown in Figure 5-4. The output of the probe is presented as color maps 
of detected changes in impedance. For this probe, four channels of output data are generated, 
which are designed to display data for settings that are sensitive to (1) shallow flaws with 
orientation parallel to the weld, (2) shallow flaws with orientation perpendicular to the weld, 
(3) deep flaws with orientation parallel to the weld, and (4) deep flaws with orientation 
perpendicular to the weld. Example output data are provided in Figure 5-5. 
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Figure 5-4. Photograph of a prototype eddy current array probe under development designed 

to contour to the surface of a dry storage system canister and fit in the annular 
space between the canister and overpack (Renshaw 2014). (image courtesy of 
EPRI). 

 

Figure 5-5. Color representation of output from four different channels of prototype eddy 
current array probe (Renshaw 2014). (image courtesy of EPRI). 
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5.2 Summary of Horizontal System Demonstrations and Experience 

Testing on the horizontal system was performed on the first two days of the demonstration 
(August 6 and 7, 2018) with the first day primarily devoted to setting up and troubleshooting of 
equipment. Testing was organized to evaluate and demonstrate the capability of the suction 
crawlers designed for the following two deployment scenarios: 

• Demonstration of the suction crawler designed for direct attachment to the surface of the 
shell portion of the canister mockup 

• Demonstration of the suction crawler designed for deployment through the rear outlet 
ventilation port and attachment to the canister lid (shown in Figure 5-1) with an NDE 
payload. 

 
Initial testing was performed with the suction crawler designed for attachment directly to the 
curved shell surface. As mentioned in Section 5.1, this system has an accompanying robotic 
platform to deploy this system to the shell surface that was not tested in this demonstration. 
Instead, the crawler was manually attached to the shell surface. The prototype flexible eddy 
current array probe developed by EPRI was attached to this crawler as shown in Figure 5-6 
traversing the shell portion of the canister mockup in the axial direction. The ability of the system 
to turn and change directions while maintaining a vacuum seal with the surface of the canister 
was also demonstrated in this testing. A photograph of the suction crawler traversing the shell 
portion of the canister mockup in the circumferential direction is shown in Figure 5-7. 

 
The next testing was performed with the crawler system shown in Figure 5-1. This system was 
designed for deployment through the rear ventilation port of the overpack system and for initial 
attachment to the surface of the canister lid. A significant challenge for this system is meeting 
the requirement of being able to transition over the corner from the lid to the shell of the canister 
after initial attachment to the lid while maintaining enough suction force to remain attached to 
the canister. A photograph of the crawler attached to the plywood cap after being lowered 
through the rear outlet ventilation space is shown in Figure 5-8. In this testing, the crawler 
experienced difficulties in performing this transition. At least some of this difficulty is believed to 
be attributed to features of the simulated lid (i.e., the plywood cap). The plywood cap was 
attached to the canister mockup such that it rests on the ring welded to the inner diameter of the 
shell to maintain shape (refer to description in Section 2.1). The thickness of the cap was 
slightly greater than the distance from the ring and the end of the shell. This resulted in a step 
discontinuity, which increased the complexity of transitioning from the lid to the surface of the 
shell. In addition, a small annular gap existed between the edge of the cap and the inner 
diameter of the shell. These features are not anticipated for actual canisters so on-site 
modifications were performed to mitigate these effects. The gap was filled in with silicone 
caulking, and duct tape was also applied to the joint between the cap and the canister shell to 
smoothen the step discontinuity. The black duct tape applied to the joint between the cap and 
canister shell is visible in Figure 5-8. After making these adjustments, additional testing was 
performed, and the crawler was able to successfully navigate the transition at the 12 o’clock 
position. However, the crawler still experienced issues attempting to transition on the sides and 
the bottom positions. 

 
The photographs in Figure 5-9 through Figure 5-11 show the crawler at several stages of a 
successful transition from the cap to shell. These photographs show the telescoping arm 
assisting in the transition by extending to the back wall of the overpack and pushing the crawler 
over the edge. Once on the shell portion of the canister mockup, the crawler appeared capable 
of navigating over the smooth surface. 
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Figure 5-6. Suction crawler with flexible eddy current array probe payload traversing the shell 

portion of the canister mockup in the axial direction. 
 

Figure 5-7. Suction crawler with flexible eddy current array probe payload traversing the shell 
portion of the canister mockup in the circumferential direction. 
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Figure 5-8. Photograph of suction crawler deployed through the rear outlet ventilation port and 

attached to the plywood cap simulating a canister lid. 
 

Figure 5-9. Photograph of suction crawler beginning the transition from the cap to the shell 
portion of the canister mockup. 
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Figure 5-10. Photograph of suction crawler extending telescoping arm to the foam insulation 

board for assistance in transitioning from the cap to shell. 
 

Figure 5-11. Photograph of the suction crawler after the transition from the cap to shell is nearly 
complete. 
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5.3 Summary of Vertical System Demonstrations and Experience 

Testing on the vertical system was performed on the final day of the demonstration (August 8, 
2018). The abilities of the smaller (see Figure 5-2) and larger (see Figure 5-3) magnetic wheel 
crawlers to navigate the ventilation ports and transition to the liner shell surface were observed. 
The canister mockup was positioned next to the vertical overpack mockup to simulate the 
spacing for Holtec systems. An attempt was made to reorient the canister mockup relative to the 
vertical overpack mockup prior to testing so that the gap between the canister and carbon steel 
liner shell would be uneven and capable of simulating spacings of both NAC International and 
Holtec systems. This was partially successful; however, the gap was unable to be widened to 
provide the amount of space anticipated in NAC International systems. Although the larger 
magnetic crawler could fit into the annulus between the liner shell and canister mockup, the fit 
was tight and there was no space to accommodate an NDE payload. Photographs of the larger 
magnetic crawler traversing down the liner shell surface and performing entry through an outlet 
vent are shown in Figure 5-12 and Figure 5-13, respectively. 

 
The smaller magnetic crawler was also tested to observe ability to navigate through the 
ventilation ports and to transition from the port to the surface of the liner shell. The EPRI eddy 
current array probe was attached to this crawler to observe its ability to carry the NDE payload 
into the space adjacent to the canister mockup. The crawler appeared to capably navigate the 
ventilation port entry and transition onto the shell surface. The crawler was also able to navigate 
in the space between channels on the liner surface. However, the fit of the eddy current array 
probe between channels was tight and the sides of the probe required some on-site 
modification. Photographs of the smaller magnetic wheel crawler entering the ventilation port 
and transitioning to the liner surface are provided in Figure 5-14 and Figure 5-15, respectively. 

 

Figure 5-12. Photograph of the larger magnetic wheel crawler (see Figure 5-3) traversing down 
the liner shell surface. 
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Figure 5-13. Photograph of the larger magnetic wheel crawler (see Figure 5-3) performing entry 
through an outlet ventilation port. 

 

Figure 5-14. Photograph of the smaller magnetic wheel crawler (see Figure 5-2) transitioning 
from the ventilation port to the liner shell surface. 
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Figure 5-15. Photograph of the smaller magnetic wheel crawler (see Figure 5-2) completing the 

transition from the ventilation port to the liner shell surface. 
 

In addition to testing with the magnetic crawlers, EPRI performed testing to demonstrate the 
capabilities of the eddy current array probe. This demonstration was performed manually by 
scanning the array probe over one of the welds in the canister mockup. A depiction of the eddy 
current probe response and a schematic of the weld and implanted flaws is included in 
Figure 5-16. The actual flaws in the weld are annotated with black arrows and text, while the 
indications reported by the EPRI analyzer are indicated in red font over a color map of the eddy 
current probe response intensity. Figure 5-16 indicates that all the flaws that were examined 
were likely detected with a consistent positional offset between indications and the location of 
the flaws. This offset does not reflect an actual limitation of the equipment or technique but is 
the result of applying a simpler time-based encoding instead of more sophisticated positional- 
based encoding for the purpose of these tests. A few indications are reported that do not appear 
to be associated with any known defects. The cause of the indications not associated with flaws 
has not been thoroughly investigated but it is possible that they are caused by irregularities, 
such as scratches, lack of fusion in the weld, etc., or defects from handling or storage of the 
canister mockup. 
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Figure 5-16. Color map response of first channel of EPRI eddy current array probe from manual 
scan of a weld in the canister mockup and schematic of the weld and locations of 
implanted flaws. 

 
5.4 Testing of Plate Specimens 

In addition to the testing performed on the horizontal and vertical system mockups, the 
August 6–8, 2018, demonstration at PNNL provided an opportunity for testing EPRI’s eddy 
current array probe on plate specimens that contained laboratory-grown CISCCs and thermal 
fatigue cracks (TFCs). Two specimens were fabricated from 304L stainless-steel base material 
(no welds) and contained single CISCC flaws in the middle of the specimens. A description of 
the specimens and method for fabricating the CISCC flaws is included in a companion report 
(Meyer et al. 2019) in which the specific specimens examined in this testing are referred to as 
“scoping specimen 7” and “NDE specimen 1.” 

 
The third specimen included a weld and four TFCs that were implanted in the weld region. All 
the flaws (CISCCs and TFCs) generated detectable responses in the eddy current array probe. 
The CISCC flaw in “scoping specimen 7” was characterized by automated UT and estimated to 
have a depth of 39% TW. The tip of the CISCC flaw grown into “NDE specimen 1” was not 
detectable implying a shallow crack (depth < 2-3 mm). The specific sizes of the TFC flaws are 
not reported to maintain their utility for future blind assessments, but they were within the range 
of 10% TW to 90% TW. A photograph of the three plate specimens and a manual scan of 
scoping specimen 7 is shown in Figure 5-17. Figure 5-17, depicts scanning of the eddy current 
array probe on scoping specimen 7 in the direction parallel to the flaw length. 
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The eddy current array probe responses obtained from the three specimens are shown in 
Figure 5-18 through Figure 5-21. Figure 5-18 and Figure 5-19 display responses obtained from 
scans performed on scoping specimen 7 with scanning performed in the directions 
perpendicular and parallel to the flaw length, respectively. Figure 5-20 displays the response 
obtained from the eddy current scan of NDE specimen 1 with scanning performed in the 
direction perpendicular to the flaw length and Figure 5-21 displays the response obtained from 
the eddy current scan of the welded plate specimen with scanning performed in the direction of 
the weld and parallel to the flaw lengths in the specimen.  Figure 5-18 and Figure 5-19 show 
that relative orientation of SCC flaws to the eddy current array probe influences the strength of 
the response and that responses will display two signals associated with flaws (Figure 5-18 and 
Figure 5-20) when the probe is scanned in a direction perpendicular to the flaw because of the 
differential coil channel setup of the eddy current scan performed. Figure 5-21 shows that the 
weld can introduce significant noise that can interfere with the TFC flaw responses when the 
flaws are oriented parallel to the weld direction. However, responses from the TFC flaws are still 
evident in the third channel of Figure 5-21. 

 

Figure 5-17. Photograph of the eddy current array probe and three plate specimens. 
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Figure 5-18. Response from four channels of prototype eddy current array probe obtained from 

the SCC flaw in scoping specimen 7 by scanning in a direction perpendicular to 
the flaw length. 

 
 

Figure 5-19. Response from four channels of prototype eddy current array probe obtained from 
the SCC flaw in scoping specimen 7 by scanning in a direction parallel to the flaw 
length. 
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Figure 5-20. Response from four channels of prototype eddy current array probe obtained from 
the SCC flaw in NDE specimen 1 by scanning in a direction perpendicular to the 
flaw length. 

 
 

Figure 5-21. Response from four channels of prototype eddy current array probe obtained from 
the welded plate specimen by scanning in the direction of the weld and parallel to 
the length of implanted TFC flaws. 

 
5.5 Summary of Lessons Learned and Suggestions for Future 

Improvements 

This section provides a summary of lessons learned based on issues encountered during the 
demonstration activity performed at PNNL on August 6–8, 2018, in testing conducted on both 
vertical and horizontal system mockups. For testing conducted on the horizontal system 
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mockup, the testing highlighted limitations in the ability of a suction crawler to transition from the 
lid of a canister onto the curved shell surface. Part of the difficulty was attributed to mockup- 
specific design issues. Specifically, a mockup of a canister lid was created using plywood, which 
seated on the ring attached to the inside surface of both ends of the canister mockup shell to 
maintain the circular shape. An illustration of how the plywood mockup fit on the canister 
mockup is provided in Figure 5-22. The “gap” and “step” discontinuities shown in the “ACTUAL” 
depiction are exaggerated for illustration purposes. In practice, the gap and step were 3.18 mm 
(1/8 in.) or less. However, the gap and step increased the difficulty for the crawler in 
transitioning the corner at the joint between in the lid and shell because maintaining a vacuum 
while navigating the corner was more challenging. Creating a new cap to eliminate the gap and 
step is recommended for future demonstrations of suction crawlers deployed by attachment to 
the lid. 

 
Another issue observed during the horizontal demonstration was that the overpack mockup did 
not provide enough access for demonstration of the platform robot designed for deploying a 
suction crawler directly to the shell portion of canisters from underneath. Modifying the 
horizontal overpack design to accommodate the platform robot is recommended for future 
testing of suction crawlers that deploy through attachment to the shell surface of canisters. 

 

Figure 5-22. 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. 

 
Testing on the vertical system highlighted that it is desirable to be able to simulate the annulus 
gap width (distance from canister shell to overpack liner surface) for more than one system. The 
current vertical system design makes it difficult to adjust the gap width because the significant 
weight of the canister mockup makes it difficult to maneuver. During the demonstration at 
PNNL, it was desired to test crawler systems designed for both Holtec and NAC International 
systems. Although an attempt was made to orient the canister mockup so that the annulus gap 
width varied, the dimensions of both Holtec and NAC International systems could not be 
accurately simulated together. A suggested remedy is to divide the liner shell into two sections 
by cutting vertically through the notches (see Figure 4-7 and Figure 4-8). Each section would 
simulate a smaller portion of the overpack liner, but each could be positioned separately with 
respect to the canister mockup so that the annulus gap space of both NAC International and 
Holtec systems can be simulated for a single canister mockup placement. 
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Finally, testing with the EPRI eddy current array probe indicated that the probe was slightly 
larger than the space between the channels attached to the liner shell surface. The ends of the 
probe were filed down during the demonstration so that it could be maneuvered along the length 
of the canister surface. 
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6.0 Summary and Conclusions 
This report describes the setup of a mockup facility at PNNL in Richland, Washington, for 
demonstrating and assessing inspection systems for the detection of CISCC in stainless-steel 
canisters in DSSs for spent nuclear fuel. This report also provides an overview of a 
demonstration activity conducted with the mockup facility on August 6–8, 2018. The 
demonstration was performed in collaboration with the NRC, PNNL, and EPRI. Vendors of both 
inspection technologies and robotic crawler technologies were organized to participate in the 
demonstration. EPRI also demonstrated an eddy current technology developed for canister 
inspection applications. 

 
The mockup facility was designed to be applicable to both horizontal and vertical DSSs and 
consists of components that simulate stainless-steel canisters and the overpacks that shelter 
the canisters. The efforts involved applying UT to fingerprint flaws (verify length and depth) that 
were implanted into the canister mockup and RT of axial and circumferential welds in the 
canister mockup. The purpose of conducting RT on these welds was to ensure that no weld 
fabrication flaws were interfering with implanted flaws and to document the weld conditions for 
posterity. Overall, the UT fingerprint data corresponded well with flaw sizes reported by the 
manufacturer. One exception is that the shortest flaws are generally over-sized in length due to 
array probe beam spot size limitations. In addition, the depths of the shallowest flaws 
(approximately 1.3 mm [0.05 in.] deep, or 10% TW) could not be sized because the tip- 
diffraction signals could not be isolated from the specular corner response. The results of the 
RT examination indicated that there are some fabrication flaws in the mockup but none of them 
interfere with the implanted flaws. The RT examination appeared to be able to provide a very 
accurate measure of flaw length as length size measurements generally agreed with the 
manufacturer’s reported length sizes within 1 mm (0.004 in.). 

 
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, they demonstrated the ability to 
navigate the sharp corner formed at the joint between the ventilation port and the liner shell. 
Also, testing performed on the vertical system demonstrated the ability of the magnetic wheel 
crawlers to deploy NDE systems (i.e. eddy current probe) into the annular space adjacent to the 
canister and to detect flaws in the canister mockup. 

 
Testing performed with the EPRI eddy current array probe demonstrated that the instrument 
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, and implanted 
TFCs and laboratory-grown CISCCs in the plate specimens. 

 
Some issues were observed during the demonstrations performed on the horizontal and vertical 
system mockups that should be addressed for future testing. For the horizontal system, an 
improved canister lid mockup should be designed and fabricated to eliminate surface 
discontinuities. Further modifications to the overpack mockup should be made to allow 
demonstration of platform robots for deployment of suction crawlers that attach directly to the 
shell portion of canisters from underneath. For the vertical system mockup, it is recommended 
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that modifications to the mockup liner shell are made so that annulus gap spacings for both 
NAC International and Holtec systems can be simulated for a single canister mockup 
placement. 
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