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ABSTRACT

Remote visual testing (RVT) is a commonly used nondestructive examination method for inservice
inspection (ISI) of reactor internals to detect cracking and gross component failures. Despite
widespread use, the detection reliability of RVT and the factors that impact overall RVT
performance have been unresolved issues. This report describes the results from an assessment
sponsored by the U.S. Nuclear Regulatory Commission and conducted by the Pacific Northwest
National Laboratory, in cooperation with the Electric Power Research Institute, for evaluating the
reliability of RVT methods currently being used for [reactor] in-vessel visual inspection.

The goal was to assess the performance of commercially applied RVT examination procedures
implemented by qualified personnel, as well as to identify and qualitatively assess enhancements
to examination procedures for detecting flaws in test specimens. The assessment was performed
over three phases of research, with the results of the first phase used to identify key controllable
parameters impacting RVT performance and to design the next two phases (round-robin testing).
Participants in the round-robin tests included teams of inspectors from commercial nuclear power
ISI vendors. Participants were asked to determine if a specimen contained a crack and its
approximate location, orientation, and length. The detection and location information were used to
compute estimates of the probability of detection and false call probability for various scenarios
such as the placement and orientation of the flaw on the specimen, team-to-team variations in
detection performance, and effects of secondary review on RVT detection.

Results showed that crack opening displacement (COD) is the dominant factor in the reliability of
crack detection using commercially applied RVT procedures, with crack length being weakly
correlated with detection probability. The implication is that RVT detection is likely heavily
dependent on the contrast produced by the crack opening, with crack detection becoming less
reliable as the COD decreases. Further, the results indicated RVT will be challenged when cracks
are located in the vicinity of surface features such as scratches or weld ripples, or close to the
edge of welds where shadowing and/or the presence of weld undercuts may complicate the ability
to detect the crack. The assessment also reinforced earlier findings on the importance of lighting
in flaw detection and appeared to align with other studies that find improved reliability when using
multiple inspectors or analysts. Finally, the results pointed to the importance of practice with
specimens that mimic conditions likely to be found in the field. Based on the findings and
limitations of the assessment, a number of recommendations are made regarding best practices
for improving the reliability of RVT in a field setting and for addressing remaining informational

gaps.

This report describes the design and noted limitations of the three phases of research, the
analysis methodology for each phase, and the results of the research. The results of this
assessment provide a benchmark set of data on the reliability of RVT for detecting cracking,
assuming the implementation of field-like inspection procedures. The likely impact of several
uncontrolled factors on RVT detection performance are discussed, and recommendations
regarding the use of these results to assess field performance are provided. Finally, recent
advances in RVT technology are briefly discussed and point to the potential need for continued
research to evaluate the capability and effectiveness of the technique as improvements are
implemented.






FOREWORD

Remote visual testing (RVT), an inspection method used extensively by the U.S. nuclear industry
to examine reactor components for service-related degradation, is used more often than any other
inspection technique for in-service inspections. Its ease of deployment, cost effectiveness,
applicability to many different components, and the fact that it is a relatively straightforward and
quick process make it a very desirable method to implement. Often, licensees conduct RVT to
comply with requirements of the American Society of Mechanical Engineers (ASME) Boiler and
Pressure Vessel Code (Code), Section Xl, Rules for In-service Inspection of Nuclear Power Plant
Components. However, a significant portion of VT examinations are conducted for inspections of
vessel internal components, for which the guidelines are provided in several industry documents
such as the BWR VIP-03, BWR Vessel and Internals Project, Reactor Pressure Vessel and
Internals Examination Guidelines and MRP-228, Materials Reliability Program: Inspection
Standard for PWR Internals.

In the mid-2000s, the Nuclear Regulatory Commission (NRC) began research on the capabilities
and effectiveness of VT to augment the understanding of the method provided by limited studies
available in the open literature. NRC funded research at the Pacific Northwest National Laboratory
(PNNL) which assessed the important variables that influence the effectiveness of RVT as well as
the ability of RVT to detect cracks. Two NUREG/CRs were published as a result of this work,
NUREG/CR-6860, An Assessment of Visual Testing (2004), and NUREG/CR-6943, A Study of
Remote Visual Methods to Detect Cracking in Reactor Components (2007). These NUREG/CRs
provided the NRC with a greater understanding of the capabilities of RVT and identified many
factors that may affect the performance of RVT. However, there were still lingering questions
regarding the reliability of RVT methods.

Subsequent to the publication of the two VT NUREG/CRs, the NRC and the Electric Power
Research Institute (EPRI) initiated a cooperative round-robin study under the NDE Addendum to
the NRC/EPRI Memorandum of Understanding (ADAMS ML16138A556) to assess the
capabilities of remote visual testing for detection of surface-breaking cracks. The round-robin
study was conducted in three phases:

e Phase | — Preliminary round-robin test to identify key variables that may affect the
performance of remote visual examination techniques and develop a test protocol to be used
in Phase 1.

¢ Phase Il — Round-robin test to quantitatively assess RVT using commercially applied
inspection procedures. Statistical analyses such as probability of detection (POD) and false
call probability (FCP) were applied to determine the impact that factors such as crack opening
displacement, crack length, and surface conditions have on the effectiveness of RVT.

¢ Phase Il — Round-robin test to quantitatively assess the impact to POD and FCP due to
enhancements to commercially applied RVT techniques. The assessments included the
impact of secondary review of data, and quantify the level of image degradation for recorded
data.

This NUREG/CR serves to document the results of the three-phased round-robin study. While the
round-robin design and implementation was conducted as a cooperative effort between the
NRC/PNNL and EPRI, all data analysis was done independently by PNNL so that findings and
conclusions are those of PNNL alone.



The results of this VT round-robin study showed that crack opening displacement is a very
important factor in reliably detecting cracks; in other words, as the crack opening gets wider, the
resulting difference in contrast produced by the crack opening is critical for reliable detection. The
important implication of this finding is that as crack openings decrease, inspection reliability also
decreases. Interestingly, while crack length is an important factor used to perform flaw analyses,
the length of a crack has less impact on the detectability of a crack with RVT techniques. This
work also served to demonstrate that remote visual testing is challenged when cracks are in the
vicinity of surface features such as scratches or edges of welds. Additionally, while this study did
not delve deeply into the impacts of various lighting modalities, using multiple inspectors and/or
independent analysts, and inspector training, the study did provide some insights on these topics.

The results of this research were presented to a joint NRC/Industry public meeting on NDE in
January 2017 (ADAMS ML17013A620), and are already being used by industry to revise
guidance documents for RVT examinations. This work provides the NRC staff with a precise and
statistically significant assessment of the types of flaws that one can expect remote visual testing
to be able to find in the field. The NRC staff will use this work to inform a Code Case Regulatory
Guide rulemaking on visual testing-related issues, such as the use of visual testing in lieu of
ultrasonic testing for nozzle inner-radius examinations.

Vi
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EXECUTIVE SUMMARY

This report describes the results from an assessment sponsored by the U.S. Nuclear Regulatory
Commission (NRC) and conducted by the Pacific Northwest National Laboratory (PNNL), in
cooperation with the Electric Power Research Institute (EPRI), for evaluating the reliability of
remote visual testing methods currently being used for [reactor] in-vessel visual inspection (IVVI).

Remote visual examination or remote visual testing (RVT) is a commonly used nondestructive
examination (NDE) method for inservice inspection (ISl) of reactor internals to detect cracking and
gross component failures. RVT for crack detection uses cameras and other equipment for
inspecting components in hard-to-access regions, with acceptable practices described in several
industry-controlled documents.

This work was originally motivated by industry interest in pursuing, through the American Society
of Mechanical Engineers (ASME) Code, supplanting volumetric examinations with visual
examination. However, there were open questions on the performance of RVT, especially in terms
of probability of detection (POD), relative to other NDE methods.

This report describes results of the assessment, conducted over three phases, for answering the
open questions. The goal was to assess the performance of commercially applied examination
procedures implemented by qualified personnel. Specific objectives were:

o |dentify factors that may influence the POD of RVT, and quantify the reliability of RVT
procedures as a function of these factors.

¢ |dentify and qualitatively assess enhancements to commercially applied procedures for RVT
for detecting flaws in test specimens.

Given the range of possible contributors to RVT effectiveness and the difficulty in conducting
controlled assessments that address every factor in a reasonable amount of time, PNNL and
EPRI made a conscious decision to limit the scope of the study to assessing the impact of key
variables on the ability to detect (but not necessarily measure) cracks. This included variables
related to the size of the indications, including length and crack opening displacement (COD), and
the effect of factors that may confound the ability to reliably detect indications. Other factors, such
as the inspection speed, were bounded in accordance with ASME Code requirements, while
instrumentation factors (camera resolution, lighting, etc.) were largely uncontrolled. Finally, factors
such as oxidation of the specimens, the turbidity in the water, thermal effects, irradiation
degradation of camera imaging capability, and convective flow effects are all known to affect the
ability to detect cracking using RVT; these factors were designed out of the study and were not
addressed. As a result of these choices, the study provides a benchmark set of data on the
reliability of RVT (specifically, VT-1 and enhanced visual testing (EVT-1)) for detecting cracking,
assuming the implementation of field-like inspection procedures, but without uncontrolled factors
that may affect (positively or negatively) the detection performance.

Phase | of this assessment was used to identify key controllable parameters impacting RVT
performance. These results were used to design and conduct a round-robin exercise (Phase Il).
This was followed in Phase Ill by an assessment, again using a round-robin exercise, of potential
improvements in RVT procedures for IVVI to enhance the ability to discriminate between cracks
and non-relevant indications such as surface features.
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Participants in the round-robin tests included teams of inspectors from commercial nuclear power
ISI vendors. Each of the tests was “blind” in that the true condition of the specimens used was not
revealed to the test takers. Participating teams were asked to determine if a specimen contained a
crack and its approximate location, orientation, and length. The detection and location information
were used to compute estimates of the POD and false call probability for various scenarios such
as the location of the flaw on the specimen, team-to-team variations in detection performance,
and effects of secondary review on RVT detection.

Results showed that COD is a major factor in the reliability of crack detection using commercially
applied RVT procedures, with crack length being weakly correlated with detection probability.
While smaller COD values are usually associated with shorter cracks, limited operational
experience has shown that some forms of degradation, such as stress corrosion cracking (SCC),
can result in a small COD for longer cracks. From a practical standpoint, the finding from this
assessment implies that RVT detection is likely heavily dependent on the contrast produced by
the crack opening, with crack detection becoming less reliable as the COD decreases. Note that
unreliable detection is not the same as no detection. It simply means the probability that the crack
will be detected every time is low. Further, RVT will be challenged when cracks are located in the
vicinity of surface features such as scratches or weld ripples, or close to the toe of welds where
shadowing and/or the presence of weld undercuts may complicate the ability to detect the crack.
These hypotheses were supported by the results from Phases Il and Ill and point to some
limitations of RVT.

The assessment reinforced earlier findings regarding the importance of lighting in RVT flaw
detection and appeared to align with other studies that find improved reliability when using
multiple inspectors or analysts. The results also pointed to the importance of practice, especially
with specimens that mimic the conditions likely to be found in the field.

Extrapolating the results to a typical field inspection is a challenge and will require augmenting
data from this assessment with quantities such as the surface feature density in field components
and false call rates (FCRs) in the field. In addition, the effect that camera deployment systems (by
rope/pole or robotic devices) will have on the detection performance is unknown. Given these
open questions, some of which would be extremely challenging to quantify, the results should be
considered a baseline and a means to help identify factors that may influence the POD and FCR
in a field examination. Results indicate that improvements in POD can be obtained through
specific actions, such as better training; therefore, industry actions should be considered for
implementation with the expectation they will lead to improvements in field inspection
performance.

Required detection and FCRs for field inspections are also unclear as these need information
(unresolved in this assessment) on acceptance criteria for flaws. The acceptance criteria
information is often plant- and component-specific. The findings from this assessment can help
identify factors that may limit the ability to detect critical flaws in specific plants and components.
Examples of such factors are the presence of surface features, crack adjacency to the weld toe,
or other geometric/physical features that impact optimizing applied lighting and viewing angles.
Understanding the impact of these factors on detection can lead to potential improvements in RVT
instrumentation as well as the recommendation to use other inspection methods, such as
ultrasonic testing, that may provide the necessary sensitivity for detecting cracks in conditions and
components unfavorable for RVT.

Xiv



As stated earlier, several variables may affect RVT performance but were intentionally left out of
these studies. These include oxide buildup on internal components; thermal distortion of video
images; water currents and clarity; radiation effects on camera video quality; limits on
accessibility, viewing angle, and lighting; camera delivery systems; and personnel qualification
levels. While all of these factors are expected to impact RVT performance to different levels, we
expect that the impact of some of these factors may be limited by procedures used in the field.

Based on the findings and limitations of the assessment, the following recommendations are
made (in no particular order of importance):

RVT procedures should be updated to include additional details on performing the inspection
and guidance for discriminating between cracks and non-cracks. While this information may
be ingrained in the knowledge base of experienced analysts, such information may be helpful
as a reminder for all analysts.

Representative specimens that mimic the surface conditions and types of cracks likely to be
encountered in the field should be used for training purposes prior to inspection teams
performing field examinations. While prerecorded video data may be applied for this purpose,
they are unlikely to provide sufficient opportunities for exercising skills in discriminating
between cracks and non-cracks.

The limitations of RVT should be in the forefront when planning or analyzing data from an
inspection. Consideration should be given to the use of alternate techniques such as
ultrasonic testing and eddy current testing for inspecting challenging areas such as weld toe
regions.

The applicability of RVT should be determined in close conjunction with the development of
crack acceptance criteria specific to the components being inspected. In many cases, it is
likely that large cracks can be tolerated, such as in the case of core shrouds in boiling water
reactors (BWRs). In these cases, the reliability of RVT should be sufficient to detect cracks
well before failure of the component. In other instances, where much smaller cracks need to
be detected, the specific circumstances associated with the component need to be considered
prior to the application of RVT; for example, the environment, minimum detectable flaw size,
and the impact of missed detections.

Camera deployment systems used will likely affect the overall reliability of the examination.
This effect needs to be better quantified.

Advances in RVT technology, such as high-definition cameras and automated image analysis
algorithms, should be evaluated to determine if these can help further improve the reliability of
RVT.

The condition of the surface (texture, patina, oxide or other deposits) may be important in
detection; however, this assessment did not extensively evaluate these factors, nor did it
evaluate the effects of these deposits and the effectiveness of cleaning procedures. The

impact of these factors needs to be better quantified.

While a review of the detection results by a secondary analyst appeared to be effective at
reducing false calls, this assessment was not designed to thoroughly evaluate the possible
benefits of teams of inspectors or analysts. A further evaluation of these factors using well-
controlled and well-designed human-factors studies will be needed for better quantification of
the benefits of inspection teaming efforts, if these data are deemed important.
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Potential uses for visual examinations in nuclear power applications seem to be increasing, with
proposed use of these methods to inspect spent nuclear fuel dry storage canisters and for
advanced reactors, such as liquid metal and high-temperature gas reactors. As small modular
reactors come on line, it is expected that VT in general, and RVT in particular, may also play a
role in assuring the integrity of components. However, these newer applications appear to bring
additional challenges with respect to types and location of cracking, access restrictions, and
cracking precursors that may challenge existing instrumentation and procedures, and may require
additional skills development for RVT inspection teams. Proposed automated analysis techniques
for RVT are also likely to become commonplace. Such techniques were discussed during the
development and conduct of this assessment, but were ultimately not included in the tests as the
technology was not deemed to be sufficiently mature.

These developments in RVT technology and anticipated challenges in applying VT to different
systems point to the need for continued evaluation of the capability and effectiveness of this
inspection technique. Given these developments, it is also likely that there may be a renewed
push to use VT over other NDE techniques, and VT may be the only option in some cases. As a
result, it may be appropriate for future work to include studies that benchmark the performance of
VT with respect to other NDE methods targeted for specific components and cracking
mechanisms.
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Definitions

This glossary defines some important terms used in the report.

Blank Grading
Unit/Material

FCP
FCR

POD

A unit of material that contains no flaw. In this study, a blank grading unit
may either be clean (no scratches or other benign surface features) or
include benign surface features (such as scratches and grind marks but
not cracks)

False call probability. This is the probability that a blank unit of material is
called defective.

False call rate. This is the number of false calls per unit length of inspected
weld.

Probability that a unit of material is called defective. POD(X) represents
probability of detection calculated under condition X.
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1 INTRODUCTION

Remote visual examination or remote visual testing (RVT) is a commonly used nondestructive
examination (NDE) method for inservice inspection (ISI) of reactor internals to detect cracking and
gross component failures. RVT for crack detection is considered an enhanced version of the
American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel (BPV) Code
(ASME “Code”) VT-1 examination. Acceptable practices for enhanced VT-1 (so-called EVT-1;
EPRI 2005; Landrum and Selby 2005) are described in several industry-controlled documents
such as BWR Vessel and Internals Project (BWRVIP)-03 (EPRI 2005) and Materials Reliability
Program (MRP) MRP-227/MRP-228 (EPRI 2015a, b).

Visual examination, and consequently RVT, is considered to be a relatively straightforward
method for inspection of components, with little skill (IAEA 2013) assumed to be needed for
successful inspection. In comparison with other volumetric and surface examinations, such as
Code-approved ultrasonic and eddy current examinations, RVT examinations can be performed
faster and with potentially less radiation exposure to personnel. The cost to deploy equipment and
inspection personnel for visual inspection is also generally considered to be low when compared
to the cost of other NDE methods. Given these potential benefits, it is not surprising that ASME
Code Cases provide for the use of VT-1 examinations in lieu of ultrasonic testing (UT)
examinations for inner radius inspections of Class 1 reactor vessel nozzles (ASME 2010) and
Class 1 pressurizer and steam generator nozzles (ASME 2015d). These Code Cases have been
determined by the U.S. Nuclear Regulatory Commission (NRC) as conditionally acceptable
alternatives (NRC 2014) to applicable parts of ASME Code Section XI (ASME 2015e).

A major open question with regard to the use of RVT in lieu of other volumetric or surface
examination methods is how the reliability of RVT compares with that of volumetric examination
methods for the purpose of detecting relevant cracking. A key aspect to addressing this question
is the determination of the baseline reliability of remote visual examinations. This report describes
the results of an assessment conducted to determine the reliability of RVT. These results specify
a process for quantifying the performance of RVT for ISI purposes and provide a baseline for RVT
performance under controlled conditions.

The NRC sponsored Pacific Northwest National Laboratory (PNNL) to conduct this study for
evaluating the reliability of RVT methods currently being used for [reactor] in-vessel visual
inspection (IVVI). The work was done cooperatively with the Electric Power Research Institute
(EPRI) NDE Center under the NDE Addendum (NRC 2011) to the NRC/EPRI Memorandum of
Understanding. A phased approach was used in the assessment, with a limited, preliminary
round-robin test (RRT) conducted during Phase | of this evaluation. The results of the Phase |
test, along with a subsequent parametric study, were used to design and conduct a more
extensive Phase Il round-robin exercise (designated as the RV-RRT in this document). Phase Il
results pointed to the possibility of improving procedures for IVVI to enhance the ability to
discriminate between cracks and non-relevant indications such as surface features (SF). These
results, along with other parametric work, were used to design and conduct a Phase Ill round-
robin activity, henceforth designated as the RV-RRT-3.
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1.1 Assessment Objectives

This report documents the approach and results from the NRC-EPRI coordinated research
activities for evaluating the reliability of RVT. The goal was to assess the performance of
commercially applied examination procedures implemented by qualified personnel. Within the
context of this study, qualification refers to the minimum requirements for certification of NDE
personnel (ASNT 20163, b).

Specific objectives of this study were:
o |dentify factors that may influence the probability of detection (POD) of RVT and quantify the

reliability of RVT procedures as a function of these factors.

¢ |dentify and qualitatively assess enhancements to commercially applied procedures for RVT
for detecting flaws in test specimens.

Several variables are likely to impact the reliability of RVT, including material, inspection and
equipment parameters, and human factors.

The study described in this report focused on certain material, environmental, and equipment
parameters only, and deferred the quantification of the effects of human factors on RVT reliability
to future studies. Consequently, the results described in this report should only be considered as a
baseline for the performance of RVT and may not fully reflect performance in field conditions.

1.2 Report Outline

Section 2 of this report contains a description of RVT, including an overview of equipment,
procedures, and applicable codes and standards. Section 3 provides an overview of the phased
approach used for quantifying performance of RVT. Sections 4 through 6 describe in greater detalil
the experimental design, analysis results, and key findings from each of the three phases of the
study. Section 7 discusses the overall findings and places these findings in the context of IVVI and
other ISI requirements in the nuclear power industry. Finally, Section 8 draws conclusions from
the results presented, and briefly outlines recommendations.

A set of appendices is also included, with Appendix A and Appendix B listing the protocols for
conducting the round-robin studies in Phase Il and Phase lIl, respectively. Appendix C describes
the procedures used for determining the true-state information about crack opening displacement
(COD) and length, while Appendix D provides a tutorial on POD analysis. Appendix E and
Appendix F provide a more detailed description of the results from Phases Il and lll, respectively.
Appendix G describes an assessment of different regression models for their applicability to the
Phase Il data.



2 BACKGROUND

Prior PNNL studies (Cumblidge et al. 2004; Cumblidge et al. 2007) have examined RVT for
nuclear power applications. These studies, which were all parametric in design, have generally
found that a number of factors may affect the application and performance of RVT. Details of
these parametric studies are available in the cited reports; this report summarizes the state of the
art in RVT for the nuclear power industry and briefly describes new technology that may improve
RVT.

2.1 Remote Visual Testing

RVT uses cameras and other equipment for inspecting components in hard-to-access regions.
RVT in general follows the ASME Code specifications for performing visual tests. Three classes of
visual examination are described in the ASME Code—VT-1 for crack detection and sizing, VT-2
for leak detection, and VT-3 for assessing the gross mechanical condition of components.
Requirements for inspection and personnel training and the acceptance criteria are different for
each of these classes of VT.

RVT uses a number of aids for performing the inspection given the requirement for the inspector
to be at a distance from the component. Camera systems (including borescopes) are typically
used to view areas of the component or plant that have limited accessibility. For in-vessel
inspection, the cameras are generally radiation-hardened. Both color and black/white cameras are
currently in use, and many cameras provide pan-tilt-zoom capability along with on-camera lights
for improving image quality. More recently, manufacturers have started making available high-
definition (HD), radiation-tolerant cameras for use in IVVI, although these cameras have not yet
seen widespread use.

In addition to the on-camera lights, auxiliary lighting, particularly diffuse lighting (Cumblidge et al.
2007), may be used to enhance a crack or help differentiate between cracks and other surface
features. These lights are usually deployed separately from the camera system. For in-vessel
inspection, the deployment options are currently limited and usually based on a rope/pole
arrangement that is held in position by the camera operator(s). Such systems are typically subject
to camera wobble that is believed to affect the ability to detect cracks. While alternative systems
such as robotic manipulators have been proposed and are under development, these require
further evolution to ensure engineering and operational maturity before becoming available for
use.

Note that the deployment of cameras into hard-to-access regions is not limited to in-vessel
inspections. For spent nuclear fuel dry storage cask inspections, for example, borescopes or other
cameras will need to be delivered to the annulus between the cask and overpack through narrow
access channels. Again, delivery of these systems to the desired location is challenging and may
require advanced robotics and considerable skill on the part of the inspector.

Data from these cameras are usually streamed to a recording device, typically a desktop
computer with standard video recording equipment. Audio tracks are often included and capture
notes or other commentary from the inspector. The amount of video recorded is large (several
gigabytes), necessitating use of video compression algorithms. Experience has shown that most
camera systems use standard compression algorithms (such as MPEG-4) for this purpose. Note
that some systems will also allow the inspector to obtain a snapshot image of specific regions for
documentation purposes.



The use of recorded video and still images brings up the intriguing possibility that automated
analysis software could be applied to find and characterize cracks. Such techniques are described
in the literature (for instance, Newman and Jain 1995; Pascual 2014; Schmugge et al. 2014, Liu et
al. 2015; Chen et al. 2017). To our knowledge however, automated video analysis technology for
crack detection and characterization remains a research and development area that is being
actively pursued.

211 Overview of Procedures

PNNL and EPRI reviewed a number of procedures by participants in the RRTs conducted for this
assessment; however, these procedures were made available under individual nondisclosure
agreements with the participants and are not included in this report. A brief overview of typical
attributes for RVT procedures based on general experience and discussions with EPRI and other
participating organizations is included below.

Most commercially applied procedures for remote visual examination include:

¢ Applicability restrictions that describe the components and environments within which the
procedure may be applied

¢ Equipment that may be used for the inspection

¢ Calibration procedures, which typically involve a resolution check where the standard (usually
the ASME Character Standard) is placed at one or more fixed distances from the camera and
the operator confirms the visibility of the characters

¢ Pre-inspection planning and setup, including any required cleaning of the component and
resolution check (cleaning procedures are generally used in cases where oxide buildup on the
surface being examined may mask the presence of cracks)

¢ General guidance on inspections and interpretation of data, which include directions for
ensuring that the inspection coverage is adequate and information on the types of indications
that may be encountered (including non-crack indications such as surface features that may
be present)

¢ Reporting guidance.
21.2 Applicable Codes and Standards for RVT

Within the nuclear power community, the following Codes and industry guidance are typically
used for inspections. Note the guidance cited is specific to in-vessel (i.e., internal) components. A
brief summary of these guidelines is provided below.

¢ ASME VT-1: ASME Code, Section Xl, and Section V, Article 9 provide guidance on visual
testing (VT-1) and how to substitute remote visual examination for direct examinations. The
remote examination procedure shall demonstrate the same capabilities as direct visual.
Additionally, the remote examination system needs the capability to distinguish and
differentiate between the colors (such as different shades of gray for steels) applicable to the
component examination being conducted (IWA-2211 (g), ASME 2015a).

¢ BWRVIP-03: The BWR Vessel and Internals Project (BWRVIP-03) contains guidelines for
managing degradation in reactor vessel internal components, vessel welds, and nozzles.
Among the various activities overseen by BWRVIP is the development of NDE techniques for
assessing the integrity of these components. This inspection guidance supplements mandated
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examinations, and includes generic standards for visual examination of boiling water reactor
(BWR) internal components. Remote visual examinations using a high-resolution camera, with
the potential to magnify the image if the camera includes this capability, is referred to as an
enhanced visual examination (EVT-1) (Landrum and Selby 2005). The enhancements are
intended to improve the detection and characterization of discontinuities during reactor
internals examinations.

o MRP-227: The Materials Reliability Program (MRP) 227, Pressurized Water Reactor Internals
Inspection and Evaluation Guidelines, contains guidelines for managing long-term aging in
reactor vessel internal components of pressurized water reactors (PWRs) (EPRI 2015a). In
MRP 227, EVT-1 is recommended for remote visual examinations.

2.2 Motivation for RVT Reliability Assessment

This work was originally motivated by industry interest in pursuing, through the ASME BPV Code,
supplanting volumetric examinations with visual examination. In comparison with volumetric and
surface examinations, RVT examinations can be performed faster and with less personnel
exposure to radiation. Additionally, RVT examiners are generally subjected to a less rigorous
qualification process when compared to other NDE methods. However, there were open
questions on the performance of RVT, especially in terms of POD, relative to other NDE methods.

Code Cases, such as N-619 and N-648-1, have been published in recent years that allow for the
use of a VT-1 examination in lieu of a UT examination (ASME 2010, 2015d) of nozzle inner radius
of Class 1 pressurizers, steam generators, and reactor vessel nozzles, and have been
conditionally accepted by the NRC (NRC 2014). Specifically, licensees are allowed to perform a
VT-1 examination in lieu of a UT examination, with the limiting surface flaw length size calculated
using the allowable surface flaw sizes from Table IWB-3512-1 (ASME 2017) and a limiting flaw
aspect ratio of 0.5 (78 FR 37885). However, concerns were expressed with the ability for RVT to
reliably detect smaller service-induced cracks in these components (78 FR 37885).

VT as an inspection method continues to be widely employed and is expected to see more
applications as existing reactors age. Increased RVT use is also anticipated as new requirements
for inspection arise, such as for inspecting dry storage casks for atmospheric stress corrosion
cracking (SCC), and as new reactor technologies (e.g., small modular reactors and fast or high-
temperature reactors) become licensed to operate.

Whether in the context of RVT in lieu of volumetric examination methods, or for other anticipated
applications, several issues need to be addressed. These include:

¢ Identification of key variables that may impact the performance of RVT.

¢ Determination of the performance of RVT, in terms of the POD and false call probability (FCP)
as a function of the key variables described above. This information will provide insights into
the smallest flaws that can be detected reliably by procedures and systems, as well as
information on improvements to equipment and procedures that may increase the overall
performance of RVT for IVVI and other uses.

¢ Determination of acceptance criteria for RVT in terms of the largest flaws that can be
tolerated. Note that this may be plant- and component-specific. NUREG/CR-6943 (Cumblidge
et al. 2007) discussed a few examples of acceptance criteria and noted the variability by plant
and component.



¢ Determination of a basic methodology for comparing different NDE methods for the specific
purpose of using them in lieu of other inspection methods, such as volumetric vs. surface or
surface vs. surface. Fortunately, such a methodology has been described elsewhere (Forli
1995; Moran et al. 2010) and can be applied to the present question.

¢ Quantification of performance data for other (non-RVT) inspection methods.

This assessment focuses on the first two issues listed above, namely RVT key variables and
performance, including COD and crack length measurements that are common to specific
degradation mechanisms such as fatigue cracks, intergranular stress corrosion cracking (IGSCC),
transgranular stress corrosion cracking (TGSCC), pitting, and other similar degradation
mechanisms; and minimum CODs that are detectable using enhanced magnification remote VT-1
examinations. Depending on the answers to these questions, additional research may be needed
to address remaining issues such as detection of cracks in the presence of certain conditions
(e.g., oxides, dirt, scale, or other component surface features).



3 OVERVIEW OF APPROACH TO REMOTE VISUAL EXAMINATION
PERFORMANCE ASSESSMENT

Previous research (Spencer 1996; Cumblidge et al. 2007) identified several factors that are likely
to impact the performance of RVT, especially remote visual examination conducted in accordance
with VT-1 and EVT-1. These include, but are not limited to, visual acuity of the system, size of
indications including the length and COD of the indication, contrast between indication and
surface, scanning or inspection speed, surface conditions, light levels, lighting angle, camera
angle, and human factors.

Given the range of possible contributors to RVT effectiveness and the difficulty in conducting
controlled studies that address every factor in a reasonable amount of time, PNNL and EPRI
made a conscious decision to limit scope to assessing the impact of key variables on the ability to
detect cracks, but not necessarily measure their size. However, the included variables were
directly related to the size of the indications and the effect of factors that may confound the ability
to reliably detect indications. These factors included surface condition, presence of surface
features, and location of cracks. Other factors, such as the inspection speed, were bounded in
accordance with ASME Code requirements, while instrumentation factors (camera resolution,
lighting, etc.) were largely uncontrolled. Finally, factors such as oxidation of the specimens,
turbidity in the water, thermal effects, irradiation degradation of camera imaging capability, and
convective flow effects are all known to affect the ability to detect cracking using RVT; however,
for simplicity and efficiency these factors were purposely not included in the study.

As a result of these choices, the assessment provides a baseline set of data on the reliability of
RVT for crack detection, assuming field-like inspection procedures but without uncontrolled factors
that may positively or negatively affect the detection performance.

The large number of influencing factors and the potential for interactions between multiple factors
led to the choice of a phased approach for this assessment, with limited RRT conducted during
Phase I. The results of Phase | were used to identify key factors that may play a large role in the
detection performance of RVT, and to design and conduct Phase Il for a more thorough
evaluation of these factors. The results of Phase Il, along with a subsequent parametric study,
were used to design and conduct the Phase Il RRT (designated as the RV-RRT-3 in this
document). Details of the objectives and expected outcomes of each phase are provided below.

3.1 Phasel
Phase | included the following objectives:

¢ |dentify key variables that may affect the performance of remote visual examination
techniques for detecting and characterizing flaws in test specimens.

¢ Identify test protocol options for Phase Il RRT.
Specific variables evaluated during Phase | included COD and length, typical camera systems

used for RVT, specimen type and surface conditions, and a feasibility assessment of the
methodology for formal RRT.



A mini-RRT, followed by a set of parametric studies, was implemented to meet the objectives. The
results of Phase | were used to design and conduct a more extensive Phase Il RRT (designated
as the RV-RRT in this document). This process included fabrication of multiple specimens for
Phase Il and development of an appropriate test protocol.

3.2 Phasell
The Phase Il RV-RRT had the following objectives:
¢ Identify and quantitatively assess remote visual examination techniques for detecting and
characterizing flaws in test specimens.

— Evaluate commercially applied inspection procedures for their effectiveness

o Quantify procedure performance in terms of POD and determine the effect that certain
important factors have on POD. Important factors for Phase Il include:

e Crack opening displacement
o Crack length
e Crack detection in the presence of surface irregularities or blemishes.

The RV-RRT data from Phase |l were expected to provide a better overall understanding of the
performance of commercially applied remote visual examination procedures and the critical
factors that affect performance.

In addition, the data were expected to be sufficient to calculate:

e POD curves for each participating inspection team as a function of flaw size (COD and length)

e |dentification of significant differences in POD related to important variables, including
examination procedure, flaw type, orientation, and flaw location. A limited assessment of the
effect of surface patina was included.

e Evaluation of FCP.
3.3 Phaselll

Phase Il of this study (designated as RV-RRT-3) extended the Phase Il objectives and added the
following:

¢ |dentify and quantitatively assess enhancements to remote visual examination techniques for
detecting and characterizing flaws in test specimens

— Evaluate improvements to commercially applied examination procedures for their
effectiveness

¢ Quantify the impact of secondary review of all recorded data in terms of changes in flaw
detection rates and false call rates (FCRs)

¢ Quantify the level of image degradation (if any) in recorded data

¢ Quantify procedure performance in terms of POD and determine the effect that certain
important factors have on POD (important factors for Phase Il were the same as Phase Il):

— Crack opening displacement



— Crack length

— Crack detection in the presence of surface irregularities or blemishes.

In the remainder of this report, we describe the experimental design for each of these phases and
the key results obtained from each phase. While alternate ways of organizing the information are
possible, we describe the information sequentially (Phase I, followed by Phases Il and Ill), as the
findings from each phase motivated subsequent work and informed the design of the
experimental study for each phase.

Overall, the research from each phase reinforced the findings from the previous phase and led to
a new understanding of the capabilities and limitations of RVT. Key overall findings are
summarized after a description of Phase lll, in Section 7.

3.4 Limitations and Assumptions

Several factors that impact field RVT were not included in these assessments. The primary
reasons for the exclusion were a perceived inability to quantify the magnitude of a particular issue
in a simple manner, and to arrive at findings more expeditiously. Factors not evaluated include:

o Surface patina, and oxide or “crud” buildup on internal components. While an oxide presence
may influence crack detection negatively by masking the crack or positively by “decorating”
the crack, most field examination procedures require cleaning when oxide buildup is
excessive. This is an issue with primarily BWR plants and believed not likely to be a major
factor for PWRs. Given these considerations, this factor was not included in this evaluation.
Effectiveness of cleaning procedures was also not evaluated, given the difficulty in creating
realistic and repeatable oxide buildup for testing of cleaning procedures. Instead, the
specimens were fabricated using oxide-resistant materials (stainless steel and ceramic).
Ceramic specimens were uniformly colored to simulate a generally encountered surface
patina within BWRs. Stainless steel (SS) specimens in Phases Il and Ill were subjected to a
media-blast to create a matte-like surface that reduces specular reflectivity and mimics typical
surface patinas in internal components in PWRs and some BWRs. All specimens were only
used in a controlled immersion environment and thoroughly cleaned and dried after use to
limit the formation of any deposits on the specimen surface. Additional details on specimen
design and fabrication are provided in Sections 4 through 6.

e Thermal distortion of video images, water currents, and water clarity. While each of these
factors may affect the video quality from RVT cameras, conducting a viable test requires the
ability to quantify these factors. Given the typical standoff distances used in RVT (generally
less than 12 inches), these factors may not be very influential. As with the oxide buildup issue,
quantifying the magnitude of these factors is necessary before they can be formally included
in a test.

¢ Radiation effects on camera video quality. Currently, degradation of video quality is monitored
and cameras are replaced as image quality becomes an issue. It is unclear if this assessment
is subjective or if objective metrics of video quality are used. In either case, given that
monitoring of image quality for radiation degradation effects is done continuously, this factor
was not considered significant for this study.

e Camera delivery systems. Currently, most RVT inspections in the field are performed using a
rope/pole system for camera delivery. Experienced teams have been known to deliver the
camera and perform the inspection with minimal jitter of the camera/delivery platform.
Anecdotal evidence also indicates that industry is considering robotic delivery systems for
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many locations, which may reduce the need for further evaluating this specific factor.
However, such systems without the ability to precisely deliver and control the camera may
negatively impact the ability to detect cracks. Given that this effect is likely to be a function of
the specific component, its location within the reactor vessel, the critical flaw size for the
component, and other issues related to personnel skills for camera maneuverability, this effect
is not included in this study. It is likely that a parametric study may be sufficient to address this
question, along with human factor considerations, if necessary.

¢ Physical access, angle of view limits, and specimen geometry (radius of curvature). These
three factors are related and will affect distance of the camera to the component, impacting
field of view and angle of view. These were not addressed given the timelines involved in
conducting the assessment. Instead, all specimens used in this assessment were flat and the
test protocols allowed access to all parts of the specimen.

¢ Personnel qualification and training. These factors were not formally controlled and, as
discussed in Sections 4 and 6, data are suggestive but not conclusive. Findings such as the
value of practicing inspection with representative specimens, supplementary guidance for
evaluating indications found during RVT examination, and the effect of teaming on
performance should be considered only a first step towards addressing significant human
factors elements in RVT, with follow-on studies needed if these do not appear to be adequate.
Evaluating the effect of these factors will require a larger, well-designed human factors
assessment.

Critical flaw sizes for reactor internals are a necessary quantity for assessing the overall capability
and reliability of RVT. Such fundamental data form the baseline for the smallest flaw that must be
reliably detected and provide the context for evaluation of the POD data derived from studies such
as reported here.

Determining the critical flaw sizes for reactor internals has proven to be a challenge, primarily due
to the diversity in materials and component dimensions as well as the stresses endured by the
different components. Such calculations, typically based on fracture mechanics assessments,
must necessarily be performed in a plant-specific manner, though such calculations tend to be
proprietary. Previous studies (Cumblidge et al. 2007) provided examples of acceptable flaws for
various components, calculated under several assumptions, and indicated that many components
may be able to tolerate relatively long flaws with no impact on operability or plant safety. However,
it is unclear how representative these calculations are.

Given the lack of such information, the present study was limited to postulating a range of flaw
dimensions and evaluating the POD of typical RVT procedures. The resulting data provide
information on flaw dimensions (length and COD), above which reliable detection—defined in this
report as 80% POD at a 95% confidence level—is generally possible. This does not imply that
smaller flaws are not detectable; it simply states that under the conditions used in this
assessment, flaws smaller than the reliable detection threshold were difficult to detect with the
procedures used. As a result, it is possible that the resulting data may constitute an upper bound
on performance relative to detection of small flaws under field conditions.

Also beyond the scope of the present study was a comparison of RVT against other commonly
used volumetric and surface examination techniques. Additional studies would be needed to
quantify the effectiveness of EVT-1 and VT-1 relative to the effectiveness of UT performed from
the outside diameter (OD) to detect flaws on the inside diameter (ID), UT performed on the ID to
detect flaws on the ID, and other NDE methods such as radiographic testing (RT), penetrant
testing (PT), magnetic particle testing (MT), and eddy current testing (ET).
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4 PHASE | OVERVIEW AND RESULTS

Phase |, as described in Section 3, was intended to identify key variables and RRT protocol
options for conducting a formal set of tests towards RVT performance assessment.

4.1 Experimental Design

Phase | was conducted as a mini-RRT, followed by a set of parametric studies. Key design
variables were crack COD, orientation relative to the observer, and specimen surface finish.

411 Specimen Design
Two types of specimens were used and are summarized in Table 4-1.

Table 4-1 Summary of Specimen Design for Phase |

Surface

Type of Test Specimen Shape and Size Material Condition
Mini-Round Robin Round (~50 mm [2 in.] diameter) Stainless steel As-received
Parametric Study Rectangular (~50 x 150 mm [2 x 6 in.]) Stainless steel Matte finish
Parametric Study Rectangular (~280 x 280 mm [11 x 11in.]) ~ Ceramic As-received

The specimens used for the mini-RRT were designed to identify variables that may affect the
performance of remote visual examination techniques for detecting flaws in test specimens. The
specimens used for the mini-RRT had a fiducial mark indicating the 0° location (Figure 4-1).
Specimens could be rotated so that the fiducial was located at 0°, 90°, 180°, or 270° from the
vertical. This allowed the physical location and orientation of the cracks to vary relative to the
observer and tested the effect of flaw orientation on detection performance.

o

Sy,

Fiducial mark

Figure 4-1 Example of Specimen Used for Phase | Mini-RRT

The parametric study specimens, in contrast, were rectangular; their primary purpose was to test
the ability to fabricate and use cracks that simulated tight, multi-faceted flaws such as thermal



fatigue cracks or SCC. A secondary purpose was to test the effect of length on detectability using
typical RVT instrumentation. Given these two objectives, both stainless steel and ceramic
specimens were developed for the parametric study.

The different finishes of these specimens (matte finish and as-received) tested the effect of
surface finish on detection capability. Stainless steel specimens with as-received finish had
surface conditions typical of rolled steel plates (shiny, limited texture, with the potential for several
surface scratches). Ceramic as-received specimen surfaces were representative of those typically
found in BWR internal components (reddish color simulating some types of oxide deposits and
somewhat rough texture). Matte-finish on selected stainless steel specimens was obtained by
media-blasting the specimens using stainless-steel balls. Overall, the specimens were fabricated
to mimic conditions prevalent in BWR and PWR reactor internals.

The specimens used in the mini-RRT included several surface scratches near cracks; in some
instances, the scratches went through the cracks. Several specimens (with and without surface
scratches) were included with no cracks to help determine the FCR.

Two fundamental parameters (crack length and COD) were used in the specimen and RRT
design process. For the mini-RRT, the distribution of COD and lengths is shown in Figure 4-2.
Table 4-2 shows a summary of the COD and length ranges for flaws used in the parametric study.
Section 4.1.2 describes the COD quantification procedure in greater detail.
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Figure 4-2 Distribution of Crack Lengths and COD for Phase | Mini-RRT Specimens



Table 4-2 Summary of Length and COD Ranges for Phase | Parametric Study

Range of Lengths, Range of COD, Surface
Material Crack Type mm (in.) pm* Condition
Stainless Steel  Mechanical fatigue ~9-30 (~0.35-1.2) ~9-19 Matte
Stainless Steel  Laser notches ~5-35 (~0.2-1.38) ~22 Matte
Ceramic Laser notches ~5-35 (~0.2-1.38) ~14, ~18 As received

*To convert microns to inches, multiply microns by 0.00004.

SCC in reactor internals (Luk 1993; Ware et al. 1999) appears to be one of the major aging-
related degradation mechanisms, and was the focus of the specimen design effort with the goal of
producing cracks that mimicked morphologies encountered during inservice examinations. The
target size distributions for cracks relied on available references documenting the range of these
parameters for SCC from field studies (Wale 2006), and attempted to mimic the field distributions
of these parameters to obtain as realistic a test as possible. Previous studies (Cumblidge et al.
2004; Cumblidge et al. 2007) on the capabilities and limitations of RVT instrumentation were also
leveraged where necessary to determine the upper and lower limits for these distributions.

PNNL fabricated a majority of flaws in the stainless steel specimens using a method that
employed a starter notch on the opposite side of the specimen (the side not visible during tests).
The specimens were then mechanically fatigued (via tension-tension loading) and monitored to
detect the onset of a fatigue crack breaking through the surface. The load was then controlled and
crack length monitored until it reached the approximate target length. The specimens were then
stressed (via tension or compression) perpendicular to crack orientation to achieve desired COD
values. COD values before this post-stressing process were also recorded for documentation
purposes only and not used in the final analysis. A comparison of COD values on a limited
number of cracks after post-stressing and after the Phase 1 test did not show any significant
changes. As a result, it was assumed that any stresses introduced during specimen handling after
fabrication did not contribute to any significant changes in COD. In any case, the analysis method
(described in Section 4.2) assigned cracks into defined COD ranges, and any small variations
would not affect the final results.

EPRI produced a subset of flaws in the stainless steel specimens using a pulsed laser. This
method used preset crack morphologies as input to the laser cutting process and resulted in
shallow notches that mimicked these morphologies. The advantage of this approach was the
ability to repeatedly generate simulated cracks that represented arbitrary morphologies; the same
approach was also used to generate the flaws in the ceramic specimens. The disadvantage of this
approach was the relatively consistent COD from one end of the flaw to the other; this notch-like
appearance showed high contrast against the ceramic specimen background. At the same time,
the laser spot size and resultant specimen heating produced discoloration along the notch edge
which would not be found in nature and could potentially bias the detectability of the flaw. This
limited the minimum COD that could be achieved in both ceramic and stainless steel specimens
using the laser method.

41.2 Quantification of COD

As part of the RVT Phase | tests, measurements of COD were performed using optical
microscopy images at both EPRI and PNNL. These measurements, following generally accepted
procedures at both institutions, were typically recorded at a small number of locations along the
crack.



During measurements, it was found that the COD of the fatigue cracks in stainless steel
specimens generally did not vary dramatically over 1-2 mm (0.04—0.08 in.) of length, especially
around the center of the crack. Exceptions appear to be on the tighter cracks (maximum COD less
than 10 microns [0.0004 in.]). This lack of variability was likely due to the fabrication procedure,
and indicated a need to utilize a different fabrication procedure for subsequent phases, if the intent
was to simulate SCC.

A mechanism was necessary to convert this set of COD measurements into a single number to be
used in subsequent analyses. For this purpose, the root mean square (RMS), maximum, median,
and mean COD values were compared. These metrics generally showed good correlation where
median, mean, and RMS values appear to be in the same “ballpark” or COD bin. The maximum
COD value did not capture variability along the length of the crack and was seen to be susceptible
to conditions such as grain dropout that result in a short (1-2 mm [0.04—0.08 in.]) segment with a
large COD. As a result, the RMS COD was selected for subsequent analyses.

The metrics attempt to capture all the information about the crack (including variability in COD
across the length of the crack). However, this depends on which locations are included in the
calculations and which are not. For instance, including COD measurements from the ends of the
crack tends to reduce the mean, median, and RMS values, while more measurements in the
center of the crack would increase these values.

In most instances, the locations of these measurements along the crack length were difficult to
quantify. The cause for concern based on these data was that the COD measurements may not
be repeatable, especially if the COD varied along the crack length. This led to development of a
consistent approach for quantifying COD of complex cracks that is described in greater detail in
Appendix C.

The modified procedure described in Appendix C used a significantly higher density of
measurements taken at locations referenced to the crack tips, which ensured repeatability of the
COD measurements. This approach was used for computing the COD in Phases Il and lll.

41.3 Test Methodology

Initially, the test methodology consisted of a mini-RRT followed by a parametric study. The mini-
RRT consisted of several ISI service providers and camera vendors participating in a “blind” test
where the true condition of the specimens was not revealed. The participants were asked to
determine if a specimen contained a crack and the approximate location, orientation, and length of
the crack. All participants were allowed to retake the test multiple times although time limitations
resulted in some participants being unable to retake the test. The order in which the specimens
were presented changed for each test, but the participants were not informed of their performance
results after each test. In each test, the specimens were also assigned a random identification
label that did not reveal the true identity of the specimen. The identification label was changed for
each test to ensure that test takers could not identify the specimen.

Each test was performed underwater, with ambient lighting limited by using a black-out tent. Test
subjects were asked to limit their lighting options to those available on the participant-supplied
cameras. Cameras were mounted on a motor-controlled scanning bridge and the specimens were
placed underwater. Each participant was asked to scan across the specimen set and, after
inspecting a specimen, record their findings on a provided data sheet.



Prior to each test, participants were asked to perform a resolution check using a standard of their
choice. The standard used in each case turned out to be the ASME character set standard that is
commonly used for a VT-1 resolution check. This standard uses lowercase characters without an
ascender or descender (e.g., a, ¢, e, 0) and the maximum height for resolution demonstration is
1.1 mm (0.044 in.) (ASME 2015c).

In contrast, the parametric study was not a blind test; the test subject (staff at EPRI) was aware of
the true state of the specimens. As in the mini-RRT, the parametric study was performed
underwater using a motor-controlled scanning bridge and ambient lighting restricted by using a
black-out tent. Several cameras were used, including a HD camera. However, other equipment
(monitor type, monitor resolution and color setting, and room lighting) used the same configuration
for all parametric tests. Participants in the parametric study used a qualitative scoring scale to
determine if a crack was detectable using the equipment. The assigned scores were 0 (flaw not
detected; no indication of flaw in data record), 1 (poor detection; detection not likely without prior
knowledge of location), 2 (moderate detection), or 3 (good detection; easy to detect).

4.2 Analysis Methodology

The analysis of the mini-RRT data was performed manually. Initially, grading units were defined
on each mini-RRT specimen as consisting of a quarter of the specimen. However, using these
grading units was difficult due to inconsistent camera orientations, inconsistent reporting of fiducial
marker location, and inaccurate crack length and location reporting. Further, many cracks tended
to overlap multiple grading units, requiring accurate reporting of crack location by the participant
for accurate grading. As a result, in Phase | the decision was made to grade based on whether a
flaw was detected or not.

The grading, where necessary, was augmented using recorded video provided by the participants
and verified by an independent grading assessor. Data, collated by specimen identifications used
in each test and by participant, were used to determine the detection and FCRs for each test. The
detection and FCR were separated by participant, as a function of COD and length. COD was
broadly categorized by binning cracks into one of four categories (0—20 pm, 20—40 pm, 40—-100
pum, and greater than 100 ym [0—0.0008 in., 0.0008-0.0016 in., 0.0016-0.004 in., and greater
than 0.004 in.]) for the purposes of computing detection rates. The distribution of cracks in these
bins was not uniform, with the most cracks in the 0—20 ym (0—0.0008 in.) and 40—100 ym
(0.0016-0.004 in.) bins. Only one crack had a COD larger than 100 ym (0.004 in.).

The number of false calls on each specimen and the total number in each test were reported.
False calls included any calls on blank or flawed specimens that were not in the same location as
the flaw.

The results for detections and FCRs were further examined to determine if factors such as
camera type, use of HD cameras, and other parameters affected the results.

Parametric study data were analyzed manually, using recorded data only (analysis using live data
was performed at EPRI), and according to a subjective scale of 03, with 0 corresponding to no
detection and 3 corresponding to easy detection.



4.3 Phase | Results

4.31 General Findings from Mini-Round Robin

Detection performance and FCRs from Phase | (including the parametric study) were analyzed as
a function of a number of parameters, including COD, length, camera type, field of view of the
camera, and operator training level.

Figure 4-3 summarizes the overall detection rate from the mini-RRT, averaged over all trials and
all participants, as a function of the COD. As seen from this graphic, the overall detection rate
increases as the COD increases and there is no significant difference in detection rate between
the various computation methods (RMS, median, maximum). Note the detection rates when using
RMS and median to compute COD are the same.
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Figure 4-3 Detection Rate (total, over all trials) as a Function of COD. Detection rates as a
function of RMS and median COD are identical.

Figure 4-4 shows the detection rate for each trial, where a trial consisted of a single test
administered as part of the mini-RRT, as a function of the same COD ranges. This breakdown by
trial shows interesting variations, particularly for the smaller COD cracks. An evaluation of the
underlying data indicates that potential factors influencing this result include participant experience
as well as a potential learning effect that may have occurred as a result of participants being
allowed to take the test multiple times.
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shows clear differences in the average detection rate between experienced participants

vs. other participants. The detection rate, when accounting for repeated trials, also shows an
improvement. Anecdotally, during debriefing, participants indicated that their familiarity with the
specimens increased as they were given multiple opportunities to go through the tests, and that
they were better able to adjust to the surface condition and lighting needs to detect cracks.
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Figure 4-5 Detection Rate (organized by participant experience) as a Function of RMS COD.

Because some participants took the test multiple times (although using different
cameras), the results are further separated by combining only the first trials for
each participant vs. all trials for the participants.



Analysis indicated the overall FCR was low when measured in false calls per specimen. However,
there was again a quantifiable difference in the FCR based on the participant’s experience, with
the experienced participants who perform RVT examinations routinely having fewer false calls
overall. This is illustrated in Figure 4-6, along with the detection rates. A possible cause of this
result is that experienced participants are trained to assess an indication possibly using multiple
viewing angles, and adjusting the camera zoom and lighting, enabling them to more effectively
discriminate between flaws and other non-reportable indications such as surface features. In
practice, this may mean a lower FCR in field examinations.
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Figure 4-6 Detection vs. FCRs for Each Test

Note that as-received surface condition of the specimens did not appear to significantly impact the
test results, as the overall detection rates were fairly high, and FCRs were generally manageable
at less than one per specimen.

Examination of the video data showed that, in many cases, smaller COD cracks (which were not
identified by the participant) are visible, indicating the cameras, even standard definition ones, are
capable of viewing many of the small cracks. However, these were often incorrectly dismissed as
surface imperfections. Camera pan-tilt-zoom capabilities were important to detection, but tube-
type cameras with no pan-tilt-zoom appeared to be equally capable in the hands of an
experienced operator. Lighting, when applied properly, made a significant difference in the
visibility of a flaw as well as in discriminating between a flaw and non-flaw.
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An interesting mini-study in Phase | included an evaluation of the use of HD cameras. While these
were not used in the field at the time of the test, HD cameras were applied in a limited manner in
Phase | and appeared to better resolve small flaws. However, FCRs may increase with the use of
HD cameras. Data from Phase | were insufficient to determine this conclusively, as only two
teams used HD cameras on a subset of the specimens.

The first HD team, with an experienced RVT analyst, performed well with regard to flaw detection;
on the other hand, the FCR was high when using standard definition cameras by the same team
and analyst. The improvement in detection capability could also be due to the experience gained
on the specimens as the HD camera was used on the last round of testing by this team. The other
HD team, which did not have an experienced RVT analyst, had high numbers of false calls in
addition to high detection. Again, experience with the specimens and flaw types may be a factor in
increased detection.

Interestingly, in both cases the detection rate for cracks with COD in the 20—40 micron (0.0008—
0.0016 in.) range fell slightly when using an HD camera. The limited amount of data was
insufficient to determine if this result was statistically significant.

4.3.2 General Findings from Parametric Study

Analysis of the parametric study data pointed to several interesting findings. First, there was an
apparent difference in detection capability between the live and recorded data sets, which was
attributed to an apparent difference in clarity between the two data sets. This difference in quality
was likely due to use of file compression in the recorded data, which is a common practice when
recording and saving video. The quality of recorded data was apparently dependent on both the
camera system and specimen texture, where less texture resulted in greater compression and
poorer video quality for the purposes of flaw detection.

Beyond this general observation on the potential for reduced data quality in recorded video, the
ability to detect cracks was apparently dependent on the flaw length, shape/tortuosity, COD
variation along the length of the crack, local grain structure variations, and variation in surface
texture. For a given length, crack detection was observed to be more challenging as the COD
decreased. Figure 4-7 shows an example of this, for cracks (represented by diamonds in the
figure) and notches (circles in the figure) in stainless steel specimens. Similar performance was
observed in ceramic specimens, although the overall detection rates were lower. It was not clear if
this reduction was due to inherent limitations in RVT in detecting flaws in specimens with little to
no texture, as was the case in the ceramic specimens, if this was a result of the reduced data
quality observed in the recorded data, or both.

Figure 4-7 shows the detection score averaged over all tests from a single camera, which varied
the camera distance from the specimen and the field of view. There does not appear to be a large
variation between the data from the different cameras, though longer flaws are easier to detect.
However, the data appear to indicate that the notches may be easier to detect than cracks.
Possible reasons for this include the somewhat uniform nature of the COD along the notch as well
as the larger lower COD limit on laser-fabricated notches in stainless steels.

The results overall seemed to indicate correlation of detection performance with both COD and
length, with little to no variation among cameras.
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Figure 4-7 Average Detection Score vs. Length for Cracks and Notches in Stainless Steel
4.3.3 Outcomes from Phase |

The results of Phase | pointed to the need for improvements in specimen fabrication and the test
protocol, and a potential change in the distribution of flaw lengths and COD for Phase II. Phase |
indicated that both stainless steel and ceramic specimens may be appropriate for use in Phase I,
with cracks fabricated in the stainless steel specimens designed to overcome the limitations of the
laser-fabricated notches in stainless steels. The Phase Il protocol needed to carefully consider the
impact of using recorded data for analysis and require a mechanism to capture details of the
instruments and instrument settings used by the participants.

Phase Il was designed to factor in several of the key findings from Phase |. These are
summarized below and organized according to whether the key finding was attributed to
specimen design and fabrication, flaw characteristics, equipment, protocol, or personnel.

4.3.3.1  Specimens
¢ Phase Il used flat plates with weld crowns to simulate small sections of welds and heat-
affected zones in typical internal components.

¢ Blank specimens were given unique labels, similar to the flawed specimens in both Phases Il
and lll. This was conducted to aid in identifying and monitoring any correlations between false
calls by multiple teams on the same specimen.

e Several Phase Il specimens contained multiple flaws, to ensure that operators were not
conditioned towards a one-sample-one-flaw testing protocol.



4.3.3.2 Flaws

¢ Phase Il included a larger number of cracks with smaller COD that had a median of 10-20 ym
COD distribution (Wale 2006). A small number of larger flaws were included to ensure an
appropriate statistical flaw distribution.

¢ Phase Il included a range of flaw length-COD combinations to better quantify the effect of flaw
length.

¢ Flaw mechanism may also play a role in detection performance; however, Phase Il only
simulated the crack shapes of mechanisms such as SCC and thermal fatigue cracks using
mechanical fatigue cracks and laser-cut notches.

4.3.3.3 Phase Il Protocol

¢ To avoid repeating the same specimen protocol and the scenario where the analyst may
become familiar with individual specimens, Phases Il (and lll) restricted each team to one test
with all the specimens.

¢ Grading units were better defined for Phase II.
4.3.3.4  Phase Il Participants

e Phase Il focused on inspection teams consisting of personnel with field experience in IVVI and
included Level Il analysts only.

4.3.3.5  Findings Not Addressed in Phases Il and Il

e While there was a recommendation for Phase Il to include more realistic conditions, such as
specimen surfaces representative of actual reactor pressure vessel (RPV) internals and
camera rigging similar to that used in industry, constraints on resources and time and access
to a suitable RPV test facility precluded this in-field realism.

e The limited data from Phase | did not identify a clear advantage to using HD cameras. Both
HD and standard defiinition cameras appeared to be capable of imaging most of the smallest
cracks in Phase I. The test did not provide sufficient data to determine if HD cameras would
result in an increase in false calls. Given the focus on using field-deployed instrumentation in
Phases Il and Ill, HD cameras were not tested again for the balance of the assessment. This
is an issue that remains open and may need to be re-evaluated, perhaps using a parametric
study.

e The effect of training could not be evaluated further given resource constraints. Such a study
could require a protocol that includes several analysts using the same camera and evaluating
specimens multiple times in different order. One or two analysts with multiple cameras on the
same specimens, to assess the effect of camerallighting variation, may also be necessary.
This type of test limits the number of changing variables so the effect of any one factor can be
isolated and clearly identified.

¢ The experience level of the analyst appeared to play a large role in the VT results. A program
to train and provide experience may be necessary. As discussed in Section 7, this
recommendation was reinforced by the findings of Phase ll.






5 PHASE Il OVERVIEW AND RESULTS

5.1 Overview

The results of Phase | pointed to the need for a careful design of specimens for Phase Il and
included the following key recommendations:

¢ Include a representative population of cracks where a large fraction of these cracks consist of
COD around 20—40 pym.

¢ Limit the number of times a participant can take the test and restrict participants to ISI service
providers.

Several other recommendations, such as a larger base of experience levels for inspectors and
different types of cracking, had to be eliminated for resource reasons. The test design for Phase |l
was focused on quantifying the test performance in terms of capabilities and limitations with
respect to “realistic” cracking and as a function of parameters that are independent of the type of
crack. As a result, it is expected that the results can be applied to determine a baseline
performance for RVT.

5.2 Experimental Design

Phase Il formally evaluated the capabilities of visual testing methods to detect surface-connected
cracks in BWR and PWR reactor components. Test specimens that represent only BWR
components were manufactured from ceramic material, while those representing both BWR and
PWR components were manufactured from stainless steel. The test specimens consisted of
plates approximately 250 mm (9.8 in.) in length/width, with a weld (or simulated weld crown) at the
midpoint. Cracks fabricated in these specimens were oriented either parallel to the weld direction
(referred to as “circumferential” or “circ” hereafter) or transverse to the weld direction (referred to
as “axial”).

5.21 Specimens

This section presents the statistical design for the RV-RRT specimens. Two designs were initially
considered, requiring either 30 or 45 test specimens to be manufactured for the round robin. The
original 45 test specimen design was modified slightly to use 44 test specimens, and is described
here.

The objective was to construct test specimens and cracks that mimic material inspected in the
field. PNNL and EPRI identified a number of parameters as important descriptors of in-field
conditions (Table 5-1). For each parameter, an appropriate frequency of occurrence in the field
(in-field frequency) was assumed.



Table 5-1 Design Parameters for Phase Il Test Specimen Material

Weld Scratch Surface In-field
Reactor Type Crown Orientation Scratch Density Roughness Frequency

Ceramic Ground 45-degrees 0.25/mm (0.01/in.) Typical 0.100
Ceramic Ground Parallel 0.25/mm (0.01/in.) Typical 0.025
Ceramic Unground Parallel 0.25/mm (0.01/in.) Typical 0.124
Ceramic Unground Parallel None Typical 0.001
Stainless steel Ground 45-degrees 0.25/mm (0.01/in.) Typical 0.480
Stainless steel Ground Parallel 0.25/mm (0.01/in.) Typical 0.120
Stainless steel Unground Parallel 0.25/mm (0.01/in.) Typical 0.120
Stainless steel Unground Parallel None Typical 0.030

The population of test specimens was designed to reproduce these frequencies as closely as
possible. Other factors were also considered during the design of the test specimens. These
included:

o # Flaws Per Specimen: Average of 2, maximum of 5.

Distribution of Cracks over Test Specimens: 15% with no cracks, 27% with 1 crack, 27%
with 2 cracks, 18% with 3 cracks, 9% with 4 cracks, 5% with 5 cracks.

# Blank Grading Units: Number of blank grading units (GUs) should be at least 25% of
number of cracked GUs, with 10 blank GUs located in blank test specimens.

Nominal Grading Unit Size: Crack dimension plus 1 cm (0.39 in.) in all directions.

Grading Unit/Crack Placement: Randomly located within test specimen but with minimum
distance of 4 cm between grading units.

The Phase Il test design included cracks in 15 ceramic specimens and 30 stainless steel
specimens, for a total of 45 specimens. However, only 44 specimens were fabricated—15
ceramic and 29 stainless—due to fabrication difficulties on one stainless steel specimen that was
designed to contain a single crack with a small COD. Tables 5-2 and 5-3 summarize the as-built
crack matrix for all the stainless steel specimens and ceramic specimens used in Phase Il,
respectively. These tables describe the distribution of the length and COD combinations for the
different weld conditions and orientations of the cracks. The total number and distribution of
cracks in the 44 specimens was deemed to be statistically sufficient to meet the objectives of
Phase II.



Table 5-2 Flaw Matrix Table for Flaws Contained in 29 Stainless Steel Specimens Used

in Phase Il
Flaw
Material Weld Crown Fabrication Type Orientation  Length Width # Flaws (built)
Small Small 4
Small Medium 2
Small Large 2
Medium Small 3
Circ Medium  Medium 2
Medium Large 4
' Large Small 1
Stg;r;l:lss As welded Fatigue Large Medium 2
Large Large 7
Small Small 0
Small Medium 0
: Large Small 1
Axial
Large Medium 0
Medium Small 5
Medium  Medium 2
Total (stainless steel, as welded) 35
Small Medium 5
Medium Small 4
Circ Medium  Medium 3
Medium Large 0
Stginless Ground Fatigue Large Medium 0
teel Small Small 2
Small Medium 1
Axial Large Medium 1
Medium Small 4
Medium  Medium 0
Total (stainless steel, ground) 20

COD: small =5 to 20 ym (0.2 to 0.8 thou.), medium = 21 to 40 ym (0.82 to 0.1.57 thou.), and large
> 40 ym (0.1.57 thou.). Length: small < 15 mm (0.6 in.), medium > 15 mm (0.6 in.) and <26 mm
(1.02 in.), and large = 26 mm (1.02 in.).
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Table 5-3 Flaw Matrix Table for Flaws Contained in 15 Ceramic Specimens Used in

Phase Il
Flaw
Material Weld Crown  Fabrication Type  Orientation  Length Width # Flaws (built)
Small Medium 7
Medium  Medium 5
. Large Medium 2
Circ
Small Small 5
Medium Small 4
Medium Large 1
Ceramic Unground Laser Medium Small 1
Small Small 1
Large Small 0
Axial Medium Large 1
Small Large 0
Large Medium 0
Medium  Medium 3
Total (ceramic, unground) 30

COD: small =5 to 20 ym (0.2 to 0.8 thou.), medium = 21 to 40 ym (0.82 to 0.1.57 thou.), and large
> 40 ym (0.1.57 thou.). Length: small < 15 mm (0.6 in.), medium > 15 mm (0.6 in.) and <26 mm
(1.02 in.), and large = 26 mm (1.02 in.).

Table 5-4 summarizes the 44 test specimens produced for the RRT in terms of the number of
areas with surface features (scratches, grinding, or scuff marks) in test specimens and weld crown
condition. Tables 5-5 and 5-6 further break down the distribution of cracks based on orientation of
cracks and surface features (Table 5-5), and the location of cracks (Table 5-6). The different types
of cracks are more uniformly distributed throughout the stainless steel material than the ceramic
(Table 5-6). Further, in stainless steel, no axial cracks are present in the heat-affected zone (HAZ).

5-4



Table 5-4 Summary of Test Specimens

Number of Areas with Number of

Material Weld Crown Surface Features Specimens
Ceramic NG 0 11
Ceramic NG 1 3
Ceramic NG 2 1
Stainless steel G 1 1
Stainless steel G 2 2
Stainless steel G 3 2
Stainless steel G 4 2
Stainless steel G 5 1
Stainless steel G 8 1
Stainless steel NG 0 2
Stainless steel NG 1 4
Stainless steel NG 2 6
Stainless steel NG 3 5
Stainless steel NG 4 2
Stainless steel NG 5 1
Total 44

G = ground; NG = not ground (i.e., as welded)

Table 5-5 Summary of Cracks and Surface Features in the Test Specimens

Number of

Flaw Type Material Crown Orientation Flaws
Crack Ceramic NG A 6
Crack Ceramic NG C 24
Crack Stainless steel G A 8
Crack Stainless steel G C 12
Crack Stainless steel NG A 8
Crack Stainless steel NG C 27
Total Cracks 85

SF Ceramic NG A 1
SF Ceramic NG C 4
SF Stainless steel G A 10
SF Stainless steel G C 22
SF Stainless steel NG A 19
SF Stainless steel NG C 25
Total SF 81

A = axial; C = circumferential
G = ground; NG = not ground; SF = surface feature (scratched area)
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Table 5-6  Flaw Count in VT Round Robin by Location, Flaw Type, and Material

Ceramic Stainless Steel
Flaw Location A C A C
GrWeld 0 0 6 0
HAZ 4 9 0 23
InSF 2 15 4 15
NGWeld 0 0 6 1

GrWeld = ground weld crown

HAZ = heat-affected zone (includes base metal)

InSF = crack in surface feature

NGWeld = not ground weld crown (i.e., weld crown in as-welded condition)
A = Axial

C = Circumferential

5.2.2 Crack Size Distributions

Figure 5-1 shows the distribution of crack sizes (COD vs. length) for the various types of cracks in
ceramic and stainless steel specimens. Note that the axis labels for all four sub-plots in Figure 5-1
are the same, and the labels from two of the four plots have been dropped to avoid cluttering the
plots. The values for data points in these plots may be determined by examining the axis labels in
adjacent plots. The distribution indicates a correlation between COD and length (chiefly
associated with the extreme values). However, determining which of these two factors influences
the POD should still be possible if the effect is strong.
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Figure 5-1 Flaw Dimensions Organized by Orientation (Axial, Circumferential) and
Specimen Type (Ceramic, Stainless Steel)

5.2.3 Test Methodology

The test methodology for Phase Il used a round-robin approach. Five teams from IVVI service
providers participated in a blind test where the true condition of the specimens was not revealed.
The participating teams were asked to determine if a specimen contained a crack, and its
approximate location, orientation, and length, although their ability to accurately estimate the
length of the crack was not evaluated. Rather, the length estimates were used only to determine
the extent of the crack for automated grading of crack detection.

Unlike Phase |, each team was only allowed to take the test once, using all specimens. Analysis
was restricted to using live data only, although all data were recorded for the test administrators
(PNNL and EPRI) to use to assist in answering any questions regarding detection during the
subsequent grading process. In each test, the specimens were assigned a random identification
label that did not reveal the true identity of the specimen. Each of the participating teams was also
assigned a random identification code (ALYJ, BMXR, CIWN, DOYP, and EQZH) to maintain
confidentiality and anonymity of the participating teams.

As with Phase |, each test was performed underwater, with ambient lighting that was limited using
a black-out tent. Participants were asked to limit their lighting options to those available on the
participant-supplied cameras. Specimens were placed underwater. The cameras were mounted
on a motor-controlled scanning bridge and the inspection was performed underwater. Each team
inspected one specimen and recorded their findings on the provided data sheet, after which the



specimen was removed from the tank and replaced with a different specimen. This process was
repeated until all specimens were inspected. The start and end times for the examination of a
specimen, including the time to document any indications, were recorded on the data sheet.

Prior to each test, the teams were asked to perform a resolution check using the ASME character
standard (ASME 2015c). Each team was also asked to provide a copy of their inspection
procedures (which were provided to PNNL under non-disclosure agreements), and to perform any
other necessary pre-inspection steps as required by their procedures prior to taking the test.

The complete test protocol for Phase Il is presented in Appendix A.

5.2.4 Excluded Variables

The test specimens used in Phase Il represent welds similar to that found in some reactor internal
components. The specimens represent two specific colors (patina), natural stainless steel and
reddish tints, but may not necessarily be representative of the diverse color variations of internal
RPV surfaces. The effect of other configurations and surface conditions on test results was
beyond the scope of this RRT. Finally, the RV-RRT was not designed to assess certain variables
that may impact detection performance in remote visual testing. Some of these are:

o Lighting options

¢ Oxide build-up on internal components

e Thermal distortion

e Water currents and clarity

¢ Radiation effects on camera video quality

¢ Limited accessibility (component configurations and camera size)

¢ Monitors and camera systems

e Camera delivery systems

¢ Personnel qualification levels

e The angle of view limits for ASME Code VT-1 examinations

¢ Video compression algorithms

5.3 Data Description and Grading

As described earlier, the RRT included 44 test specimens containing 85 cracks and 81 areas with
surface features. All five teams inspected all the specimens, producing a total of 220 inspections.
Because each team inspected all of the test specimens, the data are considered balanced and it
is much easier to compare the effect of different variables (crack COD, length, orientation, and
location) using simple POD tables.

The five participating teams used similar inspection procedures and equipment. All have
performed field inspections and have the necessary qualifications for performing inservice
inspections. However, no data exist to determine if these five teams can be considered to
represent an unbiased sample from the field inspector population, given that there are a range of
qualifications for personnel who perform ISI. In the absence of any additional information, their
average POD/FCP detection performance should be considered to represent a baseline
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performance level from which RVT performance may vary, depending on a number of other
factors, including inspection qualifications, conditions in the field, and any restrictions on the
inspections.

5.3.1 Grading Procedure

The Phase Il data were graded using an automated algorithm that compared the reported
inspection results for a test specimen to the true-state information for the same specimen. The
grading algorithm assumed a crack was detected if the reported location of a crack from the
inspection was close (within the grading tolerance) to the true location of a crack.

The grading tolerance was applied to account for minor errors in reported location. Figure 5-2
displays the relationship between grading tolerance and POD for the data from Phase II. The
figure shows that a grading tolerance of 10 mm (0.39 in.) accounts for minor location errors in the
data, with the POD in ceramic and stainless steel specimens becoming relatively stable beyond
this value.
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Figure 5-2 Plot of POD vs. Grading Tolerance
5.3.2 Recording Errors

The automated grading algorithm, while convenient, has three potential issues. First, in cases
where the true crack is close to a surface feature (within the grading tolerance), it cannot
determine if the analyst reported the surface feature as opposed to the crack. Second, in cases
where two or more indications are reported by the analyst close to each other (again, within the
grading tolerance), the grading process may associate more than one indication with the crack.
While many instances of this type of error can be handled through appropriate rules in software, it
is possible that one or more exceptions to the rule may exist. Finally, errors in reported location of
indications may exist in the data. To address all of these issues, the automated grading was
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augmented with a manual review of the analysis results. This manual review resulted in the
identification and correction of several gross recording errors made by the participants. These
corrections were included in the analysis of grading tolerance shown in Figure 5-2.

The manual review indicated that in 28 cases, the participating teams had recorded incorrect
coordinates for the reported indications. While the corrected coordinates were used in subsequent
analyses, the errors were used to estimate a probability for gross recording errors (Table 5-7).

Table 5-7  Gross Recording Error Probability in VT Round-Robin Inspections

Specimen Type
Team Ceramic Stainless Steel
ALYJ 0.000 0.023
BMXR 0.033 0.000
CIWN 0.567 0.079
DOYP 0.000 0.057
EQzZH 0.080 0.000

While the average error rate in recording indication locations is about 3%, there are variations
from this average, with team “CIWN” appearing to exhibit severe coordinate recording problems
(e.g., more than 50% of the cracks in the ceramic test specimens had incorrect coordinates). If
these results reflect field performance, this implies that reported indication coordinates may be in
error some 3% of the time. It also implies that a POD curve that accounts for such errors can
never exceed 97%. However, it should also be emphasized that the test was not designed to
explicitly quantify location recording errors or errors in quantifying length. These findings on
recording errors should therefore be considered as requiring additional controlled tests for
quantification.

5.4 Overview of Analysis Methodoloqy

Inspection performance is quantified using POD and FCP. Perhaps the best overview of POD and
FCP is given by tables that estimate these quantities for various conditions (orientation, location,
etc.). The effect of continuous variables (crack COD and length) is evaluated using logistic
regression models. The most basic model used involves crack size:

POD(S) =logistic( 4, + 4S) , (5-1)

where S represents crack size (specifically, COD or length). To compare the relative importance
of COD and length, both explanatory variables may be included:

POD(COD, Length) = logistic( 5, + ,COD + g,Length) . (5-2)

A curve-fitting procedure is used to estimate the unknown parameters ( 5, , f,, and £, )in

Egs. (56-1) and (5-2) and estimate the POD curves as a function of the crack size. POD curves
were fit with and without false call data. In some cases, inclusion of false call data produced a
curve that did not fit all data, indicating that the two-parameter regression model may not be
flexible enough to describe POD for the range of crack sizes present in the study.



Appendix D presents an overview of POD modeling and Appendix G describes alternative models
for fitting data. The basic finding from this assessment is that, while alternative models such as the
Box-Cox model (see Appendix G) may provide a better fit to the data with false calls included, the
overall results, such as the crack parameter at which 80% POD is achieved with a 95%
confidence level, do not change substantially. As a result, the general findings from Phase Il (and
Phase lll) should be considered representative.

5.5 Phase Il Results Summary

Based on the previously described assessments of grading tolerance, a 10 mm (0.39 in.)
tolerance was selected and used for the automated grading. As indicated above, this was
accompanied by manual review of the data to correct for gross location errors. The data were then
analyzed to quantify performance in terms of POD and determine the effect certain important
parameters have on POD, such as COD, crack length, and the presence of surface irregularities
and surface features.

A summary of these results is provided below, along with a discussion on the potential
implications and outcomes leading to Phase lll. A detailed summary of the results is included in
Appendix E.

5.5.1 General Findings from Phase Il

5.5.1.1  Summary of Detection and False Call Rates

Table 5-8 provides an overview of team performance in Phase Il. POD in this table is based on all
the cracks and does not distinguish performance as a function of the crack COD, length, or
location. The POD is, however, separated according to the specimen type (ceramic vs. stainless

steel).

Table 5-8 POD, FCP, and FCRs by Team and Specimen Type

Ceramic Stainless Steel
POD FCP POD FCP
FCP FCP FCR FCP FCP FCR
Team Crack (SF) (Blank) (FC/M) Crack (SF) (Blank) (FC/IM)

ALYJ  1.00+£0.02 0.40+0.22 0.07+0.04 1.12+0.59 0.78+0.06 0.17+0.04 0.05+0.03 0.79+0.45
BMXR 1.00+0.02 0.40+0.22 0.00+0.02 0.00+0.25 0.62+0.07 0.09+0.03 0.02+0.02 0.26+0.31
CIWN 1.00+0.02 0.40+0.22 0.00+0.02 0.00+0.25 0.69+0.06 0.05+0.03 0.05+0.03 0.79+0.45
DOYP 1.00£0.02 0.40+0.22 0.00+0.02 0.00+0.25 0.64+0.06 0.12+0.04 0.06+0.03 1.05+0.50
EQZH 0.83#0.07 0.00+0.12 0.05+0.04 0.75+0.53 0.15+0.05 0.00£0.01 0.02+0.02 0.26%0.41

Crack = cracked grading unit

SF = surface feature; corresponds to FCP in scratched grading units
Blank = blank grading unit

FC/M = false calls per meter

The POD information in Table 5-8 indicates a relatively high capability to detect cracking in
materials with surface conditions similar to those in the ceramic specimens used in Phase Il.



However, detecting cracking in stainless steel specimens appears to have been challenging.
Several possible reasons exist for this difference and are discussed later.

The data from Phase Il indicate a significant difference in POD and FCR for team EQZH. It is not
clear whether this is because team EQZH is using a more stringent detection threshold than the
other teams or for some other reason. The pattern is most noticeable for stainless steel.

In each case (ceramic and stainless steel), two approaches to computing FCP are used. The first
approach defined FCP as the probability of calling a crack in a blank (i.e., no cracks are present)
grading unit, designated as FCP(Blank) in Table 5-8. The second approach to computing FCP
used the probability that a surface feature (i.e., within a scratched grading unit) is called a crack,
designated as FCP(SF). Table 5-8 shows that it is much easier to distinguish cracks from blank
material as opposed to cracks from surface features.

The FCR is defined as the number of false calls per meter of blank material. The data in Phase |l
show that the FCR appears to be roughly 1 false call per meter in blank material. It is not clear
how this relates to FCRs in field inspections, and whether the test environment provides an
incentive for lowering detection thresholds, thereby increasing POD and FCR. Given that data for
field FCR are difficult to obtain or quantify, the FCR and POD information should only be
considered as a baseline against which subsequent analyses and any information on field
performance can be compared to.

The data presented in Table 5-8 includes the standard deviation (or standard error) as a measure
of the uncertainty in the POD, FCP, and FCR estimates. The standard deviations are dependent
on the sample size (humber of cracked and non-crack grading units present in the Phase Il test).
Increasing the sample size (by increasing the number of cracks, for instance) generally reduces
the uncertainty and leads to smaller standard deviations. Two estimates with large overlapping
standard deviations may be considered to be statistically similar. In the data presented in

Table 5-8, the standard deviations for the different teams are seen to be roughly similar. This is
expected as the sample sizes for each team are the same.

5.5.1.2  POD Analyses

The Phase Il data were further analyzed to extract the POD as a function of the two crack
variables (COD and length). As discussed in Section 5.4 (and in greater detail in Appendix D),
extracting the POD as a function of COD or length (or other independent variable) generally uses
a regression model to fit the data. In the present case, the logistic regression model was used to
compute the POD curves. In all cases, the FCP was used as part of the input to the regression
model. While the incorporation of the FCP leads to the POD curve not passing through zero for a
crack size of zero, we believe that this is acceptable on two counts. First, the FCP represents an
estimate of the POD for very small crack sizes. Second, the FCP in Phase Il (and as described
later, in Phase Ill) was small to begin with, implying that fitting the regression model to the data,
either with or without the inclusion of FCP, produced similar results.

Using the approaches described previously, the average POD as a function of crack COD, using
data from all five participating teams, is shown in Figure 5-3. The false call data used in these fits
are those produced by “blank” material, not surface features. In the figure, the top two plots
display the estimated curves surrounded by 95% confidence bounds, while the bottom two plots
overlay the fit on the data from Phase Il. The plots on the left represent the POD for cracks in
ceramic specimens, while the top and bottom plots on the right are from the stainless steel
specimens.



The bottom two “diagnostic” plots can be used to evaluate how well the regression model fits the
data. Each data point in these plots represents a single crack that has been inspected by five
teams. The POD point associated with each crack is surrounded by 95% bounds. If the curve fits
the data, it should be within most of these bounds. This is seen to be the case.

Similar analyses, with length as the independent (explanatory) variable, are shown in Figure 5-4.
While the POD curves as a function of length appear to be reasonable, the bottom diagnostic
plots in Figure 5-4 indicate that there are two long cracks in the stainless steel specimens (one of
length 55 mm [2.165 in.] and the other [not shown in plot] of length 80 mm [3.15 in.]) that were not
easily detected. The longer of these cracks is on the weld edge (or weld toe) and was difficult to
detect for all the participants.

Additional analysis (described further in Appendix F) indicated that, for the data from Phase II,
COD appeared to have a stronger effect on detection performance for cracks in the stainless steel
specimens. While this seems intuitive (cracks with larger COD may present a greater contrast with
the background), crack length may be more relevant for component safety calculations.
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Figure 5-3 POD vs. COD for Ceramic (left) and Stainless Steel (right) Specimens
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Figure 5-4 POD vs. Length Using All Detections and False Calls in Clean Material. 80 mm
(3.15in.) long crack, along the weld toe in a stainless steel specimen, is not
shown.

The somewhat lower influence of length on detection performance raises questions about how
cracks are detected and identified visually, and whether RVT is an appropriate technique for
detecting cracks if it relies primarily on COD instead of length which, along with through-wall
depth, are the important variables for safety calculations. Based on the analysis to date, and an
examination of the data used in grading as well as the video data, several points were identified.
First and foremost, there appears to be a link between COD and length [for example, Figure 5-1,
or Wale (2006)] for naturally occurring cracks. As a consequence, it is likely that longer and
deeper cracks will have a greater COD, affording greater detection performance of the RVT
method. Second, an examination of the video data also showed that in many instances the
shorter cracks were visible in the recorded data, leading to a conclusion that perhaps improving
the analysis methodology may improve the ability to detect shorter cracks. Finally, analyses
conducted using alternative independent metrics (such as total area exposed by the crack
opening or using both COD and length as independent variables) did not indicate conclusively
whether length and COD alone or in combination provided a better explanation for the detection
performance.



Interpreting the POD curves is often challenging. A lower POD for smaller cracks does not
necessarily mean an inability to detect the crack. Rather, it means that as the crack gets smaller,
reliable detection is more challenging. In this context, reliable detection refers to: if the same
component is inspected multiple times by one or more teams, how often would a crack be
detected?

Note that inspection reliability is a function of several parameters (including instrument factors and
human factors). Depending on how some of these other factors vary from inspection to inspection,
the overall inspection reliability can be affected. A case in point is team EQZH in Phase Il. It is not
clear why this team had a lower POD than the other teams. However, this reduced detection
performance indicated an overall increased difficulty (when averaged over all teams) in detecting
smaller cracks, represented by a shift in the POD curves towards larger cracks. The result is a
reduction in inspection reliability for smaller cracks (small COD and/or shorter cracks).

A breakdown of the POD curves by inspection team, along with additional analyses, is given in
Appendix E.

5.5.1.3  Detection Performance in Stainless Steel Specimens

The results presented in the previous sections indicated difficulties in detecting cracks in the
stainless steel specimens. Assuming that these difficulties are because of the specimens
themselves and not other factors, the data from the stainless steel specimens were further
analyzed to determine if a relationship existed between POD and other variables such as crack
orientation and location. For location, the analysis was conducted based on whether the crack
was in one of four regions: (1) HAZ which includes up to 50 mm (2 in.) base metal®; (2) weld
region with the weld crown ground flush; (3) weld region with the weld crown NOT ground flush;
and (4) in a surface feature in the HAZ. Given concerns raised around detecting cracks in the
weld toe, an additional analysis step examined whether evidence existed in the data indicating
that cracks in the weld toe may be more difficult to detect.

Tables 5-9 through 5-11 present the resulting POD for these analyses. Table 5-9 shows a
relationship between orientation and POD. However, orientation and crack location are related to
each other, with transverse cracks only present in the weld region and circumferential cracks
present outside the weld region. It seems likely that the relationship present in Table 5-9 is
actually due to crack location as illustrated in Table 5-10; POD in the HAZ is higher than the other
locations.

"This designation for the HAZ was used only for the purposes of this assessment. In typical inservice
examinations, the HAZ is not expected to extend 50 mm (2 in.) into the base material on welds.
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Table 5-9  POD vs. Flaw Orientation in Stainless Steel Specimens

Team Transverse Circumferential
ALYJ 0.69+0.12 0.82+0.06
BMXR 0.44+0.12 0.69+0.07
CIWN 0.69+0.12 0.69+0.07
DOYP 0.62+0.12 0.64+0.08
EQZH 0.00£0.04 0.21+0.07

Table 5-10 POD in Stainless Steel Specimens of Flaws in Different Locations: in Ground
Weld, in Not Ground Weld, in HAZ, in Surface Feature

Surface Not Ground
Team Ground Weld HAZ Feature Weld
ALYJ 0.67+0.20 0.83+0.08 0.84+0.09 0.57+0.19
BMXR 0.33+0.20 0.74+0.09 0.58+0.11 0.57+0.19
CIWN 0.67+0.20 0.74+0.09 0.63+0.11 0.71£0.18
DOYP 0.50+0.20 0.74+0.09 0.5310.11 0.71+0.18
EQZH 0.00+0.11 0.17+0.08 0.21+0.10 0.00+0.09

It was noticed that two very large circumferential cracks placed on the weld edge were not
detected at all, and this motivated the analysis presented in Table 5-11. From Table 5-11, we see
that cracks located right at the weld crown edge are indeed difficult to detect.

Table 511 POD in Stainless Steel Specimens of Circumferential Flaws on Weld Toe

Team Not on Weld Toe On Weld Toe
ALYJ 0.88+0.06 0.57+0.19
BMXR 0.75+0.08 0.43+0.19
CIWN 0.75+0.08 0.4340.19
DOYP 0.72+0.08 0.29+0.18
EQZH 0.25+0.08 0.00+0.09

5.6 Outcomes from Phase Il

Phase Il pointed to a generally lower than expected POD for cracks in components with surface
texture resembling the stainless steel specimens. While the analyses of cracks in these
specimens (Section 5.5.1.3) indicates that the reduction in POD may be attributable to the
presence of other features on the specimen surface, such as scratches or proximity to the weld
toe, the relative lack of influence of crack length on POD was also unexpected. Further,
examination of the raw video data indicated that several cracks were visible in the data, indicating
a potential negative influence of inadequate discrimination methodologies (to discriminate cracks
from other surface features) on the result.

5-16



Discussions within the round-robin administration team (PNNL and EPRI) pointed to a few
additional factors that may have played a role in the poorer than expected performance of fielded
RVT inspection procedures. These factors include:

¢ Inspection Team Composition — Field inspection teams typically have at least two analysts
(primary and secondary), where the secondary analyst is available to review and possibly
correct findings reported by the primary analyst. The administration team questioned whether
the presence of a secondary analyst in Phase Il would have resulted in improved POD.

¢ Practice Specimens — Phase Il had a limited number of specimens for the participating teams
to use for practice. Given the experience from Phase | (taking the test multiple times resulted
in improved detection), additional specimens that could be used by the teams to familiarize
themselves with the specimens/cracks was proposed as a key need.

¢ Realistic Flaws — While most of the cracks in the stainless steel specimens were deemed to
be realistic (i.e., mimicked cracks found in the field), a few were identified that may not have
been realistic. These were generally grouped into two categories, extremely small cracks that
were generally less than 8 mm (0.315 in.) long and a COD less than 10 microns (0.0004 in.),
and weld toe cracks that did not deviate from the weld toe. The latter, in particular, was a point
of extensive discussion as cracks found in the field in the weld toe region have tended to
deviate occasionally into the HAZ. Such tortuosity may be beneficial as it affords opportunities
to detect the crack without interference from the weld itself. However, the Phase Il results also
pointed to the difficulty of detecting cracks in the field that entirely follow the weld toe, which
may partially explain their absence from the list of field cracks that have been experienced.
A related issue was the use of notches in the specimen set. While no notches were present in
the stainless steel specimens, Phase | results indicated improved ability to detect notches.
The ceramic specimens, on the other hand, contained only notches, and the relatively robust
detection POD (close to 100% for most teams) raised questions about the added value of
using this specific combination of specimen and crack type in subsequent tests.

¢ Analysis Guidance — Each of the participating teams used their field procedures for Phase |l;
however, several cracks not detected by the teams were clearly visible in the raw video data.
In several instances, the inspection team was found to have examined the indication (using
multiple angles and by changing lighting) before concluding that the indication was not
reportable as a crack. This finding implied that supplemental guidance on analysis procedures
for discriminating between cracks and non-cracks may be helpful.

e Lighting — Phase Il did not use auxiliary lighting; instead, the inspection teams were restricted
to use on-camera lights only. The use of additional lights may improve the ability to
discriminate between cracks and surface features.

Phase Il of this study addressed many of these factors through a redesigned protocol and
specimen set.






6 PHASE Il OVERVIEW AND RESULTS

6.1 Overview

The Phase Il RV-RRT activity pointed to the need for improved procedures for enhancing
detectability of cracks and the need to answer several open questions. Addressing these open
issues led to Phase Il of this assessment. Given that many of the open questions dealt with
cracks in stainless steel specimens, ceramic specimens were not used for Phase lll. All of the
stainless specimens from Phase Il were used and were augmented with additional specimens
fabricated at both PNNL and EPRI. However, very small cracks and many of the weld toe cracks
in the Phase Il specimens were judged to be not representative of field experience. Therefore
these cracks were not required to be detected and did not count for or against performance
metrics in Phase 1.

The additional specimens included a diverse set of cracks, including cracks in the weld toe region,
many of which reproduced operational experience by occasionally deviating from the weld toe into
the HAZ. Additional blank specimens were also fabricated, as were several new specimens for
use as practice specimens by the inspection teams.

The protocol also was modified to allow a secondary analyst on each team, to allow for live video
re-inspections of some specimens (based on need), and auxiliary lighting. These modifications,
and the results of Phase lll, are discussed in greater detail in this section.

6.2 Obijectives

The goal of the RV-RRT-3 was to assess the performance of commercially applied examination
procedures augmented with improvements for enhancing detectability of cracks with qualified
personnel, and identify areas for future improvement if needed.

The RV-RRT-3 had the following specific objectives:
¢ |dentify and quantitatively assess enhancements to remote visual examination techniques for
detecting cracks in test specimens.

¢ Evaluate improvements (over Phase Il) to commercially applied examination procedures for
their effectiveness.

¢ Quantify the impact of secondary review of all recorded examination data.
¢ Assess the level of image degradation (if any) from live to recorded data.

¢ Quantify performance improvements in terms of POD and FCR and determine the effect that
certain important factors have on POD. Important factors for Phase Il include:

— Crack opening displacement
— Crack length

— Crack detection in the presence of surface irregularities or blemishes.

In addition, Phase Il conducted a limited assessment to quantify degradation in recorded video
data from RVT inspections.



6.3 Experimental Design

Phase Ill was limited to the use of stainless steel specimens, given the findings from Phase Il. The
test matrix specimen and crack design for Phase Ill used all 29 stainless steel specimens and
associated cracks and surface features from Phase Il. In addition, cracks from Phase Il that were
removed from the test population were replaced with similar cracks in terms of length and COD.
Fourteen new stainless steel specimens were designed and fabricated by EPRI and PNNL for this
purpose; these specimens included cracks over the range of COD and lengths, as well as cracks
located near the toe of the weld as replacement for cracks in similar locations that were removed
from the test population.

Table 6-1 summarizes the as-built crack matrix table for all the stainless steel specimens used in
Phase Ill. This table describes the distribution of different length and COD combinations for the
different weld conditions and orientations of the cracks. Table 6-2 summarizes the number of test
specimens with multiple cracks per test specimen. Note that the numbers listed in Tables 6-1 and
6-2 include six cracks that were subsequently (post-Phase Il testing) removed from the test
population for not being representative of cracking experienced in the field.



Table 6-1  As-Built Flaw Matrix Table for All Stainless Steel Specimens Used in Phase Il

Flaw

# Flaws
Material Weld Crown  Fabrication Type Orientation Length Width (built)
Small Small 6
Small Medium 2
Small Large 3
Medium Small 5
Circ Medium Medium 5
Medium Large 9
Large Small 1
Stainless Steel  As Welded Fatigue Large Medium 6
Large Large 9
Small Small 3
Small Medium 1
. Large Small 1
Axial .
Large Medium 0
Medium Small 6
Medium Medium 3
Total (stainless steel, as welded) 60
Small Medium 5
Medium Small 4
Circ Medium Medium 3
Medium Large 1
Stainless Steel Ground Fatigue Large Medium 0
Small Small 2
Small Medium 1
Axial Large Medium 1
Medium Small 4
Medium Medium 0
Total (stainless steel, ground) 21

COD: small =5 to 20 ym (0.2 to 0.8 thou.), medium = 21 to 40 ym (0.82 to 0.1.57 thou.), and large
> 40 pm (0.1.57 thou.). Length: small < 15 mm (0.6 in.), medium > 15 mm (0.6 in.) and < 26 mm
(1.02in.), and large = 26 mm (1.02 in.).

Table 6-2  As-Built Test Specimen Matrix Summary Table

Flaw Distribution: # of Specimens with:

0 1 2 3 4 5

Weld Surface Number of Flaws Flaw Flaws Flaws Flaws Flaws

Material Crown Roughness  Specimens (15%) (27%) (27%) (18%) (9%) (5%)
Stainless As welded Typical 31 7 5 9 4 5 1
steel Ground Typical 12 2 5 2 1 1 1
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6.3.1 Specimens

Unlike Phase II, all Phase Il test specimens were constructed out of stainless steel with a
simulated weld crown running down the middle of the specimen, and of approximately the same
dimensions. Twenty-nine of the 43 Phase Il test specimens were previously used in the Phase I
test. The test specimens were designed to include all the different cracks and surface features
one would expect to see in the field.

Table 6-3 provides a summary of the Phase Il test specimens. Note that about 25% of the welds
are ground and each specimen contains about two surface features on average. Surface features
include surface blemishes such as dents, grind marks, scratches, or burn marks. Specimens
contain from zero to five cracks with most containing less than three cracks. The 75 cracks
mentioned in the table are intentionally planned cracks. Eight “bonus” cracks were unintentionally
produced during the specimen fabrication process and were not necessarily representative of
cracks in the field. These bonus cracks were not required to be detected and did not count for or
against performance metrics.

Table 6-3 Summary of Test Specimens Employed in Phase Il

# of Specimens Used in Phase llI 43
Specimens with Ground Welds 12
Specimens with Unground Welds 31

Type of Specimens Used Stainless steel
Average Length of Specimen 280 mm (11in.)
Average Length of Blank Material in Specimens 146 mm (5.75in.)
Total Cracks in Specimens 75
Specimens with No Cracks 9
Specimens with 1 Crack 10
Specimens with 2 Cracks 13
Specimens with 3 Cracks 6
Specimens with 4 Cracks 4
Specimens with 5 Cracks 1
Surface Features in Specimens 98

Tables 6-4 and 6-5 provide an overview of the orientation and location of cracks in the Phase Il
specimens. Most cracks are circumferential in orientation (parallel to the weld). The locations
identified in Table 6-4 are on the weld edge (toe), in the weld, and in a surface feature. Table 6-4
also provides some information about surface features in the last row. As in Phase Il, axial cracks
were only located in the weld, while circumferential cracks were almost always located outside the
weld. There are many more circumferential cracks in the HAZ and in surface features than there
are axial cracks.
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Table 6-4 Summary of Flaws and Surface Features

Orientation On Edge In Weld In Surface Feature
Type Axial Circum. False True False True False True
Bonus 7 1 7 1 1 7 5 3
Crack 20 55 63 12 54 21 52 23
Surface Feature 28 44 70 2 55 17 72 0

Table 6-5 Flaw Count by Flaw Location and Flaw Orientation

Axial Circumferential
GrWeld 5 0
HAZ 0 36
InSF 5 18
NGWeld 10 1

GrWeld = ground weld crown

HAZ = heat-affected zone (includes base metal)

InSF = crack in surface feature

NGWeld = not ground weld crown (i.e., weld crown in as-welded condition)

6.3.2 Flaw Distributions

Figure 6-1 displays flaw size (COD vs. length) for the various types of cracks used in Phase Ill. As
in Phase I, the distribution indicates some correlation between COD and length (chiefly
associated with the extreme values). Determining which of these two factors influences the POD
should still be possible if the effect is strong. For cracks in the field, we might expect a higher
correlation between COD and length, based on other studies (Wale 2006). Figure 6-1 also
indicates that the size range for circumferential cracks is greater than that for axial cracks, likely
because the length of the axial cracks was limited to the width of the weld. Table 6-6 provides a
summary of the distribution of crack COD and length.
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Figure 6-1 Plot of Flaw Dimensions Organized by Orientation (Axial, Circumferential)

Table 66 Quantiles of COD and Length for Flaws

0% 25% 50% 75% 100%
COD Axial, ym* 9.58 18.06 23.01 29.39 112.51
COD Circumferential, pm* 8.28 21.09 28.08 42.96 98.76
Length Axial, mm (in.) 6.7(0.26) 9.3(0.37) 12.5(049) 14.8(0.58) 25.0 (0.98)

Length Circumferential, mm (in.) 6.6 (0.26) 15.3(0.60) 19.7 (0.77) 31.5(1.24) 61.8(2.43)
*To convert microns to inches, multiply microns by 0.00004.

6.3.3 Test Methodology
The methodology for Phase Il again used an RRT. Five teams from ISI service providers

participated in a blind test where the true condition of the specimens was not revealed. The
participating teams were asked to determine if a specimen contained a crack, and its approximate
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location, orientation, and length. As in Phase Il, their ability to accurately estimate the length of the
crack was not evaluated and was used primarily to determine the extent of the crack for
automated grading of crack detection.

As in Phase Il, each team was only allowed to take the test once. Unlike Phase II, the test
protocol (Appendix B) included two analysts, primary and secondary, in each team, was
representative of typical field-inspection protocols, and was approved by the EPRI/Industry
Remote VT Steering Committee. The test protocol allowed the primary analyst to evaluate live
data and record indications that may be considered to be cracks. The primary analyst
dispositioned these indications into one of three categories (relevant or cracks, non-relevant or not
a crack, and relevant but needs re-inspection). All inspection data were recorded and the data
along with the primary analysts’ determination was provided to the secondary analyst. Using
these, but without having the ability to directly question the primary analyst, the secondary analyst
was asked to determine if an indication was a crack or not, and was allowed to add additional
indications as cracks. In addition, the secondary analyst was allowed to select a subset of
indications for re-inspection, where the questionable area on the specimen could be inspected
again using the same camera system. The live data from this re-inspection were analyzed by the
secondary analyst (in consultation with the primary analyst if necessary) and a determination
made as to whether the area contained a crack or not. The recorded data from the initial
inspection and re-inspection were also made available to the test administrators (PNNL and EPRI)
for use in answering any questions regarding detection during the grading process. As in previous
phases, the identifications of the specimen and participating teams were anonymized.

The inspection was performed underwater, with ambient lighting being limited by use of a black-
out tent and camera motion controlled using a motor-controlled scanning bridge. Teams were
allowed to use auxiliary lighting in addition to available lighting on the cameras (which were
supplied by the participating teams). The inspection teams were given considerable flexibility on
determining when to deploy auxiliary lighting, and at least one team used auxiliary lighting for
most of the inspection. The mechanics of specimen movement in and out of the tank remained
the same as in Phase II.

Prior to each test, teams were asked to perform a resolution check; all teams used the ASME
character standard. Each team was also asked to perform any other necessary pre-inspection
steps as required by their procedures prior to taking the test.

Assessment of the potential for image quality degradation in recorded data was performed by
using the Air Force Resolution Target (DoD 1959). Each team was asked to image the Air Force
Resolution Target. A staff member at EPRI was asked to identify the highest-resolution line pairs
in the live data and subsequently performed the same analysis using the recorded data.

6.3.4 Data Description and Grading

Five teams participated in Phase Ill and inspected the 43 specimens described in the last section.
All five teams inspected the same set of cracks, resulting in a balanced experimental design that
simplified the comparison of team performance with averages. The same can be said for
comparisons of performance on different categories of crack—an average calculated over each
category described nominal inspector performance.

The Phase Il crack evaluation procedure was more complicated than that used in Phase Il. Two
analysts participated in crack detection. The primary analyst performed the initial inspection, with
the secondary analyst reviewing the results. The secondary analyst had the option to re-inspect



and alter the call as necessary. From the perspective of crack detection, there were three “stages”
of the dispositioning process that could be evaluated. Each stage is associated with a step in the
detection decision procedure being employed. The steps in crack detection that were tracked in
the inspection reports were:

¢ Recording Step — An indication found and recorded on the data sheet; this step was
performed by the primary analyst.

¢ Primary Disposition Step — The primary analyst usually classified the recorded indication as
“Yes” or “Re-inspect.” If indication was classified as “Yes,” we concluded that the primary
analyst had called a crack at this location. In this case, if there was a crack, the primary
detected the crack; if not, the primary made a false call. This was called either a “primary”
detection or a “primary” false call.

Occasionally the primary analyst was observed classifying the recorded indication as “No” (not
a crack). If there was a crack at this location, the primary analyst incurred a missed detection;
if not, the primary analyst correctly evaluated the indication and determined that it was due to
some other factor (such as a surface feature).

Indications classified as “Re-inspect” are reviewed by the secondary analyst to obtain a final
dispositioning of the indication (see below).

¢ Final Disposition Step — The secondary analyst reviewed all data and re-evaluated all
indications. A fraction of the indications (including some of those marked “Re-inspect” by the
primary analyst) were re-inspected and dispositioned as “Yes” or “No” using the live data from
the re-inspection process. At the end of this process, the secondary analyst performed the
final disposition of the crack. If this was a “Yes,” and the indication was associated with a
crack, this was a detection. If the indication was not associated with a crack, it was a false call.
This was called a detection/false call, or for more clarity, a final detection/false call.

Note that the protocol for Phase Il restricted the number of locations that could be re-
inspected by a team. This was done to ensure that the testing for each team was completed
within the time available for conducting the test. A consequence of this decision was that
some of the indications marked “R” (for re-inspect) could not be re-inspected. In these cases,
the final dispositioning remained as “R.”

Given this multistep decision process, the following probabilities were defined:
e POR: Probability of Recording an indication by the primary analyst. This is the equivalent as

the probability of detection during Phase II.

¢ PODP: Probability of Detection by Primary. This requires the primary to have categorized the
associated indication as a crack.

e PODF: Probability of Detection Final (by Secondary). This requires the secondary analyst to
have categorized the associated indication as a crack.

The three probabilities described above were computed through the use of a “grading unit” of
material. Thus, for example, POR was calculated by

# GUs intersecting with a recorded indication
Total # GUs '

POR =

(6-1)



Using these definitions, it was now possible to define probabilities associated with SFs and blank
grading units. These are false call probabilities, but to emphasize their relationship to the three
levels of detection defined above, the following notation was used:

¢ POR(crack), PODP(crack), PODF(crack): Detection probabilities associated with cracked
grading units.

¢ POR(blank), PODP(blank), PODF(blank): Detection probabilities associated with blank
grading units. These are the same as false call probabilities at each of the three stages of the
decision procedure.

o POR(SF), PODP(SF), PODF(SF): Detection probabilities associated with SF grading units.
These describe another type of false call probability. SF false calls describe false call
performance when the inspected surface is not in a pristine state.

The notation emphasizes the relationship between a particular POD and its associated FCP. The
associated POD and FCP are calculated exactly the same except that one uses cracked grading
units, while the other uses “blank” or “surface feature” grading units.

6.3.5 Grading Tolerance

Figure 6-2 displays the relationship between grading tolerance and POR. Originally, as in

Phase Il, we used a symmetric grading tolerance that was the same in both the transverse (X)
and circumferential (Y) directions. However, the test setup enabled the teams to provide higher
precision location information along the circumferential direction as opposed to the transverse
direction. Therefore, in Phase Ill we used asymmetric grading tolerances, where the tolerance in
the transverse direction was one and a half times that in the circumferential direction. Figure 6-2
displays the POD vs. the tolerance in the circumferential direction, and indicates that a tolerance
of 10 mm (0.39 in.) in this direction (and 15 mm [0.6 in.] in the transverse direction) may be
sufficient to account for minor errors by the inspection teams in locating cracks. These tolerances
were used for the grading and analysis performed for Phase Il

As in Phase I, a manual review of the automated grading results was necessary to correct for any
large errors in the location of reported indications. In addition, about 60 reported indications (total
over all inspection teams) were assigned by the automated grading procedure to more than one
grading unit. This was a consequence of the larger grading tolerance, where indications located
between two cracks result in more than one detection when using the automated grading
procedure. Almost all of these multiple associations involved a crack and a surface feature, with
one exception that was associated with two cracked grading units. All instances of such multiple
detection were flagged by the automated detection algorithm and were manually corrected.
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Figure 6-2 Plot of POR vs. Grading Tolerance in the Circumferential Direction. The grading
tolerance in the transverse direction is 1.5 times that in the circumferential
direction.

6.4 Phase lll Results Summary

The previously described selection for grading tolerance, accompanied by a manual review and
correction of any errors, was used for analysis. The analysis quantified procedure performance in
terms of POD and determine the effect that certain important factors (COD, crack length, surface
irregularities or other surface features) have on POD.

A summary of these results is provided below, along with a discussion on the potential
implications and outcomes leading to Phase lll. A detailed summary of the results is included in
Appendix F.

6.4.1 General Findings from Phase lli

6.4.1.1  Effect of Secondary Review

A significant difference in the protocol used for Phase Il was the use of a team approach, where
an independent (albeit informed) review of the inspection results was performed by a secondary

analyst. The hypothesis was that the independent secondary review afforded opportunities to
improve the POD by catching any indications that may have been missed.



Evaluation of this effect required contrasting the performance of the primary and secondary
analysts. As described in Section 6.3.4, available data were categorized based on who
dispositioned an indication and the result of this disposition. Possible outcomes of dispositioning
by the analysts were: “Crack,” stating that the indication was a crack; “Not Crack,” stating that the
indication examined was not a crack; and “Re-inspect,” stating that the indication needed to be re-
examined.

Given the challenges with correctly dispositioning cracks located in surface features, and the
increased probability of a false call in surface features (as seen from Phase Il), we associated
each indication with one of the three possible regions—crack, SF, or blank material. A correct
disposition depends on the region the indication is in; an effective decision process will have
placed all the Blank or SF indications in the “Not Crack” category, causing false calls to be zero.
All cracks should fall into the “Crack” category, resulting in the highest possible detection
probability.

Using this categorization, the inspection results from the primary and secondary analysts
(aggregated over all teams) were analyzed, and the results shown in Table 6-7. Each row of this
table lists the final dispositioning by a secondary analyst, when the initial dispositioning by the
primary analyst was “Not Crack,” “Re-inspect,” or “Crack.”

Table 6-7  Disposition by Grading Unit Type

Final Disposition

Initial GU = Blank GU = Crack GU = SF
Disposition ~ Not Crack Crack Not Crack Crack Not Crack Crack
Not Crack 2 0 1 5 3 1
Re-inspect 4 1 1 1 1 0
Crack 12 17 6 273 9 15

The first line in the table identifies those indications that the primary classified as “Not Crack.” To
improve the results, the secondary analyst should have overruled the primary analyst for crack
indications, but confirmed indications in both blank and SF material. The data show that the
secondary did a fairly good job in this role; only two mistakes were made, one crack is left as “Not
Crack” and one SF was incorrectly dispositioned as a crack.

In the second line where the primary explicitly requested a review by the secondary and possibly
a re-inspection, we find that the secondary again made two incorrect calls (one blank
dispositioned as a crack and one crack dispositioned as not a crack). The final row of Table 6-7
summarizes instances where the initial dispositioning was as a crack. In these cases, the
secondary analysis resulted in 38 indications being incorrectly dispositioned. From these data, it
appears that a critical evaluation by the secondary analyst of indications dispositioned as a crack
may further detection performance.

Overall, however, this combined disposition procedure appears to be effective at reducing false
calls. Most of the indications identified by the primary analyst as a crack are correctly identified
(279 out of 287, or about 97%) after the final dispositioning. Of the 36 indications reported by the
primary analyst in blank regions, only 50% are incorrectly identified as having a crack after final
dispositioning by the secondary analyst. For SF material, the final disposition classifies about 55%
(16 out of 29) as cracked. These results indicate that this procedure reduces the false call



probability by about 50%, at the expense of reducing POD by about 3%. From these results we
see that there may be an opportunity to further improve performance by altering the decision
procedure so that more indications are correctly identified as false calls.

Table 6-8 presents recording and detection statistics using all inspection teams. If the
dispositioning procedure employed by the inspection teams was perfect, we would expect to see
that indications reported as a crack are indeed cracks, and that no indications are reported in
regions with surface features or in blank regions (i.e., POR(Crack)=POD(Crack), and
POD(SF)=POD(blank)=0).

Table 6-8 Recording and Detection Statistics for Types of GUs

POR PODP PODF
Crack 0.79+0.02 0.77+0.02 0.77+0.02
SF 0.13+0.02 0.12+0.01 0.10+0.01
Blank 0.05+0.01 0.04+0.01 0.03+0.01

One would classify the disposition procedure as ineffective when one could do as well by simply
guessing the disposition of each indication. In this case, we would expect to see that the fraction
of recorded indications that are classified as a crack is the same, regardless of whether the
recorded indication is in a region with a crack, region with surface features, or a blank region.
Mathematically, this corresponds to:

POD(Crack) POD(SF) POD(Blank)

- = (6-2)
POR(Crack) POR(SF) POR(Blank)

From the perspective of this criterion, the disposition procedure shows some effectiveness. For
example, POD(Crack)/POR(Crack) = 97% while POD(SF)/POR(SF) = 77%, demonstrating that
POD is reduced by 3% through the independent secondary review, while false calls (in SF) are
reduced by 23% through this process. In blank material, false calls are reduced by about 40%.

These numbers are in line with the raw totals listed in Table 6-7.

These results indicate that the secondary review’s principal contribution to detection performance
lies in the reduction of false calls. While the primary and secondary analysts were not allowed to
communicate with each other during the test, the secondary review and decision-making is not
completely independent, as the secondary analyst was provided with the initial dispositioning
results and the raw video data for use in the review. It is not clear to what extent the fact that a
secondary review was expected would have influenced the primary analyst’s decision making.
Phase Ill was not set up to extract this type of information. It is possible that the primary analysts
used a more stringent criterion for their analyses, if they assumed that an independent secondary
analysis that overturns many of the initial dispositioning may have negative consequences. On the
other hand, it is possible that the primary analyst used a less stringent criterion, assuming that the
secondary analysis would “fix” any mistakes. It is also possible that if the primary knew their
decision was to be the final decision (as it turned out in most instances), they might have
classified more indications as “not cracked,” and thus reduced the FCP more dramatically.

The current exercise was not designed to produce detailed evaluations of teaming efforts (under
multiple scenarios and options), and if deemed important, additional work in this area would need
to be performed to determine the effect on the overall inspection reliability for RVT.



6.4.1.2  Summary of Detection and False Call Rates

The POD and FCP using a grading unit tolerance of 10 mm (0.39 in.) in the circumferential
direction (and 15 mm [0.6 in.] in the transverse direction) are presented in Table 6-9. The results
in Table 6-9 are separated by inspection team, and the FCP values are presented for blank
material as well as for regions containing surface features. It should be emphasized that POD in
this section refers to the “final” POD (i.e., PODF as determined by the secondary inspector’s
disposition).

Table 6-9 POD, FCP, and FCRs by Vendor

Inspection FCP in Surface = FCP in Blank FCR (false
Team Code POD Features Material calls/meter)
ARLW 0.72+0.05 0.11£0.03 0.01+0.01 0.159+0.193
DCsSI 0.72+0.05 0.06+0.03 0.06+0.02 1.120+0.42
NBIE 0.85+0.04 0.13£0.03 0.02+0.01 0.319+0.249
TUQZ 0.80+0.05 0.10£0.03 0.03+0.02 0.638+0.331
YPJH 0.77+0.05 0.09+0.03 0.0210.01 0.319+0.249
All Teams 0.77+0.02 0.10+0.01 0.0310.01 0.510+0.128

The FCP in Blank Material represents a false call probability for a unit of material of 50 mm (2 in.)
in length.

From this table, teams NBIE and TUQZ appear to achieve the highest POD while also achieving
relatively low FCP. The “All Teams” row presents average performance over all participating
teams. On average, POD is seen to be about 77% with an FCR of 0.51 indications/ meter.

Comparing these values with those obtained from Phase Il (Table 5-8) on stainless steel
specimens, we see that the POD appears to have improved in Phase Il while the FCR has
appreciably decreased. These changes could be due to a number of reasons, including more
opportunities to practice prior to taking the test, improvements to inspection procedures, and the
use of a secondary review of the results from the primary analyst.

As described in Section 6.4.1.1, the secondary review appears to have played a major role in the
reduction of the FCP. Phase IIl was not set up to separate out the effects of procedure
improvements and additional practice. However, the combined effects of inspection procedure
improvements and additional opportunities to practice on representative specimens should
manifest as an improvement in POD for cracks regardless of size and location. Below, we discuss
additional analyses to assess the variations in POD as a function of crack size and location.

6.4.1.3 POD Analyses

As in Phase II, POD curves were computed using a regression curve fit to the data, and again, a
logistic regression model that incorporated the FCP was used. The data indicated that COD, and
not length, had a stronger influence on the POD (Appendix G). However, for completeness, POD
as a function of both COD and length were computed.

While the results presented in this section utilize the logistic regression model, other regression
models were also evaluated using Phase Il data. This was done primarily to address concerns



that the models being used in Phase Il and Phase Il may not have been adequate to model the
available data across the full range of COD and length values. Some details of this evaluation are
presented in Appendix F, while a more comprehensive assessment (including unconventional
regression models such as the Box-Cox model) is presented in Appendix G.

These assessments indicated the following:

¢ The logistic regression model used was adequate to fit the data over the entire range of COD
and length values.

o While the logistic regression model may under-represent the POD for large cracks, this effect
is small and has no appreciable effect on the crack COD or length that can be detected with
an 80% POD at a 95% confidence level.

¢ Alternative models that force the POD to go through zero for small cracks may be capable of
also representing the POD over the entire range of crack COD and lengths; however, such
models cannot take into account the FCP.

e The goodness of fit of both types of models is similar for the data from Phase III.

¢ Alternative models (such as the Box-Cox model) may be capable of higher fidelity
representation of the POD at both the low and high end, while incorporating the FCP into the
calculation. However, the difference in estimated POD for the Phase Ill data was small, with
no appreciable difference in the crack COD or length that can be detected with an 80% POD
at a 95% confidence level.

As a result, using the logistic regression model, the average POD curve as a function of COD,
along with 95% confidence bounds and diagnostic plots, are presented in Figure 6-3 and may be
compared to Phase Il results. Similar results, as a function of crack length, are shown in

Figure 6-4.
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Figure 6-4 POD vs. Flaw Length

The diagnostic plots presented in Figures 6-3 and 6-4 show the data vs. the curve fit. Each “data
point” represents a crack, with detection achieved by the five vendors. Each data point is
surrounded by 95% confidence bounds and a point that does not fit would be indicated by a value
whose bounds do not intersect the fitted curve. There are no such points (cracks) in the COD
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curve fit, but there are such cracks in the length fit. For the length fit, note the cracks at 8, 19, 30,
and 55 mm (0.315, 0.75, 1.2, and 2.165 in.). It is these cracks that diminish the goodness of fit
(GOF) for the POD vs. length model.

It is important to note that the “poor” fit of the length model is not due to any deficiency in the
regression model form, but due to crack-to-crack variations in detectability that cannot be
accounted for by the variable crack length. Therefore, this POD model provides the best
description of POD vs. length for this set of cracks.

Analyses also indicated that in Phase lll, individual teams had fairly similar POD curve
performance (Appendix G). The outlier is vendor DCSI, with a higher FCP and lower POD for
large cracks. Because the five teams are so similar in their performance, we can conclude the
RVT inspection protocol is achieving consistent performance.

Finally, Tables 6-10 through 6-13 present the crack sizes associated with a POD of 80%

(Tables 6-10 and 6-12) and a POD of 90% (Tables 6-11 and 6-13) as these values of POD are
generally considered reasonable target values for evaluating acceptable performance (Berens
2000; Generazio 2008; Annis et al. 2013). The tables also contain upper and lower bounds for the
crack size estimates. From these tables, we see that 80% POD is reached at a COD of about

25 microns (0.001 in.) and length of approximately 19 mm (0.75 in.), while the 90% POD is
reached at a COD of about 28 microns (0.0011 in.) and length of approximately 23 mm (0.91 in.).
The confidence bounds presented here reflect crack sizes for a POD of 80% or 90%, at
confidence levels of 2.5% and 97.5%. Similar bounds may be computed to reflect crack sizes at
confidence levels of 5% and 95%. From the data presented here, the crack sizes for a POD of
90% at a confidence level of 97.5%] referred to as the 90/97.5 crack size or asers (Berens 2000)
are seen to be a COD of approximately 33.61 microns and a length of approximately 27.5 mm.

Table 6-10 Estimate of Crack Size (COD) Associated with 80% POD for Each Vendor.
Bounds are 95%.

Lower Bound, Flaw Size, Upper Bound

Case pum* um* (as0e7.5), pm™
ARLW 23.9 27.4 32.6
DCsI 24.8 29.3 36.3
NBIE 19.0 224 27.2
TUQZ 20.1 235 28.5
YPJH 20.8 24.0 28.6
All 23.0 254 28.4

*To convert microns to inches, multiply microns by 0.00004.




Table 6-11 Estimate of Crack Size (COD) Associated with 90% POD for Each Vendor.
Bounds are 95%.

Lower Bound, Flaw Size, Upper Bound

Case um* um* (asor97.5), pm*
ARLW 27.5 31.6 38.2
DCSI 29.7 35.2 44.0
NBIE 22.8 26.4 32.5
TUQZ 23.7 27.7 33.9
YPJH 24.0 27.7 33.4
All 27.0 29.9 33.6

*To convert microns to inches, multiply microns by 0.00004.

Table 6-12 Estimate of Crack Size (Length) Associated with 80% POD for Each Vendor.
Bounds are 95%.

Lower Bound, Flaw Size, Upper Bound
Case mm (in.) mm (in.) (a90i97.5), mm (in.)
ARLW 17.1 (0.67) 19.9 (0.78) 24.3 (0.96)
DCsI 17.4 (0.69) 21.0 (0.83) 27.0 (1.06)
NBIE 12.9 (0.51) 15.2 (0.60) 18.5 (0.73)
TUQZ 16.3 (0.64) 19.6 (0.77) 24.9 (0.98)
YPJH 17.1 (0.67) 20.4 (0.80) 25.7 (1.01)
All 16.7 (0.66) 19.2 (0.76) 22.7 (0.89)

Table 6-13 Estimate of Crack Size (Length) Associated with 80% POD for Each Vendor.
Bounds are 95%.

Lower Bound, Flaw Size, Upper Bound
Case mm (in.) mm (in.) (@90i97.5), mm (in.)
ARLW 20.0 (0.79) 23.4 (0.92) 29.0 (1.14)
DCsI 21.0 (0.83) 25.5 (1.00) 33.1 (1.30)
NBIE 15.3 (0.60) 18.0 (0.71) 22.2 (0.87)
TUQZ 19.7 (0.78) 23.8 (0.94) 30.7 (1.21)
YPJH 20.5 (0.81) 24.6 (0.97) 31.4 (1.23)
All 20.0 (0.79) 23.1 (0.91) 27.5(1.08)

A comparison with Phase Il indicates an overall improvement in the POD curves as a function of
both length and COD. This is consistent with the observed improvement in the overall POD
described in Section 6.4.1.1, and is likely due to one or more of the same factors described
earlier.



6.4.1.4 Detection Performance as a Function of Other Variables

Phase Il results had indicated difficulty in detecting cracking if there are other surface features
nearby. These features could include scratches, grind marks, or other factors that may limit
visibility of the crack, such as proximity to the weld toe.

To determine if the procedural and protocol changes in Phase Il produced an observable change
in any of these factors, these same factors were further evaluated using the data from Phase Ill.
The evaluation is presented with categorical tables that display POD (as a percentage) and a
standard deviation of the POD estimate. As in the analysis of Phase |l data, the standard
deviation estimates presented here are a function of the sample size (number of grading units).
These tables do not consider crack size, and might therefore lead to incorrect conclusions if the
crack sizes of the different categories of cracks differ greatly. These tables are meant only to
provide an overview of the effect of these variables.

Table 6-14 presents POD by inspection team and crack orientation. Except for team NBIE, the
POD for circumferential cracks is slightly greater than that for transverse (axial) cracks. In fact, if
the results from all teams are combined (presented in the “All Teams” row of the table), we see
that axial and circumferential POD differ by only 3 percentage points, which is within the standard
deviation (shown in Tables 6-14 through 6-17 as error bars against each quantity). Note that the
standard deviation when accounting for all teams is smaller than those computed for individual
teams; this is largely due to the larger sample size when data from all teams is combined.

Table 6-14 POD (%) of Axial/Circumferential Flaws by Vendor

Inspection Team Transverse Circumferential
ARLW 65111 7516
DCSI 7010 7316
NBIE 9516 8215
TUQZ 75110 8215
YPJH 7010 8015
All Teams 754 7812

Table 6-15 presents PODs for different crack locations. From the “All Teams” row, there is weak
evidence that cracks in surface features are harder to detect than cracks at the other locations.
There is no evidence that RVT on ground welds behaves any differently than on unground welds,
or that detection in the HAZ is different than these other two locations.



Table 6-15 POD (%) of Flaws in Different Locations: in Ground Weld, in HAZ, in Surface
Feature, and in Unground Weld

In Surface Unground

Ground Weld HAZ Feature Weld
ARLW 80+19 75+7 65110 73114
DCsSI 80+19 7248 65110 82+12
NBIE 100£12 8316 7819 10016
TUQZ 80+19 8316 7010 9110
YPJH 80+19 8117 7010 82+12
All Teams 8418 7943 7014 8515

Tables 6-14 and 6-15 are similar to tables presented in Phase Il and can therefore be used to
compare Phase Il performance with Phase Ill. Such a comparison indicates an overall
improvement in the detection of transverse cracks and a slight improvement in detection
performance in the presence of surface features.

Tables 6-14 and 6-15 do not account for any relationships that might exist between crack
orientation and locations. For example, all axial cracks are in weld crowns. Table 6-16 presents
the effect that orientation and location jointly have on POD. These results indicate that transverse
cracks are hardest to detect when in a surface feature (POD is reduced from about 84% to 48%).
For circumferential cracks, HAZ and surface feature locations produce about the same POD,
while cracks in the weld have a higher POD.

Table 6-16 POD (%) of Flaws in Different Orientations/Locations

A: Ground  A:In Surface A: Unground C: In Surface C: Unground
Weld Feature Weld C: HAZ Feature Weld
ARLW 80+19 40122 70115 7547 72411 100443
DCsI 80119 40122 80113 7248 72411 100443
NBIE 100£12 80+19 1007 8316 78+10 100443
TUQZ 8019 40+22 90+11 8316 78110 100443
YPJH 80+19 40122 80+13 81+7 78110 100+43
All Teams 8418 48+10 8415 7943 7615 100+12

Table 6-17 presents the effect of weld crown edge (toe) on POD. As seen from Phase II,
circumferential cracks on the weld crown edge were somewhat difficult to detect. Analysis in
Phase Il indicates that this challenge was not addressed through the procedure and protocol
changes that were implemented, and that cracks on the toe of the weld continue to present a
challenge for visual examinations.
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Table 6-17 POD (%) of Circumferential Flaws on Weld Toe

Not on Weld On Weld

Toe Toe
ARLW 7916 58+14
DCSI 7916 50+14
NBIE 8416 75113
TUQZ 8815 58+14
YPJH 8615 58+14
All Teams 833 696

6.4.1.5  Recorded Data and Video Quality Degradation

Phase lll included a resolution check step where the inspection teams were asked to record video
of an Air Force Resolving Power Test target (Figure 6-5) (DoD 1959). Simultaneously, an
independent analyst from EPRI was asked to review the live data and quantify the resolution in
both the horizontal and vertical directions, by identifying the smallest line pair that could be
resolved. The same analyst was then asked to review the recorded data from this test target and
identify the smallest line pair that could be resolved.
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Figure 6-5 Sample Image of a 1951 U.S. Air Force Resolving Power Target (Cumblidge et al.
2007)

The resulting data from this subjective test indicated that no significant degradation in recorded
video quality existed. This result contradicted the observations from previous phases of this
research and the reason for this apparent disconnect is not entirely clear. Possible explanations
include:

¢ The observed data from previous phases indicated that the degradation in recorded data
quality depended on the surface texture of the specimen, with the greatest degradation
observed with the ceramic specimens. The resolution target used, on the other hand, was
fabricated on clear glass allowing for an excellent test of resolution but without the
accompanying complexity of specimen surface texture.

e The amount of data quality degradation (subjectively evaluated) in previous phases appeared
to be a function of the camera systems used. This may point to the possibility of changing the
level of compression used within the recording software. It is not clear how the systems (and
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software) that were used in Phase Il compared with those used in previous phases, and
whether any changes that were made to the Phase Il instruments played a role in the
observed data quality.

We should note that the data quality from the test specimens in Phase Il did not show any clear
evidence of degradation. This is also in line with the observed data quality from stainless steel
specimens in Phase | and I, although the recorded data quality from ceramic specimens in
Phases | and Il showed a clear degradation when compared to the live data.

All of this points to the need for a more rigorous assessment of this issue in the future, through the
use of resolution targets that are etched (or otherwise mounted) onto specimens that display the
necessary surface texture. Even without these studies, the end users of these systems should be
aware of possible data quality issues with the recorded data and account for these issues in the
inspection plan and procedures.
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7 DISCUSSION

The three phases of research under this assessment led to several insights on the use of RVT for
IVVI. Discussions with participants also provided context and identified areas where the findings
may be leveraged in a relatively short time frame. These insights and opportunities are described
below.

7.1 Comparison of Phase Il and Phase lll Results

Phase Il generally showed improved results, in terms of POD and FCP, when compared to
Phase Il. The crack parameters for reliable detection improved (smaller CODs, smaller lengths
were detected at the 80% POD level) in Phase Il when compared to Phase Il. This appears to be
the result of a combination of procedure improvements and the use of additional practice
specimens with multiple flaws. The use of a secondary analyst, while helpful in reducing false
calls, did not help improve the POD.

7.2 Reliability of RVT for IVVI

Insights around the reliability of RVT for IVVI may be broadly categorized into the following areas:
7.21 General Comments and Observations

¢ In a few cases, indications in the close vicinity of flaws were called by an inspection team, but
it was not always clear whether the flaw had been detected, or some other surface feature
next to the flaw was detected. Where possible, manual review of the raw video feeds was
used to assist in resolving this question. In instances where this was not apparent even with
manual review, the operator was given the benefit of the doubt in this study by assuming that
the crack had been detected. From the data and discussions between PNNL, EPRI, and some
of the inspection teams, it was not clear whether this is an issue in actual field examinations.

o For the procedures and specimens used in this study, COD appeared to have a larger effect
on detection performance than crack length.

¢ In general, the data from the three phases of study indicate generally reliable detection (80%
POD at 95% confidence) for flaws with COD above approximately 25 micron (0.001 in.).
Similarly, flaws with length above approximately 20 mm (0.8 in.) appeared to allow for reliable
detection using the improved RVT procedures. Note that flaw length and COD are somewhat
correlated, and therefore the influence of one on the other needs to be fully accounted for
when assessing performance. It is also worth noting that, while smaller COD is usually also
associated with shorter cracks, limited studies have shown that the relationship between COD
and length can be poor for some forms of degradation (Cumblidge et al. 2004). Indeed,
operationally, it is possible that crack closure (due to external or internal loads) may occur for
deep internal surface cracks in thick walled piping during shut down periods (Wale and
Ekstrom 1995); such conditions may influence the COD and length relationship and influence
the ability to detect cracking.

o FCP cannot be ignored when evaluating detection performance. In many important situations,
such as clean vs. scratched material, the difference is not in POD, but FCP.

o Acceptable or critical flaw sizes are still unknown and will depend on the specific component
and plant.



¢ One interesting observation was that documentation errors existed in the data. These
generally took the form of transcription errors or other errors in documenting the location of
cracks by the inspection teams. It is not clear whether this may have been the result of the test
protocol and documentation data sheets that were used, and how the observed
documentation error rates might compare with field practice. The general consensus, based
on discussions between PNNL and EPRI, was that these types of errors in the field may be
identified and fixed during the several iterations of review during typical field examinations. As
a result, this line of enquiry was not pursued further within this study.

7.2.2 Specimens and Flaws

e The data seemed to indicate that surface textures similar to those in the stainless steel
specimens were more difficult to inspect than surface textures represented by the ceramic
specimens in Phase Il. However, a complicating factor here was the use of different flaw
fabrication methods for the stainless steel which used fatigue cracking and ceramic specimens
with laser-cut notches. The limited data from Phase | indicated that laser notches were
somewhat easier to detect than fatigue cracks, given the same type of specimen surface
texture. This could be due to the inherent limitations in fabricating laser notches with small
COD as well as the heightened contrast between notches and any background texture.
Together, these findings point to the need to use realistic flaw fabrication methods for training
and evaluation of RVT performance.

e Surface features, such as scratches or grind marks, appeared to have the major effect of
increasing FCP but not necessarily decreasing POD. This may incorrectly indicate that
evaluation methods for discriminating between cracks and non-crack surface features are
potentially sufficient. However, the overall POD for cracks in these regions was lower than that
for cracks in clean (i.e., no surface features) regions, indicating the need for improved
guidance in examination procedures for discriminating between cracks and non-crack surface
features. This issue is further discussed in the section on examination procedures.

¢ Surface features that mask the crack or otherwise make it difficult to view and the ability to
apply lighting at an appropriate angle will significantly challenge RVT detection performance.
This is particularly true for cracks at or near the weld toe. While supplementary guidance,
practice, and auxiliary lighting seems to help improve detection in many of these cases, the
weld-toe region appears to be particularly challenging and may be a limiting case for the use
of RVT.

¢ Based on feedback from some of the inspection teams, the specimens used in Phase Il and
Phase IIl appeared to be representative of field conditions, in both surface texture and the use
of realistic cracks. These teams expressed an interest in using similar specimens for training
purposes.

7.2.3 Cameras and Instrumentation

e The three phases of this research study indicated that overall, different camera systems
appeared to be capable of similar detection performance. Clearly, there are differences
between the different camera systems that were used by the participating teams. However,
many of these are related to camera features such as pan-tilt-zoom vs. tube type, color vs.
black and white, standard resolution vs. high definition, etc. Other factors in selection of
camera systems are ease of component access and radiation tolerance.

¢ One concern was the potential for degradation of video quality when dealing with compressed
video recordings, based on Phase |, and to a limited extent, Phase Il data. The use of
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compression is generally an advantage when dealing with the storage and transmittal of large
amounts of video. Several video compression standards (such as MPEG-4) exist and appear
to be used by most RVT camera vendors. However, compression algorithms may result in the
loss of some types of information, especially in cases where the texture content of images in
the video is somewhat low. In the present study, this issue appeared to be particularly
problematic with the ceramic specimens and was likely a result of the specific texture used for
the specimen surface. Data collected during Phase lll using a resolution standard did not
indicate a significant difference between live and recorded data quality. However, the
compression settings for recording appear to be tunable (this was not specifically examined
during this study), and it is possible that these settings may change from inspection to
inspection in the field. As a result, end users of this technology may need to take appropriate
action to ensure that a significant change in recorded data quality does not occur from
inspection to inspection, and enables robust analysis from the recorded data.

¢ Auxiliary lighting (for the most part, diffuse lighting) appeared to be used extensively for
evaluation and re-inspections and in some instances during the scanning process. While the
improved detection performance in Phase Ill cannot solely be attributed to the use of auxiliary
lighting, based on a review of selected video data, it is likely that the use of auxiliary lighting
was beneficial overall.

7.24 Examination Procedures

¢ Field inspection procedures, based on a review of selected procedures, appeared to provide
considerable flexibility to the inspector in terms of choice of equipment and its use for crack
detection. In general, such flexibility is beneficial as it allows the inspector to adapt to
conditions “on the ground,” and does not inadvertently contribute to reduced detection
performance by being overly prescriptive. However, the extreme flexibility provided by current
procedures ensures that the inspection result is dependent on the skill and experience of the
inspector.

In such cases, past experience with NDE in both nuclear and non-nuclear industries has led to
mechanisms for ensuring that different inspectors have some minimum skill level that is
considered acceptable. Several approaches to addressing this question may be possible. The
data from this assessment point to one possible method, so-called “guided practice,” for
addressing this issue that uses realistic specimens and flaws, along with supplemental
guidance on evaluating and dispositioning indications, for training and level-setting of
inspection skills. A more robust approach might be through performance demonstration, as
defined in ASME Section V Article 14 (ASME 2015b), for RVT systems including equipment,
procedures, and personnel.

e The use of secondary analysis in typical field-applied inspection procedures appears to help
reduce false calls. In the tests conducted within this study, secondary analysis did not appear
to change the POD but was able to confirm that the right component was examined and that
inspection coverage of the component was sufficient. Given that the protocol included the
ability to perform re-examinations as in the field (albeit, in Phase Ill, on a limited set of
indications given time constraints), the potential for secondary analysis to boost POD appears
to be limited. Note that Phase Il of this study examined a specific scenario wherein the
secondary analyst conducted a review of the primary analyst’s results but was not allowed to
consult with the primary analyst during the primary or secondary review. Data from this study
does not reveal whether joint analysis of the inspection data would help in improving POD.
Such studies will need to be conducted using human factors approaches that the present
study was not designed to perform.



7.2.5 Other Factors (including Human Factors)

¢ While the different teams appeared to have similar detection performances, one team had a
significantly lower detection rate in Phase Il. The reason for this difference was not apparent in
the data but could have been due to multiple factors, including perceived time pressures,
stringent detection thresholds, or any of a number of other factors. As a result, the detection
performance of this one team should not be considered to be typical for in-field inspection,
even though one or more such factors may influence typical in-field inspection as well.
Instead, the results from this assessment, specifically the generally similar performance in
Phase lll, should be considered a baseline (and possibly an upper bound) from which
performance for typical field inspections can vary as other factors are incorporated.

As discussed in the previous section, guided practice using representative specimens, flaws
and surface features, with truth information provided to the inspection team appears to be
useful in ensuring a minimum level of performance. This finding appeared to be reinforced by
the results from the training effect seen from multiple tests in Phase | and in Phase Il where
the use of guided practice specimens, in combination with other procedure improvements,
appeared to improve the performance from Phase II.

¢ The value of supplementary guidance on evaluating potential indications was not clear from
the data. Much of the supplementary guidance appeared to repeat information that was
apparent to the inspectors, and the inspection team generally did not refer to the guidance
during the Phase lll test. As a result, a possible value of the supplemental guidance may have
been as a tool for reminding inspectors of best practices.

7.3 Expected Consistency of RVT Inspections in the Field

A major question is the applicability of the results from this assessment to RVT inspections in the
field to quantify POD and FCR in typical field inspections. Extrapolating the results to a typical field
inspection is a challenge and will require augmenting the data with quantities such as the surface
feature density in field components and FCRs in the field. There is also an open question with
respect to the effect that deployment systems (rope/pole or robotic systems) will have on the
POD. Given these open questions, some of which are difficult to quantify in a laboratory setup, the
results reported in this document should be considered as a mechanism to help identify factors
that may influence the POD and FCR in a field examination. Given that the assessment indicates
improvements in POD can be obtained through specific actions, such as better training, these
actions should be considered for implementation with the expectation they will lead to
improvements in field inspection performance.

A related question is the required POD and FCR for field inspections. Answering this question
requires addressing the unresolved issue of acceptance criteria for flaws. As discussed in
previous sections, such information is plant and component specific, and often proprietary to the
plant. Limited studies seem to suggest that for certain components such as core support
structures, the acceptable flaw dimensions are large enough to be reliably detected using EVT-1
(Nickell and Rashid 2001). However, the present assessment did not address this question and
the results presented should be considered as a means to identify factors, such as the presence
of surface features, crack adjacency to the weld toe, or other geometric/physical features that
impact optimizing lighting and viewing angles, that may limit the ability to detect cracks in specific
components. A better understanding of these factors can lead to potential improvements in RVT
instrumentation as well as in the appropriate selection of other inspection methods (such as UT)
that may provide the necessary sensitivity for specific components.



7.4 Unresolved Items

As discussed in Sections 3 and 4, several variables that may affect RVT performance were not
explicitly controlled during the assessment. These include:

o Oxide build-up on internal components

Thermal distortion of video images

Water currents and clarity

Radiation effects on camera video quality

Limits on accessibility, viewing angle, and lighting

Camera delivery systems

Personnel qualification levels.

All of these factors are expected to impact RVT performance, but to different levels. Further, the
impact of some of these factors may be limited by procedures used in the field; as a result, further
studies on those factors are not considered a high priority at this time.

RVT performance relative to other NDE methods is also an unresolved item. This evaluation was
intentionally deferred until after this assessment was completed as a quantitative evaluation of
RVT in lieu of other NDE methods (such as UT) was not possible until these data were available.

Potential uses for VT-1 (and potentially VT-2 and VT-3 examinations) seem to be increasing, with
proposed use of these methods to inspect spent nuclear fuel dry storage canisters, and for
advanced reactors (liquid metal and high temperature gas reactors). As small modular reactors
come on line, it is expected that VT in general (and RVT in particular) may also play a role in
assuring the integrity of components. However, these newer applications appear to bring
additional challenges with respect to types and location of cracking, access restrictions, and
cracking precursors, that may or may not challenge existing instrumentation and procedures, and
may require additional skills-development and capability assessments for RVT inspection teams.
Proposed automated analysis techniques for RVT are also likely to become commonplace. Such
techniques were discussed during the development and conduct of this assessment, but were
ultimately not included as the technology was not deemed to be sufficiently mature.

These developments in RVT technology and anticipated challenges in applying VT to different
systems point to the need for continued evaluation of the capability and effectiveness of the
inspection technology. Given these developments, it is also likely that there may be a renewed
push to use VT over other NDE techniques (and indeed, it may be the only option in some cases).
As a result, it may be appropriate for future work to include studies that benchmark the
performance of VT with respect to other NDE methods, targeted for specific components and
cracking mechanisms.






8 SUMMARY AND CONCLUSIONS

Remote visual examination or RVT is a commonly used NDE method for inservice inspection of
reactor internals to detect cracking and gross component failures. A major open question with
regard to the use of RVT is the reliability of remote visual examination. This report described the
results of an assessment conducted for the purpose of determining the reliability of RVT.

A series of RRTs were conducted to identify factors affecting RVT reliability and to quantify the
POD as a function of these factors. These studies showed that COD is a major factor in the
reliability of crack detection using commercially applied RVT procedures, with crack length being
less impactful. Practically, the results imply that RVT detection is heavily dependent on the
contrast produced by the crack opening for a given COD. Conversely, while crack length appears
to positively correlate with detection probability, the correlation appears to be weak. This result, in
turn, implies that crack detection using RVT is increasingly less reliable as the COD decreases,
particularly below about 25 microns (0.001 in.). Note, however, that unreliable detection is not the
same as no detection, it simply means that the probability that the crack will be detected every
time is low.

The assessment also reinforced earlier findings regarding the importance of lighting in RVT
detection, and appeared to reinforce other studies that find improved reliability when using
multiple inspectors or independent analysts. This specific issue was not thoroughly studied, given
that it would require a well-designed human factors analysis.

The results also point to the importance of training, especially with specimens that mimic the
specimen conditions likely to be found in the field. Procedures that explicitly describe the decision
process may be helpful as a reminder to the experienced analyst when it comes to discriminating
between a reportable indication and one that is not reportable (i.e., is likely a surface feature).

Intuitively, RVT will be challenged when cracks are in the vicinity of other surface features such as
scratches or weld ripples, or close to the toe of welds where shadowing and/or the presence of
weld undercuts may complicate the ability to detect cracks. These hypotheses were supported by
the results from Phases Il and IIl and point to some limitations of RVT.

Based on the findings, and the limitations of the studies, the following recommendations are made
(in no particular order of importance):

o RVT procedures should be updated to include additional details on performing the inspection
and guidance for discriminating between cracks and non-cracks. While this information may
be ingrained in experienced analysts, such information may be helpful as a reminder for all
analysts. This is particularly important as, in many cases, the camera systems used in this
assessment were observed to be capable of imaging the cracks. In such instances, a missed
detection is almost certainly due to the decision processes for discriminating between cracking
and non-cracking.

e Specimens that mimic the surface conditions and types of cracks likely to be encountered in
the field should be used for training purposes prior to inspection teams performing field
examinations.

¢ The limitations of RVT should be in the forefront when planning or analyzing data from an
inspection. Consideration should be given to the use of alternate techniques for inspecting
challenging areas such as weld toe regions.



The applicability of RVT should be determined in close conjunction with the development of
crack acceptance criteria specific to the components being inspected. In many cases, it is
likely that large cracks can be tolerated, such as in the case of a core shroud in BWRs; in
these cases, the reliability of RVT should be sufficient to detect these well before failure of the
component. In other instances where much smaller cracks need to be detected, the specific
circumstances associated with the component (environment, minimum detectable flaw size,
impact of missed detection, etc.) need to be considered prior to the application of RVT.

It is likely that the camera deployment systems used will affect the overall reliability. This
needs to be better quantified.

Advances in RVT technology, such as HD cameras and automated image analysis algorithms,
should be evaluated to determine if they can help further improve the reliability of RVT.

The condition of the surface (surface texture, patina, oxide, or other deposits) may be
important in detection. As discussed earlier, it is likely that surface texture plays a role in the
clarity of recorded data, and limited data were obtained to evaluate the effect of patina on
detection. However, this assessment did not extensively evaluate these factors, nor did it
evaluate the effects of deposits and the effectiveness of cleaning procedures. These factors
need to be better quantified.

While a review of the detection results by a secondary analyst appeared to be effective at
reducing false calls, this research was not set up to thoroughly evaluate the possible benefits
of teams of inspectors or analysts. A further evaluation of these factors using well-controlled
and well-designed human-factors studies will be needed for better quantification of the
benefits of inspection teaming efforts.
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APPENDIX A PHASE Il PROTOCOL

A1 Summary

The Remote Visual Round Robin Test (RV-RRT) comprises a study of the performance of remote
visual non-destructive examination (NDE) techniques currently used for In-Vessel Visual
Inspections (IVVI). The Round Robin inspections are intended to provide an assessment of
commercially applied procedures using blind inspections.

The project will focus on inspections in the welded region of large components (using flat plates
with simulated welds). The study will assess crack detection and discrimination, where
discrimination means distinguishing between cracks and non-relevant surface features.

The project time schedule for completion of the round robin testing is first quarter of 2013.

This document describes the scope, prerequisites, organizations, and rules for the RV-RRT.
A.2 General

A21 Scope of Remote Visual (RV) Round Robin Test (RRT)

The purpose of this PROTOCOL document is to describe the scope, prerequisites, organizations,
and rules for RV-RRT.

The NRC, in cooperation with EPRI, is conducting an evaluation of the reliability of remote visual
testing (EVT-1) currently used for IVVI. A limited round robin test was conducted during Phase | of
this evaluation. The results of the Phase | test, along with a subsequent parametric study, were
used to design a more extensive Phase Il round robin test (designated as the RV-RRT in this
document).

The RV-RRT comprises a study of the effectiveness of remote visual non-destructive examination
(NDE) techniques currently used for IVVI. The Round Robin testing is intended to provide an
assessment of commercially applied examination procedures using a blind testing methodology.
The goal is to assess the performance of currently used procedures with qualified personnel. The
results from the RV-RRT will be used to identify areas for future improvement, if needed.

The project will focus on remote visual inspections in welded regions, using flat plates with
simulated weld crowns. The study will assess crack detection and discrimination, where
discrimination means distinguishing between cracks and non-relevant surface features.

The RV-RRT will be carried out as a coordinated effort between PNNL and EPRI, with
participating inspection teams from the United States (U.S.) with direct field experience with in-
vessel visual inspection (IVVI) in nuclear facilities.

A.2.2 RV-RRT Objectives

The goal of the Remote Visual Round Robin Test is to assess the performance of commercially
applied examination procedures with qualified personnel and identify areas for future
improvement, if needed.



The Remote Visual Round Robin Test has the following objective:

¢ Identify and quantitatively assess remote visual examination techniques for detecting and
characterizing flaws in test specimens.

— Evaluate commercially applied inspection procedures for their effectiveness

o Quantify procedure performance in terms of probability of detection (POD) and
determine the effect that certain important factors have on POD. Important factors for
Phase Il include:

e Crack opening dimension/displacement (COD)
e Crack length
e Crack detection in the presence of surface irregularities or blemishes

A.2.2.1  Expected Outcomes

The RV-RRT data are expected to provide a better overall understanding of the performance of
commercially applied remote visual examination procedures and the critical factors that affect the
performance.

In addition, from the RV-RRT data, be able to calculate the following:
e POD curves for each participating inspection team as a function of flaw size (COD and
length).

e If the results from more than one team can be grouped (for instance, if the examination
procedures utilized allow such grouping), POD curves will be created for these groups.

e POD curves for the different types of test specimens present in test.
e |dentification of significant differences in POD related to important variables:
— Examination procedure, test specimen type, flaw type, and orientation.

— Evaluation of false call probability (FCP).
A.2.2.2 Limitations

The test specimens used in this round robin (and described in Section A.2.6) represent welds
similar to that found in some reactor internal components. The specimens represent two specific
colors (patina) in reactor internals (natural stainless steel and reddish tints) and may not be
representative of the diverse color variations of internals surfaces. The effect of other
configurations and surface conditions on test results is beyond the scope of this round robin.
Finally, the RV-RRT is not designed to assess certain variables that may impact detection
performance in remote visual testing. These are:

¢ Lighting options

Oxide build-up on internal components

Thermal distortion

Water currents and clarity

Radiation effects on camera video quality

Limited accessibility (component configurations and camera size)



e Monitors and camera systems
o Camera delivery systems
¢ Personnel qualification levels

e The angle of view limits for Code VT-1 exams
A.2.3 RV-RRT Project Organization

NRC Program Manager:

Wallace E. Norris

U.S. Nuclear Regulatory Commission
RES

Washington, DC 20555-0001 USA

Industry Steering Committee Chair:
Chuck Wirtz

First Energy

USA

RV-RRT Project Contact Persons:
Dr. Pradeep Ramuhalli, PNNL

P.O. Box 999, MSIN K5-26
Richland, WA 99352 USA

Phone: 509-375-2763

Email: pradeep.ramuhalli@pnnl.gov

Michael T. Anderson
Scientist/Engineer

P.O. Box 999, MSIN K5-26
Richland, WA 99352 USA

Phone: 509-375-2523

Email: michael.anderson@pnnl.gov

Jeff Landrum, EPRI

1300 West WT Harris Blvd
Charlotte, NC 28262
Phone: 704-595-2553
Email: jlandrum@epri.com

John Lindberg, EPRI

Program Manager — NDE Innovation
1300 West WT Harris Blvd.
Charlotte, NC 28262

Phone: 704-595-2625

Email: jlindberg@epri.com

Industry Steering Committee:

e Chuck Wirtz, Chair Ad-Hoc Committee — BWRVIP, First Energy
e Tim Wells — MRP IIG Chair, Southern Nuclear


mailto:pradeep.ramuhalli@pnnl.gov
mailto:michael.anderson@pnnl.gov
mailto:jlandrum@epri.com
mailto:jlindberg@epri.com

Mark Huting — NDE IC Chair, Xcel Energy

Marc Brooks — NDE IC, Detroit Edison

Harry L. Smith — APC 4, Exelon

Rich Ciemiewicz — BWRVIP, Exelon

Dan Nowakowski — MRP ITG, NextEra

Tony Oliveri — APC 4, Public Service Electric and Gas
Jeff Landrum — EPRI

Jack Spanner — EPRI

John Lindberg — EPRI

Greg Selby — EPRI

Test Administrators:

PNNL — Dr. Pradeep Ramuhalli
EPRI — Jeff Landrum

EPRI — Chris Joffe

EPRI — John Lindberg

EPRI — Jonathan Buttram

A.2.4 Inspection Teams

The following inspection companies/teams are participating in the remote visual round-robin test.

Company Team Comments/Notes

Companies: AREVA Team 1
Contact persons:

Companies: Westinghouse Team 1
Contact persons:

Companies: WesDyne Team 1
Contact persons:

Companies: GE Team 1
Contact persons:

Companies: IHI Southwest Team 1
Contact persons:
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Figure A-1 Preliminary Schedule for RV-RRT (Updated: January 2012)
A.2.6 RV-RRT Specimen Information

A.2.6.1 Test Objects

Category Typical Weldment Comments/Notes
Ceramic Flat Plates Butt weld Simulated welds. Specimens have surface
features such as tooling marks and scratches.
Stainless Steel Flat Butt weld Simulated welds. Specimens have surface
Specimens features such as undercut, grind marks, tooling

marks, and scratches.

The RV-RRT will consist of a sufficient number of cracked and blank grading units to enable
calculation of POD and associated confidence bounds.

The specimens will be rectangular plates (dimension varies) of stainless steel or ceramic material
with a simulated weld crown. The specimens will be clean, but not shiny, for the inspections. No
additional cleaning of the specimens will be allowed.



A measuring scale will be etched, taped, or otherwise mounted on the specimen to assist the
inspector in recording the location of any detected cracks.

Each sample will be labeled using a unique identifier (ALIAS name) that will be visible to the
inspector.

Note: Unless there are mitigating circumstances, as approved by the test administrator,
participating teams must examine all test specimens provided.

A.2.6.2 Inspection Region

The region of interest will be the base materials adjacent to, and including, the simulated weld on
both the upstream and downstream sides. The inspection region will be identified for each
specimen.

A.2.6.3 Defect Specification

The expected degradation mechanisms in internals components are stress corrosion cracking and
fatigue cracking. The test specimens will have real and simulated cracks with defect orientation
being transverse or longitudinal to the welding direction.

Discrimination between cracking defects and non-relevant surface features (such as scratch
marks) shall be part of the evaluation process. Flaw length estimates are not necessary, except to
the extent needed to correctly locate flaws relative to the weld/specimen location markers.

A.2.7 Data Security

All information concerning the blind tests is considered to be confidential and shall therefore be
dealt with as such. Specifically, all parties participating in the RV-RRT, and/or in evaluating the
results from the RV-RRT, shall not release or discuss any data, results, papers or data media, or
any other information, to anyone not authorized for that type of information without prior approval
from the NRC and the Industry Ad-Hoc Committee.

Authorized personnel are those who participate in the RV-RRT and the subsequent data analysis
(U.S. Nuclear Regulatory Commission (NRC), Pacific Northwest National Laboratory (PNNL),
Electric Power Research Institute (EPRI), Ad-hoc Committee Members, and the Test
administrators).

Summary results from the RV-RRT will be published after the analysis of the results is complete.
The identity of the inspection teams shall be anonymous throughout the testing period and
afterward in published reports and documents.

All personnel in the RV-RRT Project Team, test administrators, and inspection teams conducting
the RV-RRT must comply with this protocol.

The following restrictions shall be applied:
» All papers and information, including scrap papers and data media must be handed over

to test administrators and those who are responsible for the RV-RRT activities. No
unauthorized person may remove such information from the test facilities.



» During the RV-RRT, no Internet connections, electronic devices, or wireless devices (cell
phones, iPhones, etc.) are allowed.

» Copying of data or data transformation is not allowed without prior permission from
authorized personnel (test administrators).

» Removable data storage media (such as memory sticks) are not allowed in the test
facilities, except for those accepted by test administrators to be used during the inspection.

» The RV-RRT data shall not be recorded onto media (such as computer disk drives)
brought on-site by the inspection team. The test administrator shall supply storage
media for recording the RV-RRT data.

» Neither the test administrators nor the participants in the RV-RRT may discuss defects
or results with other participants in the RV-RRT.

Test specimens, test results, and teams will be assigned ALIAS names for recording data and
results. The ALIAS names are produced by PNNL and EPRI, and are designed to conceal the
identity of the items listed.

Only authorized personnel will have the knowledge of the real team names, test results, or test
specimens used.

» All data generated in the RV-RRT will be provided to the test administrators in digital
form.

» All test administrators must have a proven independence and impartiality status with
respect to the participating teams.

» All test administrators need to have an approved back up in case they become sick or
job conflicts prevent them from being able to perform their duties.

A.3 Document Review

A.3.1 Introduction

Each test administrator will review the Examination Procedures (EP) developed by the
participating inspection teams for the RV-RRT. This requirement is put in place to facilitate review
and analysis of the results of RV-RRT, and to quickly get answers to questions that arise during
the testing, data analysis and review process.

Note: Itis not the role of test administrators to make any comment about the procedures used by
the participants.

The EP documents are to have a unique name, include an edition/revision identifier, are dated,
and provide the name of the author, reviewer, and approver. They are to be made available in
electronic format. This will help to ensure that test administrators can receive counsel from other
test administrators and that right decisions can be made to resolve issues.

Examination Procedures should be sent to the test administrator sufficiently in advance of the
scheduled test period. Test administrators will review these documents and write a summary
document called Examination Procedure Summary (see Attachment A1), for review by PNNL and
EPRI. This document will summarize the techniques for detection and flaw discrimination. The
purpose of this document is to facilitate review and assessment of data (during data analysis)



without having to read all examination procedures in detail. The Procedure Summary shall not
contain any proprietary information in the examination procedures.

A.3.2 Examination Procedure

Examination Procedures should contain all relevant information regarding the preparation,
performance and reporting of remote visual inspection. The examination procedure should
describe what to do and how to do it. It should be clearly stated in the scope of the examination
procedure within which limits it is valid (for example, material type, surface finish, etc.).

The purpose of the RV-RRT is to assess commercial procedures that can be applied without any
technique changes. However, some adaptations could be necessary in order to accommodatef/fit
the test specimen geometries and the test setup.

A.4 Examinations

A.4.1 General

The RV-RRT will use blind tests, where defect detection and discrimination shall be
demonstrated.

A4.2 Available Equipment

All tests will be conducted with the specimens located underwater in a tank, with a blackout tent
used to exclude external (or ambient) lighting to the extent possible (Figure A-2). The camera will
be mounted on an X-Y-Z-© scanner controlled by a joystick. In addition, the scanner has the
ability to tilt the camera in a controlled fashion. The scanner is designed to hold a 25.4 mm to
43.2 mm (1 in. to 1.7 in.) camera handling pole. This scanner allows for precise control.



(c)

Figure A-2 (a) Scanner shown with camera. (b) Black-out tent. (c) Diagram showing top
view of scanner and test specimen layout.

A.4.3 Sample Setup for Scanning

Using the tanks and scanner, the following sample setup will be used for the RV-RRT. Samples
would be placed side-by-side, on a platform in the tank. This arrangement will allow for the
scanner to examine each sample sequentially in the X-direction (and scan from one end of the
sample to the other in the Y-direction).

Ad4.4 Monitoring

For the blind inspection it is very important to ensure the security of test specimens and
examination data. The RV-RRT requires that test administrators are present during data
acquisition to ensure the only information available to teams about flaws is that which they have
acquired by following their examination procedure, that all steps are followed in the order specified
in the procedure, and that no deviations occur. All of the inspection team members are also
required to sign an Agreement to Maintain Data Confidentiality” (see Attachment A2) and include
these with the datasheets.



Results from blind inspections shall be noted by the test-takers on the provided RV-RRT Data
Sheets (Attachment A3).

At the end of the inspection, all of the data from storage media provided by a team will be
transferred to the test administrator to maintain security of the test.

A.4.4.1  Deviations
If deviations from the examination procedure occur, they need to be documented.

If deviations from the procedure are necessary to fulfil the requirements, the following steps must
be taken:

» Carefully address all deviations to the procedure.

» Date and document all changes that have to be addressed together with a statement
about the reason why the deviation is necessary.

» If the procedure does not describe all of the steps in detail, then the test administrator
must note this.

Note: Detailed documentation regarding deviations is necessary to help ensure that test
administrators can receive counsel from other members on the RV-RRT team if necessary, and
the right decision can be made to resolve issues.

Note: This information will also be provided to all other test administrators so that if similar
problems are encountered, these can be handled in a consistent manner. A designated person
(test administrator) always has the responsibility for final decision in the case of any dispute.

A.4.5 Overview of RV-RRT Process
This section provides an overview of the envisioned blind test process for RV-RRT.
A.4.5.1  Pre-examination Setup

The inspection team arrives on-site, and installs the camera and equipment in the secure area.
The tank is filled with water and the inspector verifies proper functioning of cameras and
associated equipment using non-round-robin specimens and/or resolution standards. The
inspector will also be required to provide, sufficiently in advance of the test, a copy of the standard
examination procedure (EP) that he/she will use (see Section A.3). Limitations on camera angle,
lighting, distance, and scan speed as required by the examination procedure will be discussed
and demonstrated by the inspector using the manipulator. Both camera and platform are
underwater. The inspection team will also be given some time to become familiar with the
manipulator controls. If the inspector performs a resolution standard check (calibration check) as
required by his/her EP, the data from this check should be recorded.
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A.4.5.2 Blind Round Robin Test

The following process is envisioned for the blind test.

1.

10.

11.

12.

Test administrator provides pre-test briefing to inspector. Briefing will consist of overview of
test protocol as well as any limits imposed on the inspector (such as time allowed for
inspecting a single test specimen).

Test administrator clears area, then loads one or more test specimens into tank. All ambient
lighting inside tent is turned off, and the tent flap closed.

Inspector begins examination by positioning camera over first test specimen.
Test administrator notes start time for test specimen.

Inspector uses scanner controls to scan camera over the desired inspection region (weld
crown and adjacent base material) on test specimen. Typically, inspector is expected to
examine (screen) the weld from both sides (upstream and downstream), identify any
indications, and evaluate the indications to determine whether they constitute cracks or non-
relevant surface features.

As a part of the detection and discrimination process, the inspector may examine indications
from different angles and adjust lighting on the camera as permitted by the examination
procedure. If camera has pan-tilt-zoom capability, inspector may elect to use these as well, as
permitted by the examination procedure.

All examination data will be recorded (video and audio) by the inspector. However, inspector is
not allowed to review video data for detection or discrimination of flaws. All flaw calls will be
made using the live video feed.

Inspector records any indications he/she considers cracks onto a standard data sheet (to be
provided by test administrator). Locations of cracks will be determined using the
markers/rulers on the specimens. The data sheet will also have space for inspector to record
additional comments (pan-tilt-zoom used or not, lighting used, etc.). In addition, inspector will
record still images of any indication that is called a crack.

Inspector turns in data sheet to test administrator. Test administrator records stop time for test
specimen. Test administrator verifies that the data sheet for the test specimen is complete,
and the required information has been filled in. The test administrator shall not evaluate the
accuracy of the indications recorded on the data sheet (using live or recorded data) at this
stage. However, he/she should review the data sheet for completeness.

Inspector begins evaluating next test specimen. He/she repeats steps 3-9 for each test
specimen in the tank.

When inspector completes all test specimens currently loaded in tank, test administrator
clears area and replaces the test specimens in tank with new ones (assuming there are more
test specimens remaining in the test sequence). The specimens that were in the tank are
placed in secure storage.

Inspector repeats examination process (steps 2—10). When complete, test administrator may
replace test specimens with new ones (step 11). The process is continued until all test
specimens in this test sequence are completed.
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13. Once all tests are complete, all test specimens are secured. Inspector then performs final
resolution standard check (exit calibration check) as required by the examination procedure.
Inspector is then allowed to enter blackout tent, and remove camera equipment.

14. Steps 1-13 are repeated for each inspector/team.
A.4.6 Rules for Conducting the RV-RRT

During the performance of the RV-RRT, the following items shall be included and examined by
the test administrator.

» A single test is defined as the inspection of all specimens provided to the inspector in
some predetermined sequence. A single test will comprise approximately 45 test
specimens.

> Detection and discrimination shall be demonstrated and documented.

» Personnel that are performing the examination shall be qualified in accordance with the
requirements stated in the EP.

» A single inspector will be allowed to take each test. The inspector will be responsible for
review of the camera feed and documentation of any calls. A second person (operator)
will be responsible for camera positioning by controlling the manipulator. The operator
will only be allowed to operate the manipulator, and will not be allowed to communicate
with the inspector beyond the minimum necessary to ensure proper positioning of the
camera. Communications will be monitored to ensure that under no circumstance can
the inspector ask for advice or guidance from another member of the team or from the
operator.

» The test administrator can, if necessary, provide initial guidance relative to positioning
the camera on the first specimen (to ensure that the camera is properly positioned prior
to beginning the test).

» The equipment specified in the procedure shall correspond with the equipment used
during the inspection.

» The inspector shall follow all steps included in the procedure and any instructions or
manuals.

» All tests will be conducted in a tank, with a blackout tent used to exclude external (or
ambient) lighting. The camera will be mounted on a multi-axis scanner controlled by a
joystick. The camera will be scanned over each specimen to inspect the designated
region of interest.

» The inspector will be given 20 minutes to inspect each specimen.

» The inspector will have the freedom to adjust lighting and the angle and magnification of
the camera to the extent defined by the examination procedure. If the camera has pan,
tilt, or zoom capabilities, these may be used to the extent defined by the examination
procedure. Supplemental lighting shall not be permitted.

» The inspector shall not change cameras during a single test. Separate tests using a
different camera may be performed if previously cleared with the test administrator and if
additional time is available.

» The inspector will not be allowed to perform an overview inspection of a specimen prior
to performing the documented (i.e., recorded) examination.
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» If the examination procedure requires a resolution check, the inspector will record all
data related to the resolution check. These data will be recorded as video (and if
appropriate, still images). In addition, the inspector will fill out the Resolution Check Data
Sheet (Attachment A4). The time to perform resolution checks does not count as
inspection time.

» All inspection results will be reported using the standard RV-RRT data reporting form
(Attachment A3). Copies of data reporting forms will be provided by the test administrator
to the inspector prior to beginning each test.

» In addition to the inspection results, any other reporting as required by the examination
procedure should also be performed, explained, and presented to the test administrators
by the inspection team after completion of test plate examination.

» The inspector will record video documenting the entire examination process for each
specimen. The recorded video shall also include footage of the specimen label prior to
starting an examination of a test specimen. Prior to starting an examination of a test
specimen, the inspector shall also take a still picture of the specimen label and save this
image.

» Audio commentary should also be recorded to help document the detection and
identification process.

» Data shall be stored on agreed-upon storage media in agreed-upon formats. This will
include images and video, as well as any other form of data (written documents, etc.).

» All flaw calls will be made using only the live feed from the camera. The inspector will
NOT be allowed to make or change calls by reviewing the recorded data (video or still
pictures).

» If a call is made, the inspector will make a still image of the flaw and identify the region
containing the flaws using the measuring scale on the specimen.

» All inspectors, test administrators, and other authorized personnel shall adhere to the
round-robin security protocol.

» Each inspector will be provided with 1-2 specimens that can be used for training
purposes. These specimens will be provided before the first test set is provided.

A4.7 Location for Remote Visual Round Robin Testing
Inspections will be conducted at the EPRI NDE Center, Charlotte, North Carolina.

Note: Test administrators need access to an area for blind inspections, which can be locked, as
well as office space for their exclusive access.

A.4.8 Start-up for RV-RRT

A letter shall be sent by test administrators to participating inspection teams to explain the
RV-RRT and how it will be performed. This shall be done sufficiently in advance of the test.
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A.4.9 Coordinate Systems and Reporting Units

To ensure that testing teams report all data for detected defects in test pieces in a uniform way, a
standard coordinate system (Attachment A5) will be adopted. A measuring scale shall be etched,
taped, or otherwise mounted on the test specimens to assist the inspector in recording the
location of any detected cracks.

A.4.10 Evaluation of RV-RRT Results

Evaluation of reported results should be performed after each participant has completed the
RV-RRT. This is to ensure that the evaluation of results from all participants is completed in a
timely manner.

Evaluation criteria for RV-RRT are being developed jointly by EPRI and PNNL. This information
shall be included in this document when it is available (no later than the start of the RV-RRT).

A.5 Reporting

Test administrators have to fill in a checklist (see Attachment A6) and ensure that everything
during the blind test has been done systematically and in accordance with the inspection
procedure.

Standard examination data reports developed for recording data from the inspection team shall be
used for entering into a database for subsequent analysis. These forms, shown in Attachment A3
and Attachment A6, shall be signed and dated by the inspection team and the test administrator,
respectively. The test administrator is to ensure that all data have been entered into the form. The
test administrator is responsible for these signed forms and their transfer to the evaluation team.
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ATTACHMENTS TO APPENDIX A

A1 — Examination Procedure Summary

A2 — Agreement to Keep RV-RRT Test Information Confidential
A3 — RV-RRT Inspection Data Sheets

A4 — Resolution Check Data Sheet

A5 — Coordinates

A6 — Checklist for Test Administrators
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Examination Procedure Summary Attachment A1

Team Code:

Inspection Procedure Summary:

(This will be developed by the test administrator and then reviewed by the inspection team
to get their approval that the TA is accurately representing the procedure.)
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Agreement to Keep RV-RRT Test Attachment A2
Information Confidential

By my signature below, | confirm that | have read and understand Section A.2.7 (Data Security) of
the RV-RRT protocol, and agree to comply with all aspects of the data security requirements.

TEAM SIGN:

Team Member Name (Printed) Team Member Name (Signature) Date
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RV-RRT Inspection Data Sheets Attachment A3

ROUND ROBIN DATA SHEET - PHASE Il
TEST INFORMATION
VT Inspector:
Vendor ID: Manipulator Operator:
Procedure Number:
Date:
SYSTEM INFORMATION
O O
Camera ID: Color B&W
O O
Zoom Capable: Yes No
Camera Resolution:
O d
Lighting Type {on camera): Halogen LED
Lighting Comments:
Data Acquisition System:
Monitor Manufacturer: Model: Resolution: Size:
SRCS Serial Number:
SRCS Description:
DATA STORAGE:
O O O
Recording media used: Hard drive DVD Other
Media Identification Label:
COMMENTS:
SIGNATURE: Date:
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Resolution Check Data Sheet Attachment A4

SRCS Resolution Data Log

Vendor:

Len-to-Target
Time Date Distance Comments

Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT

SIGNATURE: Date:
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Coordinates Attachment A5

Stainless Steel Specimens

Front View
Weld crown* J )
y »~ Flow
(0,0)
*Weld dimensions and position (relative to origin) varies from specimen to
S x specimen. Weld width variability is exaggerated in drawing.

Ceramic Specimens
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Checklist for Test Administrators Attachment A6

The purpose of this checklist is to facilitate a systematic process for conducting the RV-RRT. This
checklist presupposes that data acquisition and data review are performed at the same time (i.e.,
using live camera feed).

Test
Administrator
Item Initials Date Comments

List of team members
Contact person for team

Inspection Procedure — Technical
description submitted for review

Inspection Procedure Summary
document completed (Att. A1 in
PROTOCOL)

Test administrator review of test
specimens and order of test
specimens

Test administrator review setup of
equipment and compares to
procedure

Test administrator observes
calibration of equipment and
compares to procedure

Test administrator review data
acquisition and review, and
compares to procedure

Test administrator reviews
inspector fill in of Data Sheets

If deviations from procedure are
found, make a clear comment and
justify deviation, as well as
assuring that it is dated and fully
documented.

Send all data sheets to
PNNL/EPRI for analysis
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APPENDIX B PHASE Ill PROTOCOL

B.1 Summary

The United States Nuclear Regulatory Commission (NRC), in cooperation with the Electric Power
Research Institute (EPRI), is conducting an evaluation of the reliability of remote visual testing
(EVT-1) currently used for in-vessel visual inspection (IVVI). A limited round-robin test was
conducted during Phase | of this evaluation. The results of the Phase | test, along with a
subsequent parametric study, were used to design a more extensive Phase Il round-robin test
(designated as the RV-RRT in this document). Phase Il results pointed to the possibility of
improving procedures for IVVI to enhance the ability to discriminate between cracks and non-
relevant indications such as surface features. These results, along with a subsequent parametric
study, were used to design a Phase Il round-robin test (designated as the RV-RRT-3 [Remote
Visual Round-Robin Test Phase Il1] in this document).

The project will focus on examinations in the welded region of large components (using flat plates
with simulated welds). The study will assess crack detection and discrimination, where
discrimination means distinguishing between cracks and non-relevant surface features.

The project time schedule for completion of this set of round-robin testing is first quarter of 2016.

This document describes the scope, prerequisites, organizations, and rules for the RV-RRT-3
during Phase Il of the research.

B.2 General
B.2.1 Scope of Remote Visual (RV) Round-Robin Test (RRT) Phase il

The purpose of this PROTOCOL document is to describe the scope, prerequisites, organizations,
and rules for the Remote Visual Round-Robin Test Phase Il (RV-RRT-3).

The NRC, in cooperation with the Electric Power Research Institute (EPRI), is conducting an
evaluation of the reliability of remote visual testing (EVT-1) currently used for in-vessel visual
inspection (IVVI). A limited round-robin test was conducted during Phase | of this evaluation. The
results of the Phase | test, along with a subsequent parametric study, were used to design a more
extensive Phase Il round-robin test (designated as the RV-RRT in this document). Phase Il results
pointed to the possibility of improving procedures for IVVI to enhance the ability to discriminate
between cracks and non-relevant indications such as surface features. These results, along with a
subsequent parametric study, were used to design a Phase Il round-robin test (designated as the
RV-RRT-3 in this document).

The RV-RRT-3 comprises a study of the effectiveness of remote visual non-destructive
examination (NDE) techniques currently used for IVVI when combined with proposed procedure
improvements. The round-robin testing is intended to provide an assessment of commercially
applied examination procedures using a blind testing methodology. The goal is to assess the
performance of improved procedures with qualified personnel. The results from the RV-RRT-3 will
be used to identify areas for future improvement, if needed.



The project will focus on remote visual examinations in welded regions, using flat plates with weld
crowns (as-welded or flush). The study will assess crack detection and discrimination, where
discrimination means distinguishing between cracks and non-relevant surface features.

The RV-RRT-3 will be carried out as a coordinated effort between the Pacific Northwest National
Laboratory (PNNL) and EPRI, with participating examination teams from the United States with
direct field experience with IVVI in nuclear facilities.

B.2.2 RV-RRT-3 Objectives

The goal of the Remote Visual Round-Robin Test Phase lll is to assess the performance of
commercially applied examination procedures augmented with improvements for enhancing
detectability of cracks with qualified personnel and identify areas for future improvement, if
needed. Current examination procedures typically permit an independent review of recorded
examination data including reported indications and a re-examination of questionable
indications/areas.

The RV-RRT-3 has the following objectives:
¢ |dentify and quantitatively assess enhancements to remote visual examination techniques for

detecting and characterizing flaws in test specimens.

— Evaluate improvements to commercially applied examination procedures for their
effectiveness.

o Quantify (in terms of improvement to flaw detection rates) the impact of secondary
review of all recorded examination data

o Quantify the level of image degradation (if any) in recorded data.

— Quantify procedure performance in terms of probability of detection (POD) and determine
the effect that certain important factors have on POD. Important factors for Phase |l
include:

o Crack opening displacement/dimension (COD)
o Crack length
o Crack detection in the presence of surface irregularities or blemishes.

B.2.2.1  Expected Outcomes

The RV-RRT-3 data are expected to provide a better overall understanding of the performance of
augmented commercially applied remote visual examination procedures and the critical factors
that affect crack detection performance.

In addition, from the RV-RRT-3 data, be able to calculate the following:

e POD curves for each participating examination team as a function of flaw size (COD and
length).

e |f the results from more than one team can be grouped (for instance, if the examination
procedures used allow such grouping), POD curves will be created for these groups.



¢ Identification of significant differences in POD related to important variables:
— Examination procedure, flaw type, and orientation.

— Evaluation of false call probability (FCP).
B.2.2.2  Limitations

The test specimens used in this round robin (and described in Section B.2.6) represent welds
similar to that found in some reactor internal components. The specimens represent a specific
color (patina) in reactor internals (natural stainless steel) and may not be representative of the
diverse color variations of internals surfaces. The effect of other configurations and surface
conditions on test results is beyond the scope of this round robin. As typically permitted in current
examination procedures, an independent review of recorded examination data including reported
indications may be performed as part of the test and a re-examination conducted of questionable
indications/areas. However, some limitations may be imposed related to number of re-looks, etc.
Finally, the RV-RRT-3 is not designed to assess certain variables that may impact detection
performance in remote visual testing. These are:

¢ Oxide build-up on internal components

Thermal distortion

Water currents and clarity

Radiation effects on camera video quality

Limited accessibility (component configurations and camera size)

Camera delivery systems

Personnel qualification levels

The angle of view limits for Code VT-1 examinations

o Application to geometrical configurations other than flat.
B.2.3 RV-RRT-3 Project Organization

NRC Program Manager:

Ms. Carol Nove

U.S. Nuclear Regulatory Commission
RES

Washington, DC 20555-0001

USA

Phone: 301-251-7664

Email: carol.nove@nrc.gov

Industry Steering Committee Chair:
Mr. Michael Oliveri

PSEG Nuclear, LLC

End of Alloway Creek Neck Rd
Hancocks Bridge, NJ 08038

USA

Phone: 856-339-3538

Email: michael.oliveri@pseg.com
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RV-RRT-3 Project Contact Persons:
Dr. Pradeep Ramuhalli, PNNL
Scientist/Engineer

P.O. Box 999, MSIN K5/26

Richland, WA 99352

USA

Phone: 509-375-2763

Email: pradeep.ramuhalli@pnnl.gov

Mr. Jeff Landrum, EPRI
1300 West WT Harris Blvd
Charlotte, NC 28262
Phone: 704-595-2553
Email: jlandrum@epri.com

Mr. Michael T. Anderson
Scientist/Engineer

P.O. Box 999, MSIN K5/26

Richland, WA 99352

USA

Phone: 509-375-2523

Email: michael.anderson@pnnl.gov

Mr. John Lindberg, EPRI

Program Manager — NDE Innovation
1300 West WT Harris Blvd.
Charlotte, NC 28262

Phone: 704-595-2625

Email: jlindberg@epri.com

Industry Steering Committee:

¢ Michael Oliveri, Chair Ad-Hoc Committee — APC 4, Public Service Electric and Gas
Kevin Hacker — NDE IC Chair, Dominion

Tim Wells — MRP [IG Chair, Southern Nuclear

Marc Brooks — NDE Reliability TAC, Detroit Edison

Harry L. Smith — APC 4, Exelon

Chris McKean- BWRVIP IFG Technical Chair, Exelon

Dan Nowakowski — MRP ITG, NextEra

Test Administrators:

PNNL: Dr. Pradeep Ramuhalli

PNNL: Mr. Michael Anderson

PNNL: Ms. Susan Crawford

EPRI: Mr. Jeff Landrum

EPRI: Mr. Chris Joffe

EPRI: Mr. John Lindberg

EPRI Contractor: Mr. Jonathan Buttram
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B.2.4 Examination Teams

The following examination companies are participating in the remote visual round-robin test.

Company

AREVA

Westinghouse
WesDyne

General Electric Hitachi
IHI Southwest

B.2.5 Examination Personnel

Each examination team will consist of two separate analysts. An additional individual (henceforth
referred to as the “Operator”) may be used for camera manipulation. Each analyst shall be
qualified in accordance with the requirements set forth in their Examination Procedures (see
Section B.3.2), and shall be familiar with the requirements of ASME Code VT-1 examination and
EVT-1, as well as their Examination Procedure. One analyst (henceforth referred to as the
“Primary Analyst”) will perform the primary evaluation (see Section B.4.6 for a description of the
process, and Section B.5 for the associated Rules). The second analyst (“Secondary Analyst”) will
use the recorded data and the data sheets from the primary analyst to review and confirm the
results of the examination.

B.2.6 RV-RRT-3 Specimen Information

B.2.6.1  Test Objects

Category Typical Weldment Comments/Notes

Stainless Steel Flat Plates Butt weld Welds crowns may be narrow or wide.
Some weld crowns may be ground
flush. Specimens have surface features
such as grinding and tooling marks
(scratches).

The RV-RRT-3 will consist of a sufficient number of cracked and blank grading units to enable
calculation of POD and associated confidence bounds.

The specimens will be rectangular plates (dimension varies) of stainless steel with either a narrow
or wide weld crown. Some weld crowns may be removed via grinding. The specimens will be
clean, but not shiny, for the examinations. No additional cleaning of the specimens will be allowed.
Bubbles that may form on test specimens may be removed by gentle brushing if requested.

A measuring scale will be etched, taped, or otherwise mounted on the specimen to assist the
inspector in recording the location of any detected cracks.

Each sample will be labelled using a unique identifier (ALIAS name) that will be visible to the
inspector.



Note: Unless there are mitigating circumstances, as approved by the test administrator prior to
taking the test, participating teams must examine all test specimens provided.

B.2.6.2  Examination Region

The region of interest will be the base materials adjacent to the simulated weld on both the
upstream and downstream sides, as well as the weld itself. The examination region will be
identified for each specimen by the area between the measuring tapes located on both sides of
the welded areas (examination area typically includes weld width plus adjacent one inch of base
material on either side).

B.2.6.3  Defect Specification

The expected degradation mechanisms in internals components are stress corrosion cracking and
fatigue cracking. The test specimens may contain cracking anywhere within the examination
region with defect orientation being transverse or longitudinal to the welding direction.

Discrimination between cracking defects and non-relevant surface features (such as scratch
marks) shall be part of the evaluation process. Using the measuring scales provided on the
specimen, flaw lengths shall be documented onto the data sheet. In the case of flaws oriented
perpendicular to the weld, location along the weld axis is documented using the visible scales—
flaw length is estimated based on visible landmarks and shown on the data sheet.

B.2.7 Data Security

All information concerning the blind tests is considered to be confidential and shall therefore be
dealt with as such. Specifically, all parties participating in the RV-RRT-3, and/or in evaluating the
results from the RV-RRT-3, shall not release or discuss any data, results, papers or data media,
or any other information, to anyone not authorized for that type of information without prior
approval from NRC-RES and the Industry Ad-Hoc Committee.

Authorized personnel are those who participate in the RV-RRT-3 and the subsequent data
analysis (NRC, PNNL, EPRI, Ad-hoc committee members, and the test administrators).

Summary results from the RV-RRT-3 will be published after the analysis of the results is
complete. The identity of the examination teams shall be anonymous throughout the testing period
and afterward in published reports and documents.

All personnel in the RV-RRT-3 project team, test administrators, and examination teams
conducting the RV-RRT-3 must comply with this protocol.

The following restrictions shall be applied:

» All papers and information, including scrap papers and data media, must be handed
over to test administrators and those who are responsible for the RV-RRT-3 activities.
No unauthorized person may remove such information from the test facilities.

» During the RV-RRT-3, no Internet connections, electronic devices, or wireless devices
(cell phones, iPhones, etc.) are allowed.



» Copying of data or data transformation is not allowed for any purpose without prior
permission from authorized personnel (test administrators). The only exception is the
copying of data for the purposes of secondary review.

» Procedures for making a copy of the data for the purpose of secondary review need to
be approved by the test administrators. Media used for recording or copying data for
secondary review shall be supplied by the test administrator.

» Removable data storage media (such as memory sticks) are not allowed in the test
facilities, except for those accepted by test administrators to be used during the
examination.

» The RV-RRT-3 data shall not be recorded onto external media (such as computer disk
drives) brought on-site by the examination team. The test administrator shall supply
storage media for recording the RV-RRT-3 data.

» Neither the test administrators nor the participants in the RV-RRT-3 may discuss flaws
or results with other participants in the RV-RRT-3.

» A computer may be provided by the test administrators for the Secondary Analyst to
watch the recorded videos. If desired, a team may supply a computer; however, because
it will be located in a secure area, it will fall under Performance Demonstration Initiative
(PDI) rules for security and the hard drive will be wiped cleaned of ALL data upon exit of
the secure area.

Test specimens, test results, and teams will be assigned ALIAS names for recording data and
results. The ALIAS names are produced by PNNL and EPRI, and are designed to conceal the
identity of the participants and the items listed.

Only authorized personnel will have the knowledge of the real team names, test results, or test
specimens used.

o All data generated in the RV-RRT-3 will be provided to the test administrators.

o All test administrators must have a proven independence and impartiality status with respect
to the participating teams.

¢ All test administrators need to have an approved back up in case they become sick or job
conflicts prevent them from being able to perform their duties.

B.3 Document Review

B.3.1 Introduction

Each test administrator will review the Examination Procedures (EP) developed by the
participating examination teams for the RV-RRT-3. This requirement is put in place to facilitate
review and analysis of the results of RV-RRT-3, and to quickly get answers to questions that arise
during the testing, data analysis, and review process.

Examination Procedures should be sent to the test administrator sufficiently in advance of the
scheduled test period. Test administrators will review these documents and write a summary
document called Procedure Summary (see Attachment B1), for review by PNNL and EPRI. This
document will summarize the techniques for detection and flaw discrimination. The purpose of this
document is to facilitate review and assessment of data (during data analysis) without having to



read all examination procedures in detail. The Procedure Summary shall not contain any
proprietary information in the examination procedures.

B.3.2 Examination Procedure

Examination Procedures should contain all relevant information regarding the preparation,
performance, and reporting of remote visual examination. The examination procedure should
describe what to do and how to do it. It should be clearly stated in the scope of the examination
procedure within which limits it is valid (for example, material type, surface finish, etc.).

The purpose of the RV-RRT-3 is to assess enhancements to commercial procedures for the
purpose of increasing the ability to discriminate between cracks and non-relevant surface
features. However, further adaptations could be necessary to accommodate/fit the test specimen
geometries and the test setup.

B.3.3 Augmented Examination Procedure

The test administrators will provide supplementary guidance (see Attachment B2) in the form of a
set of recommended best practices for remote visual examination to each of the participating
examination teams. This list of best practices will constitute the enhancements to the EP used by
the participating teams. The resulting EP with the supplementary guidance will be referred to in
the rest of this document as the Augmented EP.

Note: With the exception of providing the supplementary guidance, it is not the role of test
administrators to make any comment about the procedures used by the participants.

B.4 Examinations

B.4.1 General

The RV-RRT-3 will use blind tests, where defect detection and discrimination shall be
demonstrated.

B.4.2 Location for Remote Visual Round-Robin Testing
Examinations will be conducted at the EPRI NDE Center, Charlotte, North Carolina.

Note: Test administrators need access to an area for blind examinations, which can be locked, as
well as office space for their exclusive access.

B.4.3 Start-up for RV-RRT-3

The examination protocol shall be provided to participating examination teams to explain the RV-
RRT-3 and how it will be performed. The protocol should be provided sufficiently in advance of
actual testing.

B.4.4 Available Equipment

All tests will be conducted with the specimens located underwater in a tank, with a blackout tent
used to exclude ambient lighting to the extent possible (Figure B-1). The camera will be mounted
on an X-Y-Z-© scanner controlled by a joystick. In addition, the scanner has the ability to tilt the



camera in a controlled fashion. The scanner is designed to hold a 25.4 mm to 43.2 mm (1 in. to
1.7 in.) camera handling pole. This scanner allows for precise control of examination cameras.

Figure B-1 Black-out Tent with Tank and Scanner
B.4.5 Sample Setup for Scanning

Using the tanks and scanner, the following sample setup will be used for the RV-RRT-3. Samples
would be placed in an individual specimen holder mounted to the side of the tank. This
arrangement will allow for the scanner to examine each sample sequentially in the X-direction
(and scan from one end of the sample to the other in the Y-direction).

B.4.6 Monitoring

For the blind examination it is very important to ensure the security of test specimens and
examination data. The RV-RRT-3 requires that test administrators are present during data
acquisition to ensure the only information available to teams about flaws is that which they have
acquired by following their examination procedure, that all steps are followed in the order specified
in the procedure, and that no deviations occur. All of the examination team members are also
required to sign an Agreement to Maintain Data Confidentiality” (see Attachment B3) and include
these with the datasheets.

Results from blind examinations shall be noted by the test-takers on the provided RV-RRT-3 Data
Sheets (Attachment B4).

At the end of the examination, all of the data from storage media provided by a team will be
transferred to the test administrator to maintain security of the test.

B.4.6.1  Deviations
If deviations from the supplied Augmented EP occur, they need to be documented.

If deviations from the procedure are necessary to fulfil the requirements, the following steps must
be taken:

o Carefully address all deviations to the procedure.

¢ Date and document all changes that have to be addressed together with a statement about
the reason why the deviation is necessary.



¢ If the procedure does not describe all of the steps in detail, then the test administrator must
note this.

Note: Detailed documentation regarding deviations is necessary to help ensure that test
administrators can receive counsel from other members on the RV-RRT-3 team if necessary, and
the right decision can be made to resolve issues.

Note: This information will also be provided to all other test administrators so that if similar
problems are encountered, these can be handled in a consistent manner. A designated person
(test administrator) always has the responsibility for final decision in the case of any dispute.

B.4.7 Overview of RV-RRT-3 Process
This section provides an overview of the envisioned blind test process for RV-RRT-3.
B.4.7.1  Pre-examination Setup

The examination team arrives on-site, and installs the camera and equipment in the secure area.
The tank is filled with water and the inspector verifies proper functioning of cameras and
associated equipment using non-round robin specimens and/or resolution standards. The
inspector will also be required to provide, sufficiently in advance of the test, a copy of the standard
EP that he/she will use (see Section B.3.2). Limitations on camera angle, lighting, distance, and
scan speed as required by the examination procedure will be discussed and demonstrated by the
inspector using the manipulator. Both camera and specimen holder are underwater. The
examination team will also be given some time to become familiar with the manipulator controls. If
the inspector performs a resolution standard check (calibration check) as required by his/her EP,
the data from this check should be recorded.

In addition to any EP-required resolution standards, the inspector will also record data from a
resolution standard provided by the test administrator. Data from this auxiliary resolution standard
will be used to determine if there is any degradation of image quality in recorded data. A standard
procedure (Attachment B5) and data sheet (Attachment B6) for recording data from the auxiliary
resolution standard will be provided by the test administrator.

B.4.7.2  Practice Specimens

Prior to beginning the blind round-robin test, the examination team will be provided with the
supplementary guidance by the test administrator. Sufficient time will be provided to the
examination team to familiarize itself with the supplementary guidance. In some cases, this
guidance may be sent prior to the examination team’s arrival on site to take the test. A set of
practice specimens will be provided to the examination team prior to the round-robin test
specimens to facilitate practice application of the supplementary guidance.

B.4.7.3  Blind Round Robin Test
The following process is envisioned for the blind test, once the pre-examination setup is complete.
1. Test administrator provides pre-test briefing to examination team. Briefing will consist of

overview of test protocol as well as any limits imposed on the team (such as time allowed for
examination and primary evaluation of a single test specimen).
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10.

— Objective: Ensure examination team is familiar with enhancements to EP and
recommended best practices.

Test administrator clears area, then loads one or more test specimens into tank. All ambient
lighting inside tent is turned off, and the tent flap closed.

— Objective: Maintain security of test specimens.

Primary Analyst, with the Operator’s assistance, begins examination by positioning camera
in a position to view the first test specimen.

— Objective: Begin primary examination and evaluation of test specimen and document
results on supplied data sheets.

— Note: Steps 4-9 are part of the primary evaluation process.
Test administrator notes start time for test specimen.
— Objective: In combination with Step 9, document time for inspecting a single specimen.

Camera operator uses scanner controls to scan camera viewing the desired examination
region (weld crown and adjacent base material) on test specimen. Typically, Primary Analyst
is expected to examine the weld and both adjacent sides (upstream and downstream),
identify any indications, and evaluate the indications to determine whether they constitute
cracks or non-relevant surface features.

As a part of the detection and discrimination process, the Primary Analyst may examine
indications from different angles while adjusting lighting on the camera as permitted by the
examination procedure. Auxiliary lighting, as permitted by the Augmented EP, may be used
if necessary as part of the evaluation process. If camera has pan-tilt-zoom capability,
Primary Analyst may elect to use these as well, as permitted by the Augmented EP.

All examination data will be recorded (video and audio) by the Primary Analyst. However,
Primary Analyst is not allowed to review video data for detection or discrimination of flaws at
this stage (primary evaluation). All flaw calls by Primary Analyst will be made using the live
video feed.

— Objective: To make available recorded data for secondary review (Step 10).

Primary Analyst records any indications he/she considers cracks onto a standard data sheet
(to be provided by test administrator). Locations of cracks will be determined using the
markers/rulers on the specimens. The data sheet will also have space for Primary Analyst to
record additional comments (pan-tilt-zoom used or not, lighting used, etc.). In addition,
inspector will record still images of any indication that is called a crack.

— Objective: To document results and variables used during the examination process, for
use in the eventual analysis of RV-RRT-3 data.

Primary Analyst turns in data sheet to test administrator. Test administrator records stop
time for test specimen. Test administrator verifies that the data sheet for the test specimen is
complete, and the required information has been filled in. The test administrator may not
evaluate the accuracy of the indications recorded on the data sheet (using live or recorded
data) at this stage. However, he/she should review the data sheet for completeness.

When Primary Analyst completes test specimen currently loaded in tank, test administrator
clears area and replaces the test specimen in tank with a new one (assuming there are
more test specimens remaining in the test sequence). The specimen that was in the tank is
placed in secure storage.
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11.

12.

13.

14.

15.

16.

Primary Analyst begins evaluating next test specimen. He/she repeats steps 3-9 for each
test specimen. When complete, test administrator may replace test specimens with new
ones (step 10). The process is continued until all test specimens in this test sequence are
completed.

Secondary review: The data sheets from step 9 for each of the test specimens and the
associated recorded examination data are provided to the Secondary Analyst. A secondary
review of ALL recorded data is performed solely by the Secondary Analyst, and the results
of this review recorded on the provided examination data sheet (Attachment B4). The time
taken to review the data for a test specimen will be recorded on the data sheet by the test
administrator. The data sheet will have space for the Secondary Analyst to add additional
comments, including the need for a re-examination of a questionable area or indication. The
secondary review process may group data sheets from several test specimens at a time to
allow for efficient use of time. Any desired re-examinations will be performed after
completion of primary evaluation of all test specimens.

— Objective: To obtain necessary information for assessing the impact of secondary review
on the detection and discrimination performance of remote visual examination.

Re-examination and resolution: Through the independent secondary review process, a
limited number of test specimens (constituting a maximum of 20 questionable indications or
specific areas containing possible indications) will be identified for re-examination by the
secondary review analyst. The test administrator will re-load these specimens. The
examination follows the same process as described in steps 5-9. However, during the re-
examination, the Primary and Secondary Analysts may consult during the performance of
this examination using the augmented EP, and disposition the indication appropriately using
the live data. Results of this re-examination will be reported on the provided examination
data sheets (Attachment B4).

Once all tests are complete, all test specimens are secured. The examination team performs
a final resolution standard check (exit calibration check) as required by the examination
procedure. The team is then allowed to enter the blackout tent and remove camera
equipment.

A de-brief may be performed for the examination team, so the test administrator and the
testing team can get insights into the use of the augmented EP, the primary and secondary
review process, the logic used to discriminate between cracks and non-relevant indications,
and the re-examination and dispositioning process applied.

Steps 1-15 are repeated for each examination team.

B.4.8 Coordinate Systems and Reporting Units

To ensure that testing teams report all data for detected defects in test pieces in a uniform way, a
standard coordinate system (Attachment B7) will be adopted. A measuring scale shall be etched,
taped, or otherwise mounted on the test specimens to assist the inspector in recording the
location of any detected cracks.

B.4.9 Evaluation of RV-RRT-3 Results

Preliminary evaluation of reported results should be performed after each participating team has
completed the RV-RRT-3. This is to ensure that the evaluation of results from all participants is
completed in a timely manner.
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Evaluation criteria for RV-RRT-3 are being developed jointly by EPRI and PNNL. This information
shall be documented in a separate document when it is available (no later than the start of the
RV-RRT-3).

B.4.10 Reporting

Test administrators have to fill in a checklist (see Attachment B8) and ensure that everything
during the blind test has been done systematically and in accordance with the examination
procedure.

Standard examination data reports developed for recording the data from the examination team
shall be used for entering into a database for subsequent analysis. The test administrator is to
ensure that all data have been entered into the form. The test administrator is responsible for
these forms and their transfer to the evaluation team.

B.5 Rules for Conducting the RV-RRT-3

During the performance of the RV-RRT-3, the following items shall be included and examined by
the test administrator.

B.5.1 Examination Personnel Roles and Responsibilities

¢ A single inspector (Primary Analyst) will be allowed to perform the primary examination in
each test. The Primary Analyst will be responsible for review of the camera feed and
documentation of any calls during the primary examination phase only.

¢ A second person (Operator) will be responsible for camera positioning by controlling the
manipulator. The operator will only be allowed to operate the manipulator, and will not be
allowed to communicate with the inspector beyond the minimum necessary to ensure proper
positioning of the camera.

¢ A single inspector (Secondary Analyst) will be allowed to perform the independent secondary
review and any subsequent re-examinations.

e The Secondary Analyst will have the authority for making the final decision on reportable
indications, based on the review and re-examinations.

e Personnel that are performing the examination shall be qualified in accordance with the
requirements stated in the augmented EP. For the purpose of the Phase Ill Round Robin, the
desired approach includes the use of a qualified Level 2 as the Primary Analyst and the use of
a qualified Level 3 as the reviewer (Secondary Analyst).

o All examination team members, test administrators, and other authorized personnel shall
adhere to the round-robin security protocol.

¢ Communications between the Primary Analyst and the Operator /Secondary Analyst will be
monitored to ensure that under no circumstance can the Primary Analyst ask for advice or
guidance from another member of the team or from the operator.

B.5.2 Training/Practice
¢ The examination team will be provided with a set of specimens (approximately 5) for practice,

and to ensure that the remote visual examination equipment is functional. These specimens
will be provided before the first test set is provided.
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e The practice specimens may be used by the test administrators to provide guided training, on
the use of the supplementary guidance that augment the examination team’s EP.

B.5.3 Equipment and Specimens

o Asingle test is defined as the examination of all specimens provided to the examination team
in some predetermined sequence. A single test will comprise approximately 45 test
specimens.

e Detection and discrimination shall be demonstrated and documented.

¢ The equipment specified in the procedure shall correspond with the equipment used during
the examination.

B.5.4 Examination Procedures

¢ The examination team shall follow all steps included in the procedure and any instructions or
manuals.

¢ The test administrator can, if necessary, provide initial guidance relative to positioning the
camera on the first specimen (to ensure that the camera is properly positioned prior to
beginning the test).

¢ If the EP requires a resolution check, the analyst (primary or secondary, as appropriate) will
record all data related to the resolution check. These data will be recorded as video (and if
appropriate, still images). In addition, the analyst (primary or secondary, as appropriate) will fill
out the Resolution Check Data Sheet (Attachment B9). The time to perform resolution checks
does not count as examination time.

e The examination team will also record data from a resolution standard provided by the test
administrator. Data from this auxiliary resolution standard will be used to determine if there is
any degradation of image quality in recorded data.

e The test administrator will provide a standard procedure for recording data on the auxiliary
resolution standard.

e Supplemental lighting will be permitted as specified in the augmented EP.

e The Analysts will have the freedom to adjust lighting and the angle and magnification of the
camera to the extent defined by the augmented EP. If the camera has pan, tilt, or zoom
capabilities, these may be used to the extent defined by the augmented EP.

B.5.5 Primary Examination

¢ All tests will be conducted in a tank, with a blackout tent used to exclude external (or ambient)
lighting. The camera will be mounted on a multi-axis scanner controlled by a joystick. The
camera will be scanned over each specimen to inspect the designated region of interest.

¢ The examination team (Primary Analyst and Operator) will be given 20 minutes for the primary
examination of each specimen.

e The examination team shall not change cameras during a single test. Separate tests using a
different camera may be performed if previously cleared with the test administrator and if
additional time is available.
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o All flaw calls in the primary examination will be made using only the live feed from the camera.
The Primary Analyst will NOT be allowed to make or change calls by reviewing the recorded
data (video or still pictures).

B.5.6 Independent Secondary Review and Re-Examination

¢ Independent secondary review will be performed by the Secondary Analyst using recorded
data from the primary examination and the data sheets from the Primary Analyst. During this
phase of the secondary review, the Secondary Analyst may NOT consult with the Primary
Analyst.

¢ Re-examinations of a small set of questionable indications or areas will be permitted. At
present, only a maximum of 20 of the questionable indications or specific areas containing
questionable indications will be permitted to be re-examined.

¢ All re-examinations will take place at the end of the primary evaluation process (i.e., when all
test specimens have been examined by the Primary Analyst).

¢ Re-examinations may be conducted jointly by the Primary and Secondary Analysts.

¢ Re-examinations will be conducted using the same camera, equipment, and Examination
Procedure used for the primary examination.

¢ Final dispositioning of indications identified for re-examination will be performed using live
data. Reporting and documentation requirements for re-examination will be the same as those
for primary examination.

¢ During the secondary review process, it is recognized that additional reportable indications
may be identified by the Secondary Analyst but must be confirmed using live data. These
should be reported on the supplied Supplementary Data Sheet (see Section B.5.7). In cases
where the additional reportable indications cannot be confirmed using live data because the
number of requested re-examinations exceeds the limit for the test, the indications should be
reported on the data sheet as Potential Reportable Indications.

B.5.7 Reporting and Documentation
¢ If a call is made, the Analyst making the call (if possible) will make a still image of the flaw and
identify the region containing the flaws using the measuring scale on the specimen.

o All primary evaluation results will be reported using the standard RV-RRT-3 data reporting
form (Attachment B4).

¢ All secondary evaluation results (including re-examination and final dispositioning information)
will be reported using the RV-RRT-3 data reporting form (Attachment B4).

e Copies of all data reporting forms will be provided by the test administrator to the examination
team prior to beginning each test.

¢ In addition to the examination results, any other reporting as required by the EP should also
be performed, explained, and presented to the test administrators by the examination team
after completion of test plate examination.

¢ Prior to starting an examination (or re-examination) of a test specimen, the Primary (or
Secondary) Analyst should take a still picture (if possible) of the specimen label and save this
image.
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¢ The examination team will record video documenting the entire primary examination process
for each specimen, as well as any re-examination of each selected questionable indication.

The recorded video shall also include footage of the specimen label prior to starting an
examination or re-examination.

¢ Audio commentary should also be recorded to help document the detection and identification
process during both the primary examination and any re-examination.

o If possible, the Analyst (primary or secondary, as appropriate) shall take a still picture of each
reportable indication (primary examination and re-examination) and save this image.

B.5.8 General

¢ Data shall be stored on agreed-upon storage media in agreed-upon formats. This will include
images and video, as well as any other form of data (written documents, etc.).
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Attachments to Appendix B

B1 — Examination Procedure Summary

B2 — Supplementary Procedural Guidance

B3 — Agreement to Keep RV-RRT-3 Test Information Confidential
B4 — RV-RRT-3 Examination Data Sheets

BS — Procedure for Alternate Resolution Standard Data Collection
B6 — RVT-RRT-3 — Alternate Resolution Standard Data Sheet

B7 — Coordinates

B8 — Checklist for Test Administrators

B9 — Resolution Check Data Sheet
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Examination Procedure Summary Attachment B1

Team Code:
Examination Procedure Summary:

(This will be developed by the test administrator.
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RVT-RRT-3 — Supplementary Procedure Guidance Attachment B2

Objective: The following procedural supplements are provided with the intent to improve crack
detection and characterization based on observations made from the Phase || Round Robin
results and subsequent testing. These recommendations should be implemented when
performing Phase |l Round Robin examinations whenever possible.

Detection:

1.

The Examiner should perform an overview of the entire test specimen prior to test
examinations and define a scan plan for the weld that will assure proper coverage of the
inspection area. The scan plan should include:

a. The field of view (FOV) to be used for scanning

b. The number of passes for complete coverage
i. Minimum of one exclusive camera pass per weld depending on weld width
ii. Minimum of one exclusive camera pass for each heat affected zone
iii. May require a separate camera pass focused on the weld toe and adjacent HAZ.
-Use of increased magnification/decrease FOV on the transition of the weld crown
and heat affected zone (HAZ) to assist with the detection of small deviations of the
crack path from the weld toe geometry into the HAZ.

c. Scan type (continuous or stop-and-go)
i. Scan speed should stop-and-go for areas where surface features are numerous.

The Examiner may utilize auxiliary lighting (non-camera mounted) when evaluating possible
indications if its use would assist in eliminating shadowing or improving the resolution of small
surface features such as texture, weld bead ripple, etc.

a. Auxiliary lighting is a separate light source not typically attached to the camera.

b. Auxiliary lighting is typically a diffuse light source providing additional light to the general
inspection area.

c. When used, auxiliary lighting should be positioned as needed to illuminate the surface at
an angle not provided by the camera lighting.

Indication Characterization:

1.

Following the detection of an indication, the Examiner should maximize the optical resolution
taking into consideration; cleanliness of the surface, magnification, angle and lighting and
determine indication relevance based on, but not limited to the following considerations:

e Overall Geometry - IGSCC often exhibits a meandering path and may contain branching.
Scratches will typically portray a more linear pattern in comparison. Also, ISSCC may
exhibit variable opening widths (e.g. grain fall out areas) while scratches would be
expected to have more of a uniform width.

¢ End-Point Geometry — IGSCC end points normally taper down, a feature typically not
found in scratches.

¢ Branching-IGSCC may have branching but scratches typically do not.
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o Reflectivity — Crack geometry traps reflective light and will often appear dark. Surface
scratches commonly reflect light off the bottom surface when illuminated at the correct
intensity and angle.

¢ Out of-Plane Displacement — With an appropriately placed light source (on-camera or
auxiliary lighting), IGSCC may cast a shadow due to a slight out-of-plane displacement
where one side of the crack may be slightly higher in elevation than the opposing side.

o Surface Texture — IGSCC typically propagates continuously and will run through grinding
marks regardless of depth whereas scratches tend to appear broken (non-continuous).

¢ Two IGSCC cracks would be less likely to intersect but scratches may.

. Additional magnification above that used during detection scanning should be used to
effectively discriminate between a non-relevant indication and a surface crack.

The Examiner should consider deploying different camera angles and lighting options (e.g.,
auxiliary lighting) in the determination of the relevance of an indication.

If the Examiner fails to come to a final conclusion on the relevance of a crack-like indication,
the indication shall be evaluated to be a crack.
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Agreement to Keep RV-RRT-3 Attachment B3
Test Information Confidential

By my signature below, | confirm that | have read and understand Section B.2.7 (Data Security) of
the RV-RRT-3 protocol, and agree to comply with all aspects of the data security requirements.

TEAM SIGN:

Team Member Name (Printed) Team Member Name (Signature) Date
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RV-RRT-3 — Data Sheet (Draft)

Attachment B4

ROUND ROBIN DATA SHEET - PHASE 3

Vendor ID:

TEST INFORMATION

Date:

Notes:

VT Inspector (Primary):

VT Inspector (Secondary):

Manipulator Operator:

Procedure Number:

SYSTEM INFORMATION (Primary)

Camera ID:

O

Color

Zoom Capable:
Camera Resolution:

Lighting Type (on camera):
Lighting Type (Auxiliary):

Lighting Comments:

SRCS Serial Number:

O Yes o

Halogen

B&W
No

LED

SRCS Description:

DATA ACQUISITION SYSTEM INFORMATION (Primary)

Data Acquisition System:

Monitor Manufacturer:

DATA STORAGE:
O

Recording media used:

Media Identification Label:

Model: Resolution:

Hard drive DVD

Size:

Other

COMMENTS:

SIGNATURE:
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ROUND ROBIN DATA SHEET - PHASE 3 (Re-Inspection)

Vendor ID: Manipulator Operator:

Date:

Notes:

VT Inspector (Primary):

TEST INFORMATION

VT Inspector (Secondary):

Procedure Number:

SYSTEM INFORMATION (Re-inspection)

Camera ID: Color

Zoom Capable: O Yes

Camera Resolution:
Lighting Type (on camera): = Halogen
Lighting Type (Auxiliary):

Lighting Comments:

B&W
No

LED

SRCS Serial Number:

SRCS Description:

DATA ACQUISITION SYSTEM INFORMATION (Re-inspection)

Data Acquisition System:

Monitor Manufacturer: Model: Resolution:

DATA STORAGE:

O O
Recording media used: Hard drive DVD

Media Identification Label:

Size:

Other

COMMENTS:

SIGNATURE:
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Procedure for Alternate Resolution Attachment B5
Standard Data Collection

Objective:
e The objective of this study is to quantify potential degradation in recorded video data (compared to
live video), during remote visual examination.
e The objective of this document is to describe the procedure to be used for recording data on alternate
resolution standards and for the analysis of these data, in support of the objective of this study.
Equipment: This test will not use the standard character standard typically used in RVT. Instead, this
test will use an alternate standard (referred to in this document as a resolution standard). While multiple
standards may be applicable, one the following is recommended:
¢ AFRL Resolution Standard
¢ |IEEE Reflection Standard
These standards provide a mechanism for quantifying the minimum discernable line-pair size in both
horizontal and vertical directions. The IEEE target also provides for characterizing image degradation
using other metrics and/or in other directions (radial).
Important: The target should be physically capable of withstanding submergence without damage.

Procedure Description: This study will be conducted during the initial setup of the systems by RVT-

RRT-3 participants.

1. The target will be mounted on/in an appropriate fixture that enables it to be placed underwater, in a
plane perpendicular to the camera axis (normal incidence).

2. The RVT camera system will be set up for normal examination. The setup includes the camera and
recording equipment, and all necessary parameters such as video encoding parameters, screen
resolution, etc.

3. The camera system functionality using the typical RVT examination setup will first be verified (using
standard procedures) with the character standard commonly used in RVT examinations. Video data
will be recorded from the character standard. If possible, a still picture will also be acquired of the
character standard.

4. The camera will placed at a fixed distance (6”) from the resolution standard. The camera zoom
function will not be used in this step. The standard will be oriented in such a manner that the
horizontal (H) and vertical (V) line pairs align with the H and V axes of the camera (i.e., no relative
rotation).

5. Lighting (on-camera only) will be adjusted to maximize the visibility and clarity of the target.

6. A designated person (AKA C. Joffe) will read out and document the finest resolution visible on the
screen in both the H and V directions. Depending on the target selected, additional information may
be recorded. All information will be documented on the supplied Alternate Resolution Standard data
sheet.

7. Video data (and if possible, still pictures) will be recorded at this stand-off distance. The video file with
these data will be noted in the data sheet.

8. If the camera system does not have zoom capabilities, then go to step 9. If the camera system has
zoom capabilities, then the camera zoom will be employed to till the edge markings of the resolution
target fill in either the horizontal or vertical limits (whichever is reached first) on the monitor. Steps 5-7
will be repeated and the camera zoom reset to a non-zoom setting.

9. Using the scanner, move the camera closer to the target till the edge markings of the resolution target
fill in either the horizontal or vertical limits (whichever is reached first) on the monitor (approximately
equivalent to the field of view (FOV) with the zoom, in case of cameras with zoom capability). Repeat
steps 5-7.

10. If the camera can be rotated about its imaging axis (essentially switching the H and V orientations),
then do so, and repeat steps 4-9.

B-25



RVT-RRT-3 — Alternate Resolution
Standard Data Sheet

Attachment B6

Alternate Resolution Standard Data Sheet

Vendor ID:

Manipulator Operator:

TEST INFORMATION

Analyst: CHRIS JOFFE

Resolution Standard ID:

Orientation:

Date:

Notes:

SYSTEM INFORMATION

O

Color

O Yes O

Camera ID:

Zoom Capable:

Camera Resolution:
Lighting Type (on camera): Halogen

Lighting Type (Auxiliary):

Lighting Comments:

B&W
No

LED

SRCS Serial Number:

SRCS Description:

DATA ACQUISITION SYSTEM INFORMATION

Data Acquisition System:

Monitor Manufacturer: Model:

DATA STORAGE:
O O
Hard drive

Recording media used: DVD

Media Identification Label:

Resolution:

Size:

Other

Live Analysis:

Minimum Detectable Ip: Horizontal:

Vertical:

Video File Name:

Image File Name:

Recorded Analysis:

Minimum Detectable Ip: Horizontal:

Vertical:

Comments:

SIGNATURE:

Date:
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Coordinates Attachment B7

Stainless Steel Specimens

Front View

Tape Measure Locations NS

Examination Area: Area between tape
measures; includes HAZ and weld

Weld crown* \ J )

~ Flow

(0,0)
*Weld dimensions and position (relative to origin) varies from specimen to
S specimen. Location of Flow marking varies from specimen to specimen.
Y Weld width variability is exaggerated in drawing.
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Checklist for Test Administrators

Attachment B8

The purpose of this checklist is to facilitate a systematic process for conducting the RV-RRT-3.
This checklist presupposes that data acquisition and primary data review are performed at the
same time (i.e., using live camera feed), secondary review is performed in parallel with the

primary examination, and re-examination is performed after all specimens are inspected once.

Item

Test
Administrator
Initials

Date

Comments

List of team members

Test administrator review of test
specimens and order of test specimens

Test administrator observes calibration
of equipment and compares to
procedure

Test administrator reviews data
acquisition and review, and compares
to procedure

Test administrator reviews inspector fill
in of Data Sheets

Test administrator reviews secondary
analysis and fill-in of Data sheets.

If deviations from procedure are found,
make a clear comment and justify
deviation, as well as assuring that it is
dated and fully documented.

For re-examinations, Test administrator
review of test specimens and order of
presentation.

Test administrator observes calibration
of equipment for re-examination and
compares to procedure.

Test administrator reviews data
acquisition and review during re-
examination, and compares to
procedure

Test administrator reviews inspector fill
in of Data Sheets for re-examination.

If deviations from procedure are found,
make a clear comment and justify
deviation, as well as assuring that it is
dated and fully documented.
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Resolution Check Data Sheet Attachment B9

SRCS Resolution Data Log

Vendor:

Len-to-Target
Time Date Distance Comments

Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT
Check - IN
Check - OUT

SIGNATURE: Date:
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APPENDIX C CRACK OPENING DISPLACEMENT GROUND TRUTH
DETERMINATION

C.1 Overview

This appendix contains a description of the procedure used to locate, measure, and characterize
the crack opening displacement (COD) of fatigue cracks used in this visual testing study. This
process was done in order to identify true-state of each specimen used, containing both
intentional and unintended cracks, to evaluate the visual detection and classification of the cracks
from teams using visual inspection techniques. Documented information on each specimen
included the weld location, thickness, and orientation with respect to the specimen, as well as
location of all detected cracks on the specimen, their length, and the representative-COD value for
each crack.

High-resolution images were taken of each flaw to evaluate the length of the crack and COD of
the crack along its length. Using MATLAB, measurements along the length in small increments
(~2-5 pym, depending on resolution of the image) were made perpendicular to the predominant
orientation of the crack. Each set of measured COD values for a crack were then processed to
calculate a single COD value that accurately describes the general size of the crack opening as a
whole.

Length and COD uncertainty varies from flaw to flaw, largely because of the crack orientation,
resolution, and magnification used in the microscopy. Small deviations in crack orientation from
the dominant orientation (horizontal or vertical) relative to the microscopy image may result in
larger or smaller crack opening measurements at one or more location along the crack. Higher
magnifications have a finer pixel-um resolution. However, any subtle differences in scale across
an image set results in a decrease in resolution of each image in that set to match the lowest
resolution segment.

C.2 Approach

1. The cracks were imaged using an Olympus BX51 with Stream Motion software. Depending on
the length and tortuosity of the crack and the magnification used, several overlapping images
may be required to image the crack from end-to-end. Because of limitations on file size (to
maintain very high-resolution images), the image sets were often broken up into multiple files,
with each file containing several images stitched together by the software. An example of a file
with several images already stitched is shown in Figure C-1. Note this is just one of several
similar files that constitute the entire crack.

S e

500.00 um

Figure C-1 Crack Segment File with Multiple Photos Stitched Automatically by the Stream
Motion Software



2. Highlighting the crack segments in each file and normalizing their size across all the images in
the set was done, after collection of the image sets were completed, in Photoshop. While
magnification of each crack was generally the same overall, each file had a scale overlaid
onto the image (shown in Figure C-1). Because of the high-resolution nature of the image
files, the image file resolutions had to be normalized with respect to each other before they
could be manually connected. The following steps describe the process used to highlight the
crack and normalize the scale across the image set.

a. Outline crack(s) within each section of the microscopy file set for a crack using the magic
wand tool in Photoshop (and touching it up manually as necessary). The general wand
tolerance used was between 5 and 10 (unit-less). Once satisfied with the crack
selection, fill in the region as solid black on a new layer (Figures C-2 and C-3).
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Figure C-2 Selection of the Crack Using the Magic Wand Tool in Photoshop
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Figure C-3 New Layer Containing a Solid-Black Crack without Anything Else

b. Normalize the crack image set based on reference length defined from the scales across
the images. Each image’s scale resolution was calculated for a given set by taking [scale
length (px))/[scale representation (um)]. The lowest-resolution scale was set as the
reference and all of the other images were scaled down (decrease of overall image
resolution) to match it. An example of rescaling the images to the lowest resolution can
be seen in Table C-1. The lowest-resolution image is segment 2, while the smaller-
scaled image (segment 3) is neither the highest nor lowest resolution image in the set.
The other two images will be rescaled by the calculated percent ([minimum
resolution]/[image resolution]) in both axes to avoid distortion of the image.
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Table C-1 Scaling a Set of Crack Images to the Lowest Resolution Across the Set

Crack Scale, Scale Size,  Resolution, % of Original
Segment pm* pX px/um* Image Size
1 500 200 04 98.0%
2 500 196 0.392 100.0%
3 450 178 0.3956 99.1%

*To convert microns to inches, multiply microns by 0.00004.

3. Manual stitching of the black and white (B&W) crack images was done in Adobe Photoshop
and MATLAB. Each crack segment layer created in the previous step was pulled into a new
Photoshop file (containing all the other crack segment layers), with each B&W crack segment
image contained within its own layer in the new file. The segments were then marked with
paired-fiducials so that automatic crack-reconstruction would be simple for MATLAB when
loading in the segment images.

a. Once two crack segments were aligned, the cracks were trimmed to have a flush edge
with each other. A red box was drawn with the right side along the seam of those two
crack segments. This box was then attached to each crack segment as an identical,
fiducial mark for automatic stitching of the later crack-segments (Figure C-4).
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Figure C-4 Example of Two Overlapping Segments of a Crack with the Fiducial Mark (red
box) Identified

b. Center and save each overlapping segment image individually with the attached red
box(es) as a jpeg image, numbering the segments from left-to-right (or top-to-bottom).

c. Using MATLAB, each set of B&W crack segments were incrementally loaded in as color
matrices for each crack. By identifying the matching red box pair across each
incrementing file, the crack segments were then stitched together as a binary matrix with
black representing a “1” and everything else being assigned a “0” (Figure C-5). These
crack matrices were then saved as a MATLAB data file for ease in processing.
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mm
Figure C-5 MATLAB-generated Crack Matrix (from segment images)

4. Further processing of the crack matrices is done to isolate the “dominant” crack segment prior
to extracting COD and length information. For a crack with no branching, the dominant
segment is the same as the crack. In cases where branching or bifurcation occurs, the
ligament that is “closer” to adjacent ligaments is identified as the continuation of that dominant
crack. If the separation between ligaments is too large, then they cannot be automatically
assumed to be extensions of the same crack and are declared as separate dominant crack
segments. MATLAB identifies the dominant crack segments from the ligaments following
these rules, and the user then evaluates the segments to define the crack(s) present for length
and COD calculations. The steps taken for the final crack definition are summarized below.

a. ldentify each individual segment using MATLAB

i. Using custom-written scripts, locate and number all of the “holes” in the composite
crack image.

ii. Save all of the segments/branches and their respective COD, gap between adjacent
segments (in both horizontal and vertical directions), and mean location along the
segment.

b. Automatically connect segments that are closer than a pre-selected threshold distance
(set to 1.5x camera resolution: 1.5x(125e3/1080) = 174 um). This is shown in
Figure C-6.

1 +

Figure C-6 Automatic Crack Segment Connections



c. Visually verify and identify connected segments. Add/connect other segments manually
as needed and approve the connected segments (Figure C-7). The result is an image of
the crack from tip to tip.
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Figure C-7 Zoomed in View on Crack Branch Not Included in Automatic Building

d. Remove all ligaments not declared as being part of the crack from the crack-matrix
(Figure C-8). The final crack is then ready to be processed for length and COD true
state.
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Figure C-8 Example of an Excluded Segment

5. Using the final crack defined by MATLAB, begin automatic measurement of the COD
incrementally along the length of the crack. These values are then used to calculate the
representative-COD value used to classify the crack along with its length.

a. From beginning of crack, step through to the end of the crack in 2—5 ym (0.00008—
0.00020 in.) increments (based on pixel resolution of the crack image), recording center
of crack, COD(s) measured against the predominant crack orientation
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(horizontal/vertical), and any gaps that exist if there are multiple CODs. These values
are stored in two large matrices (one for the CODs and one for the gaps), and for
simplicity of storage any blank location in the matrix is filled with a 0. Table C-2 is an
illustration of this.

b. If gaps between parallel segments are smaller than the camera resolution (125e3/1080
= 116 ym), lump those branches together. Define the new COD as the overall distance
across the branches (including the respective gaps in between). This is used to avoid
small gaps that may only be a few pixels across that arise from measuring the COD
across a jagged crack edge, as seen in Figure C-9.

Table C-2 Example of the COD and Gap Matrices

Step Along Crack COD-1, um* COD-2, ym* COD-3, ym* Gap-1, ym* Gap-2, ym*

0 2 0 0 0 0
1 5 0 0 0 0
2 10 0 0 0 0
3 7 3 0 5 0
4 3 2 1 4 2
5 0 0 0 0 0
6 4 0 0 0 0
7 1 0 0 0 0

*To convert microns to inches, multiply microns by 0.00004.

Figure C-9 Small Gap in COD Measurement

6. Calculate statistics on true-state data for the crack, both length and representative-COD

a. At each position, compute the maximum width across all branches present. If there is
only a single branch, the maximum value is simply the width of that branch. From the
example in Table C-2, we end up with the following numeric list of the maximum CODs:
2,5,10,7, 3, 0, 4, 1. Note the zero in the middle of the table (crack is discontinuous or
COD is too small to be resolved, etc.).



b. The RMS value of the COD is calculated using the maximum COD values at each location.
Using the values in Table C-2 yields:

4+25+100+49+9+0+16+1
CODg,,s = \/ 3 =5.05um (C.1)
c. Length is defined as the distance between the start and end points of the crack in the
predominant orientation.

7. This length value and COD value as determined by CODrws are then documented as the true-
state measurements for the engineering drawings of each specimen.







APPENDIX D POD ANALYSIS PRIMER

NDE inspections can be required to produce two very different types of results. The first type of
inspection is called discrete inspection while the second type of inspection is referred to as
continuous inspection:

¢ Discrete Inspection: This type of inspection classifies a discrete part into one of two
categories: good vs. defective, or flawed vs. unflawed. Examples of such inspections include
rivets on an airplane, tube intersections in a steam generator, or castings produced by a
manufacturing process. This inspection classifies the entire part into one of the two
established categories—good vs. defective or flawed vs. unflawed.

¢ Continuous Inspection: For these inspections, there is a continuous stream of material to be
inspected. A prominent example of this type of inspection is the inspection of welds. For such
material, flaws occur at a certain rate (rate being defined by length, area, or volume
inspected), and the inspection identifies “indications” that hopefully represent actual flaws. A
continuous inspection will produce a map of the indications in the inspected material. Some
indications will be close to actual flaws and might represent detections; others will be obvious
false calls.

From these definitions, we see that it is easy to transform a continuous inspection problem into a
discrete one—simply divide the inspected material into units of material of approximately the
same size and character. These “grading units” are then treated as discrete parts. Some grading
units will contain a flaw and these will be used to determine probability of detection, while others
will be blank and be used to determine false call probability.

Because evaluation of discrete inspection is simpler than continuous inspection, the use of
grading units is preferred for assessing probabilities of detection and false calls in continuous
inspection scenarios. There is an issue as to how to define detection, because a continuous
inspection does not explicitly classify a grading unit as flawed/unflawed. The obvious rule to use is
that a grading unit is classified as flawed if the inspection places at least one indication in
the grading unit. From this definition, we see that the grading unit will need to account for a
certain amount of sizing error. Also, this definition is used to define a false call—a false call is a
detection in a blank grading unit.

Note that the definition for detection does not distinguish between an indication that originates
from an actual flaw in the grading unit or from other sources in or near the grading unit. As long as
one indication, from whatever source, intersects with the grading unit, a detection is considered to
have occurred. This perspective is analogous to the “correct answer” grading scheme commonly
employed on school tests—a student only has to produce the correct answer.

An alternative definition is obviously that detection occurs only when an inspector produces an
indication from signals originating from the flaw. If “detection” were defined this way, it would
not be possible to have a detection in a blank grading unit. Also, it would be impossible to
determine whether or not an inspection produced a detection without evaluating the internal
signals produced by the inspection and the decision process employed by the inspector.

This second perspective is analogous to the “show your work” scheme in which the student gets
no credit for a correct answer unless s/he shows their work and it produces the correct answer.
The “show your work” grading scheme is much more time-consuming to grade, but eliminates the
possibility that a correct answer was just a wild guess (equivalent to a false call).
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In the study presented in this report, the definition of detection conforms to the “correct answer”
scheme; the “show your work” scheme of evaluation for detection is not preferred because 1) it
would be very difficult to grade and 2) that is not how detection performance is evaluated for the
inspection of a discrete part. Finally, for most inspection procedures, the indication is produced
from both signals originating from the flaw and noise in the immediate area of the flaw. Under
such circumstances it often becomes impossible to determine whether the indication originated
from the flaw or the noise signals.

When transforming continuous inspection to discrete inspection with the use of grading units, it is
important to note that the associated detection statistics will not necessarily be independent of
each other. If grading units are too close to each other, the detection statistics will be correlated,
and POD/FCP estimates will not be described by a binomial distribution.

D.1 Discrete Inspection Performance

For a discrete part, detection performance is typically summarized by a table (Table D-1) that
describes the four outcomes possible from inspection.

Table D-1 Possible Outcomes of Discrete Inspection

Inspection Result

True State Unflawed Flawed
Unflawed Unflawed call (TN)  False call (FP)
Flawed Missed flaw (FN) Detected flaw (TP)

TP = true positive
TN = true negative
FP = false positive
FN = false negative

The results of a round-robin test can be summarized in such a table, with each cell in the table
counting the number of grading units that fall into the stated condition. For example, the count in
the upper left-hand cell (True Negatives) would represent the number of unflawed grading units
that were classified as unflawed by inspection. Direct estimates for FCP and POD are produced
from these counts in the obvious way and describe the conditional probabilities of being in each
cell (note: PND = probability of no detection) (Table D-2):

Table D-2 Relationship Between Conditional Probabilities from Discrete Inspection

Inspection Result

True State Unflawed Flawed
Unflawed 1-FCP FCP
Flawed 1-POD = PND POD

A more complicated version of the simple categorical table presented above includes flaw size
(here described as a percentage but could be in terms of absolute length, depth, COD, or other
characteristic of the flaw):



Table D-3 Inspection Result as a Function of Flaw Size

Inspection Result

True state
Flaw Size (S) Unflawed Flawed
S=0 1-POD(0) POD(0) = FCP
S=1% 1-POD(1%) POD(1%)
o
o
o
S=100% 1-POD(100%) POD(100%)

When flaw size is included, this becomes a tabular version of a POD curve. If the POD curve is
continuous (which it should be), the POD associated with a very small flaw should be equivalent
to the FCP. Consequently, the FCP estimate should be used as a data point in any POD fit.

If we use a POD curve to evaluate inspection performance, we see it contains an implicit
comparison between FCP and POD. An inspection procedure that is better than guessing must
demonstrate that POD >> FCP. Typically, an effective procedure must demonstrate that POD(S)
is large (typically over 80% or 90%, but this is dependent on the specific inspection problem and
method being evaluated) for a certain “critical” flaw size.

It should be noted that this flaw detection problem can be formulated as a statistical hypothesis
testing problem with the hypotheses defined by:

Ho: No flaw present, S=0
Hi: Flaw of Size S > 0 present
In the statistical formulation, the FCP is called the Type I error, and POD is equivalent to the
probability that H1 is chosen. The POD curve is called the power curve and is used to evaluate
the test’s effectiveness.
One should note than some POD regression models (DoD 2009, see pg. 121 or 129) force POD
to be zero when S = 0. This is never correct for any real inspection procedure, but might be a

reasonable approximation if the FCP is near zero.

D.2 POD Analysis Methodology

Inspection performance is quantified using POD and FCP. Perhaps the best overview of
POD/FCP is given by tables that estimate POD/FCP for various conditions. The effect of
continuous variables is evaluated using logistic regression models. The most basic model used in
these studies is one involving flaw size:

POD(s) =logistic( 3, + 3;S) (D.1)

where S represents flaw size (specifically COD or length in this study) and S, and f, are the
regression model parameters. More complicated models can also be evaluated using logistic
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regression. For example, if both COD and length are important, this might lead to the model (with
an additional parameter S, ):

POD(COD,Length) = logistic( 3, + 5,COD + B,Length) (D.2)

A number of other models are possible and are described in Appendix G.
POD curves can be fit with and without false call data. Most fits in this study used false call data.

The logistic models were fit with the Statistical package “R” using the general linear model (GLM)
function, gim() (Hothorn and Everitt 2006; Crawley 2012). The GLM algorithm uses maximum
likelihood to determine estimates for unknown model parameters.

To evaluate model goodness-of-fit, the GLM algorithm produces a statistic called dispersion.
Dispersion is —2 times the logarithm of the likelihood function divided by the number of model
degrees of freedom. This quantity measures dispersion of the binomial data around the fitted
curve. If the model fits the data, and only binomial variability is present in the data, the expected
value of dispersion is 1. Also when the fit is adequate, the dispersion is distributed as a Chi-
squared variable divided by its degrees of freedom.

Frequently, the dispersion statistic will be large, but not due to any systematic misfit of the
regression model. A large dispersion statistic will be caused by non-binomial variability in the data.
For the inspection data in a typical round robin, such non-binomial variability is caused by flaw-to-
flaw (or inspector) characteristics not explained by the regression model. When non-binomial
variability exists, a “quasi-binomial” regression model is recommended (McCullagh and Nelder
1983; Agresti 1990). We employ a quasi-binomial model whenever dispersion is greater than 1. It
should be noted that the fits of the quasi-binomial and binomial models are the same, but the
quasi-binomial model produces different uncertainties and confidence bounds.

D.3 Inspection Grading

To evaluate detection, one must determine when a particular unit of material (blank or flawed) has
been called defective. This requires the indications that have been recorded by the inspectors to
be associated with the units of material. The units of material being evaluated are called “grading
units” and are rectangular units of material, typically containing a flaw in the center.

The inspection team is required to specify the coordinates of an indication that represents a defect
as illustrated in Table D-4. Grading associates inspection indications with the grading units we
have defined for this analysis.

Table D-4 Example of Indication Data Produced by an Inspection

Inspection Coordinates

Indication 1D Inspection ID Y1 Y2 X1 X2
13 ALYJ.1 30 50 -153 -153
14 ALYJ.2 105 125 -125 -125
IT ALYJ.3 204 206 -125 -116




The following rules are used to make the association and to determine whether or not a unit of
material is called defective:

¢ A unit of material (grading unit) is associated with an inspection indication if both intersect with
each other.

¢ A unit of material is classified as defective when one or more inspection indications are
associated (intersect) with the unit.

e POD(S) is the probability that a unit of material, with characteristic S, is classified as defective.
The "characteristic S" usually used to distinguish between units is the size of the flaw.

The units of material being evaluated are called grading units, with most units containing a single
flaw. However, some grading units are blank and are used to calculate FCP. The result of the
grading process is a detection table as illustrated in Table D-5. Each row in the table describes
one inspection of one grading unit. If the number of indications that intersect with the grading unit
is zero (column 3 in Table D-5), the grading unit was not called defective (i.e., detected), while a
value greater than zero in this column signifies a detection. Indications 1 through 3 list up to three
intersecting indication IDs.

Table D-5 Example of a Detection Table from Inspection Grading

Number of Indications

Inspection Grading Intersecting with
ID Unit ID Grading unit (Ndet) Indication 1 Indication 2 Indication 3
1 56 1 2 NA NA
2 57 1 4 NA NA
2 58 1 3 NA NA
12 164 0 NA NA NA
6 162 2 16 17 NA

The grading process divides inspection indications into two categories—those that have been
associated with a grading unit and those that have not. The properties of the indications that have
not been associated with grading units are summarized in a “false call table” as illustrated in
Table D-6. Each row in the table describes the false calls for a single inspection. The second
column in this table lists the number of unassociated indications in a particular inspection, and the
third column represents the length of blank material inspected. These two quantities can be used
to calculate an FCR. For example, for inspection 1, we have 1 false call in 256 mm (10 in.) of
blank weld inspected, resulting in an FCR of 3.9 per meter (~1 per foot). We can use these
statistics to calculate FCRs for various conditions of interest.



Table D-6 Example of a False-Call Table from Inspection Grading

Number of Un- Inspection Length,
Inspection ID  associated Indications mm (in.)

1 256.2 (10.09)
207.6 (8.17)
239.0 (9.41)
190.6 (7.51)
220.7 (8.69)

a »~ ON
O A a O -

These FCRs can be related to FCP (for a grading unit of length L) through the Poisson
distribution:

FCP(GU of length L) =1-exp(—AL). (D.3)

where A is the FCR for the case of interest and L is the length of the grading unit.

In this study we have utilized three types of grading units: 1) flawed grading units, which contain a
single crack; 2) scratched grading units, which contain a scratched area; and clean grading units,

which contain no cracks or scratches. Clean grading units are not explicitly identified, because the
associated FCP is calculated with the above formula.

Our grading units are rectangles that surround each flaw plus a certain “tolerance.” The tolerance
is meant to account for an acceptable amount of location error. For the analysis in this report, we
have used a tolerance of 10 mm (0.39 in.) in the circumferential direction (parallel to the weld). In
other words, we believe that these inspection procedures should be able to locate a flaw to within
10 mm (0.39 in.) in this direction. The tolerance in the direction transverse to the weld varies from
10 mm (0.39in.) in Phase Il to 15 mm (0.6 in.) in Phase IIl. This was based on an analysis of the
impact of the tolerance on the POD, as described below.

Figure D-1 displays the relationship between grading tolerance and POD (using data from Phase
Il of this study). In ceramic specimens, the POD reaches an asymptote close to 1, while SS
seems to be more difficult to inspect, reaching an asymptote of 60%. This analysis indicates that a
grading tolerance of 10 mm (0.39 in.) accounts for most of the location errors in the data, and
choosing the tolerance to be any higher does not significantly change the POD results.
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Figure D-1 Plot of POD vs. Grading Tolerance
D.4 False Calls

Two types of false call probabilities are calculated in this analysis. Some portions of the test
specimen surface contain surface features—markings on the specimen surface that might be
mistaken for a crack (such a scratches, grind marks, etc.). Locations containing surface features
(but no flaws) have been identified as surface-feature grading units. These grading units are
scored exactly the same as flawed grading units and an associated POD is calculated. In this
case, the POD can also be identified as a false call probability.

The remaining material in the specimen (i.e., that material that is not part of a flawed or surface-
feature grading unit) is divided into 50 mm (2 in.) long “blank” grading units, and scored for
detections. For blank material, an FCR is calculated by counting the number of false calls (i.e.,
indications not associated with flawed or surface-feature grading units) and dividing by the length
of blank material inspected.






APPENDIXE PHASE Il RESULTS - DETAILS

This appendix describes the detailed results from Phase Il, and supplements the results and
descriptions provided in Section 5 of this report. In addition to the detailed analyses presented,
some of the tables and figures listed in Section 5 are reproduced here for clarity and additional
context.

E.1 Detection Performance Overview

E1.1 POD Summary Table

The corrected data were scored using a 10 mm (0.39 in.) tolerance, and Table E-1 presents POD
estimates on a team-by-specimen—type basis. False call probabilities are also presented for
purposes of comparison. One cannot evaluate detection performance using only POD; an
effective procedure must exhibit a POD that is significantly larger than FCP. One should note that
FCP can be defined in two different ways with this data. First, FCP can be defined as the
probability of calling a flaw in a blank grading unit. That is, a grading unit identical to those used
for flaws, except it is blank. Second, FCP can be defined as the probability that a surface feature
is called a flaw. These two types of FCP are identified as FCP(Blank) and FCP(SF). The table
shows that it is much easier to distinguish cracks/blank material as opposed to cracks/ surface
features.

Table E-1 provides perhaps the best overview of team performance. First of all, note that the FCR
appears to be roughly 1 false call per meter in blank material. This 1 FC/M rate will need to be
compared to the rate seen in the field to determine whether or not the inspectors are performing
inspections and analyses similar to field inspections. Inspectors have a strong incentive to lower
the detection thresholds in a round-robin test so that they can increase their POD scores (but at
the risk of increasing FCR). Hence, if observed FCR is much higher than field FCR, one can
conclude that this has happened. However, the data for field FCR are difficult to obtain (or indeed
quantify) and at present, the information from the RRT should be taken as a baseline, against
which subsequent tests/analyses and any information on field performance can be compared to.

Table E-1 POD, FCP, and FCRs by Team and Specimen Type

Ceramic Stainless Steel
POD FCP POD FCP
Surface Surface
Team  Crack Feature Blank FCR(FC/M) Crack Feature Blank  FCR(FC/M)
ALYJ 1.00 0.40 0.07 1.3E+00 0.78 0.17 0.05 7.9E-01
BMXR 1.00 0.40 0.00 0.0E+00 0.62 0.09 0.02 2.6E-01
CIWN 1.00 0.40 0.00 0.0E+00 0.69 0.05 0.05 7.9E-01
DOYP 1.00 0.40 0.00 0.0E+00 0.64 0.12 0.06 1.0E+00
EQzZH 0.83 0.00 0.05 8.3E-01 0.15 0.00 0.02 2.6E-01

The data from Phase Il indicate a significant difference in POD and FCR for team EQZH. It is not
clear whether this is because team EQZH is using a more stringent detection threshold than the
other teams, or for some other reason. The pattern is most noticeable for stainless steel.



One can use the two types of false calls estimated from these data to produce a total FCR (or
probability). A formula for a total FCR would have the form:

FCR(Total) = FCR(Blank) + FCP(SF)x A (SF) (E.1)

where A(SF) represents the rate of occurrence of surface features in the material. From the results
presented in Table E-1, one can see that total FCR (and therefore total FCP) will be strongly
influenced by the rate of occurrence of surface features.

E.1.2 ROC Evaluation of Detection Performance

To allow one to compare team performance visually, we have constructed receiver operating
characteristic (ROC) plots of the detection data provided in Table E-1. The two plots shown in
Figure E-1 present detection performance in “blank” material and in material with surface features.
The individual curves (labelled “C” and “S”) show the POD and FCP by individual teams on
ceramic (“C”) and stainless steel (“S”) specimens. An ideal inspection would result in a POD 100%
with no false calls. For comparison, the diagonal line on these plots represents the case if one
were to simply guess at whether a crack were present or not. As one can see, the presence of
surface features makes the detection problem harder. In “blank material” (i.e., material without
surface features), detection performance is better in ceramic than SS. However, when
discrimination of cracks from surface features is considered, SS and ceramic performance are
less distinct.
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Figure E-1 ROC Plot of (FCP,POD) Estimates in Table E-1. “C”: POD and FCP of individual
teams on ceramic specimens; “S”: POD and FCP of individual teams on
stainless steel specimens; *: Ideal inspection system performance.



E.2 POD Analyses

E.2.1 Effect of False Calls on POD Curves

Figure E-2 shows the effect of false calls on the POD regression fit. False call probability is
logically equivalent to POD for a crack of size 0 (i.e., POD for a location without any crack), so
false call data provide information about the left-hand side of the POD curve. As one can see in
Figure E-2, false call data dramatically change the shape of the curve; without the false call data,
there is a weak relationship between flaw size and POD.

More specifically, Figure E-2 shows that there is a weak relationship between POD and flaw size
in the range of 5 to 80 mm (0.2 to 3.15 in.), but a strong relationship in the 0 to 5 mm (0 to 0.2 in.)
range.
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Figure E-2 POD Regression with and without False Calls

For most POD curve fits, we will include false call data and the corresponding curve will be
considered to be the most realistic description of in-field POD.

E.2.2 Importance of COD vs. Flaw Length

Which explanatory variable has a stronger effect on POD, COD or flaw length? To answer this
question, a logistic model was fit to detection data (without false calls) and with the results plotted
in Figure E-3. It appears that only COD affects POD in this data set, and COD is only significant
for stainless steel. From the FCPs we have tabulated, we know that both explanatory variables
would be important if their ranges were broader.
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Figure E-3 POD Regression Using the Explanatory Variable COD vs. Flaw Length. The
figures show the POD on ceramic specimens as a function of COD (fop /eff) and
crack length (top right), and in stainless steel specimens as a function of COD
(bottom leff) and crack length (botfom right).

Another way to evaluate the importance of POD and flaw length is to include both in a logistic
regression model and determine which terms are significant in the regression table. The
appropriate regression model is:

POD; = logistic(3; + 8, x COD; + 33 xLength;) (E.2)

and the results of the regression fit for stainless steel are given by Table E-2, which displays the
parameters estimates, standard error, and levels of significance. As one can see from the last
column in the table, COD is highly significant, while length is not.



Table E-2 Logistic Fit with COD and Length

Estimate Std. Error z Value Pr(>|z|)
(Intercept) -0.78 0.31 -2.55 0.01
COD 0.04 0.01 4.31 0.00
Length -0.01 0.01 -0.59 0.55

The regression fit produces the same conclusions we see in the previous plots.

E.3 POD Curve Using COD and False Calls

This section displays POD curves for COD to be most realistic. Figure E-4 provides an average
POD, using the data from all five participating teams. The false call data used in these fits are that
produced by “blank” material, not surface features. In the Figure, the top two plots display the
estimated curves surrounded by 95% confidence bounds, while the bottom two plots show the fit
with data. The bottom two “diagnostic” plots can be used to evaluate how well the regression
model fits the data.
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Figure E-4 POD vs. COD
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Each data point in these plots represents a single flaw that has been inspected by five teams. The
POD point associated with each flaw is surrounded by 95% bounds. If the curve fits the data, it
should be within most of these bounds. This is indeed the case.

Figure E-5 presents POD curves for each individual team participating in Phase Il. In the ceramic
specimens, we can see groups in the POD curves—EQZH forms one group, ALYJ another group,
and the other three teams comprise the third group. EQZH exhibits the worst detection
performance, while ALYJ the best in the ceramic specimens.

In SS specimens, we see a similar grouping—EQZH forms one group, ALYJ another, and the
other three teams form the third. Again, EQZH exhibits the worst detection performance while
ALYJ exhibits the best.
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Figure E-5 POD vs. COD for Each Team

E.4 POD Curve Using Length and False Calls

This section produces POD curves using length as the explanatory variable. As noted previously,
COD seems to be the better explanatory variable. However a POD vs. length curve is what is
most relevant for safety calculations, so these curves are also presented.

The diagnostic plots in Figure E-6 show what is wrong with the POD vs. length regression model;
there are two long flaws (length 55 mm [2.165 in.] and 80 mm [3.15 in.]) (not shown on the plot)
that cannot be seen. One of these flaws is on the weld edge and very difficult to see. The variable
length is not as directly related to visual detectability as flaw width (COD).
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Figure E-6 POD vs. Length Using All Detections and False Calls in Clean Material. Flaw
F29.1 excluded.

E.5 Effect of Flaw Explanatory Variables on POD

Tables E-3 through E-5 present the relationship between POD and three explanatory variables—
Flaw Orientation, Flaw Location, and Flaw “OnEdge.” Because POD is essentially 1 for all flaws in
ceramic, we will only examine these explanatory variables in SS. Table E-3 shows a relationship
between orientation and POD. However, orientation and flaw location are related to each other. It
seems likely that the relationship present in Table E-3 is actually due to flaw location as illustrated
in Table E-4; POD in the location HAZ is higher than the other locations.
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Table E-3 POD of Axial vs. Circumferential Flaws in SS

Team Axial Circumferential
ALYJ 0.69 0.82
BMXR 0.44 0.69
CIWN 0.69 0.69
DOYP 0.62 0.64
EQZH 0.00 0.21
NOBS 16.00 39.00

Table E-4 POD in SS of Flaws in Different Locations: in Ground Weld, in Not Ground
Weld, in HAZ, in Surface Feature

Surface Not Ground

Team Ground Weld HAZ Feature Weld
ALYJ 0.67 0.83 0.84 0.57
BMXR 0.33 0.74 0.58 0.57
CIWN 0.67 0.74 0.63 0.71
DOYP 0.50 0.74 0.53 0.71
EQZH 0.00 0.17 0.21 0.00
NOBS 6.00 23.00 19.00 7.00

It was noticed that two very large circumferential flaws placed on the weld edge were not detected
at all, and this motivated the construction of Table E-5. From Table E-5, we see that flaws right on
the weld edge are indeed difficult to see.

Table E-5 POD in SS of Circumferential Flaws on Weld Edge

Team Not on Edge On Edge
ALYJ 0.88 0.57
BMXR 0.75 0.43
CIWN 0.75 0.43
DOYP 0.72 0.29
EQzH 0.25 0.00
NOBS 32.00 7.00
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APPENDIX F PHASE Ill RESULTS - DETAILED ANALYSIS

This appendix describes the detailed results from Phase lll, and supplements the results and
descriptions provided in Section 6 of this report. In addition to the detailed analyses presented,
some of the tables and figures listed in Section 6 are reproduced here for clarity and additional
context.

F.1 Detection Performance Overview

F.1.1 Evaluation of Disposition

Because the Phase Ill inspections contain information concerning the primary and secondary
indication dispositions, it is possible to construct tables that describe the primary/secondary
decision procedure. Such tables would allow one to determine the contribution of Secondary vs.
Primary to detection performance.

Table F-1 has been constructed to allow one to contrast the performance of primary/secondary
inspectors. To create this table we tried to associate each indication with one of the three types of
material in a specimen—crack material, SF, or blank material. A correct disposition depends on
the type of material the indication is in; an effective decision process will have placed all the
(GU=Blank or SF) indications in the disp=“N,” causing false calls to be zero. For the GU=crack
category, all the indications should fall into the “Y” category, resulting in the highest possible
detection probability.

We can see the disposition procedure is effective. Most of the GU=crack indications are indeed
classified as Final.disp=Y (96%), while 50% of the GU=blank indications are classified with
Final.disp=Y. For SF material, the final disposition classifies 55% as cracked. So this procedure
reduces the FCR/FCP by about 50%, at the expense of reducing POD by 4%. From these results
one can see that there may be an opportunity to improve performance by altering the decision
procedure so that more indications are identified as false calls.

One can evaluate the secondary’s contribution to crack detection by examining Table F-1 line by
line. The first line in the table identifies those indications that the primary classified as “NotCrack.”
To improve the results, the secondary should have overruled the primary for GU=crack
indications, but confirmed for both blank and SF. One can see that the secondary did a fairly good
job in this role; he made only two “mistakes” (1 crack as N, and 1 SF as crack).

In the second row, which represents those indications that the primary requested a review by the
secondary, we find that the secondary again made two mis-classifications (1 blank as crack, and
1 crack as NotCrack). In the final row, the secondary has mis-classified a total of 38 indications. It
appears that the secondary may be able to improve his performance most by evaluating the
primary’s disp=Y calls more critically.



Table F-1  Disposition by Grading Unit Type

Final Disposition

Initial GU = Blank GU = Crack GU = SF
Disposition N Y N Y N Y
N 2 0 1 5 3 1
R 4 1 1 1 1 0
Y 12 17 6 273 9 15

Table F-2 presents recording and detection statistics using all teams. If the disposition procedure
employed by the inspection teams was perfect, we would expect to see POR(Crack)=POD(Crack)
and POD(SF)=POD(blank)=0. One would classify the disposition procedure as ineffective when

POD(Crack) POD(SF) POD(Blank) -
POR(Crack) POR(SF) POR(Blank) (F-1)

“Ineffective” in this context means that one could do as well by simply guessing the disposition of
each indication. From the perspective of this criterion, the disposition procedure shows some
effectiveness. For example, POD(Crack)/POR(Crack) = 97% while POD(SF)/POR(SF) = 77%,
demonstrating that POD is reduced only by 3%, while false calls (in SF) are reduced by 23%. In
blank material, false calls are reduced by 40%.

Table F-2 Recording and Detection Statistics for Types of GUs

NOBS Nrec POR Ndetp PODP  NdetF  PODF

Bonus 40 21 0.53 18 0.45 19 0.47
Crack 375 298 0.79 290 0.77 290 0.77
SF 490 65 0.13 59 0.12 49 0.10
Blank 635 34 0.05 27 0.04 16 0.03

NOBS = number of observations

Table F-2 presents recording probability (identified as POR), the primary probability of detection
(identified as PODP), and the final probability of detection (identified simply as PODF). The
statistics in the “SF” and “Blank” rows actually represent false call probabilities. From this table,
one can see that the recording step is fairly effective in detection (POR(crack)=73% and
POR(blank)=FRP=8%). The main effect of the disposition procedure is to reduce FCP by 25%.

We can see that the secondary’s principal contribution to detection performance lies in the
reduction of false calls. Of course, one must observe that the primary and secondary inspectors
are not making decisions entirely independently of each other. If the primary knew his decision
was to be the final decision, he might have classified more indications as “not crack,” and thus
reduced his FCP more dramatically.

F.1.2 POD/FC Summary Tables

The data were scored using a (10 mm, 15 mm; 0.39 in., 0.6 in.) tolerance, with Table F-3
presenting POD results by team. False call probabilities are also presented for purposes of
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comparison. It should be emphasized that POD in this section refers to the “final” POD (i.e., PODF
as determined by the secondary inspector’s disposition).

Table F-3  POD, FCP and FCRs by Team, FCR=(FC/M)

POD.Crack FCP.SF FCP.Blank FCR

ARLW 0.72 0.11 0.01 1.59E-01
DCSI 0.72 0.06 0.06 1.12E+00
NBIE 0.85 0.13 0.02 3.19E-01
TUQZ 0.80 0.10 0.03 6.38E-01
YPJH 0.77 0.09 0.02 3.19E-01
All Teams 0.77 0.10 0.03 5.10E-01
NOBS 75.00 98.00 127.00

The three columns most relevant for the evaluation of detection performance are the first three;
these are used in the next section to produce ROC curves for each team. The last column, FCR,
presents the FCR in units of false calls/meter. FCP.Blank represents a false call probability for a
unit of material of length 50 mm (2 in.).

From this table, it seems teams NBIE and TUQZ are the best, achieving the highest POD, while
also achieving relatively low FCP. The “All Teams” row presents average performance over
teams. On average, POD is 77% with a FCR of 0.51 indications/meter.

F.1.3 ROC Plot for Detection Performance

To allow one to compare team performance visually, we have constructed ROC plots of the
detection data provided in Table F-3. The circles show the POD and FCP by individual teams on
the stainless steel specimens. An ideal inspection would result in a POD 100% with no false calls.
For comparison, the diagonal line on these plots represents the case if one were to simply guess
at whether a crack were present or not. The two plots shown in Figure F-1 present detection vs.
false call performance in “blank” material and in material with surface features. As one can see,
the presence of surface features makes the detection problem harder.

From these plots, we can see that all five teams have approximately the same detection
performance when surface features are used to represent false calls. If welds have many “surface
features” and it is necessary for the inspections to distinguish between surface features and flaws,
then the second ROC plot in Figure F-1 is the relevant ROC plot to use. In “clean” welds, there is
a difference in performance, with NBIE and TUQZ showing the best detection performance, and
DCSI markedly worse performance than the other teams.
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Figure F-1 ROC Plot of (FCP,POD) Estimates in Table F-3. “0”: POD and FCP of individual
teams on stainless steel specimens; *: Ideal inspection system performance.

F.2 Detection Performance

F.2.1 Evaluation of POD Curve Models
F.2.1.1 Effect of False Calls on POD Models

Figure F-2 shows the effect of false calls on the POD regression curve. False call probability is
logically equivalent to POD for a crack of size 0 (i.e., POD for a location without any crack), so
false call data provide information about the left-hand side of the POD curve. As one can see in
Figure F-2, false call data dramatically change the shape of the curve; without the false call data,
there is a weak relationship between flaw size and POD.

More specifically, Figure F-2 shows that there is a weak relationship between POD and flaw size
in the range of 5 mm to 60 mm (0.2 in. to 2.36 in.), but a strong relationship in the 0 mm to 5 mm
(O in. to 0.2 in.) range. The most dramatic change in POD seems to be occurring in the

0-5 mm (0-0.2 in.) interval—an interval we would have no data about if the false call data were
eliminated. This, incidentally, is the same relationship we saw in the Phase Il study.
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Figure F-2 POD Regression with and without False Calls
The most complete description of POD vs. flaw size is produced when false calls are included, so
almost all POD model fits in this report will include false calls. The false call probability included in

the fits is that associated with blank material.

Inclusion of false call data requires that the POD model cannot be constrained to be 0 at POD(0).
Thus a POD model such as

POD(s) = logistic( 5, + B;log(s)) . (F.2)

where s is the independent parameter (length or COD), and S, and g, are the unknown model
parameters, cannot be fit with the false call data included.

F.2.1.2  Evaluation of Possible POD Models

Which explanatory variable has a stronger effect on POD, COD or flaw length? And which POD
model involving these variables fit the data the best? To evaluate the model fit, Table F-4 provides
goodness-of-fit (GOF) statistics for seven plausible models. In order to calculate GOF for the
models, the team inspections were treated as replicates, an assumption that is reasonable for
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these data. The GOF statistic presented in the table is “dispersion,” and as the name implies,
quantifies the scatter of the data around the POD curve. A “large” value for dispersion indicates
model mis-fit and a value near one would indicate a “good” fit to the data.

Table F-4 Summary of Various POD Model Fits to Data

Goodness of Fit

Model DOF (dispersion)
1  POD = logistic (31 + B2 COD) 116 1.97
2  POD = logistic (81 + B2 Length) 116 3.23
3 POD = logistic (1 + B2 Area) 116 249
4  POD = logistic (B1 + B2 VArea) 116 1.91
5 POD = logistic (31 + B2 COD + B3 Length) 115 1.81
6 POD = logistic (31 + B2 log10 (COD)) 73 2.41
7  POD = logistic (81 + B2 log10 (Length)) 73 3.11

Note: Models 6 and 7 do not use FC data.
DOF = degrees of freedom

In Table F-4, the model that produced the best fit to the data was Model 5, the model that included
both length and COD as linear factors, while the worst was Model 2, the model that utilized length
alone. Even though Model 5 exhibits the best GOF, it does not make physical sense when
Length=0 or COD=0. A more reasonable model is one that involves crack area, or some function
of area, as a measure of size. Model 4 provides the GOF for a POD model involving area; as one
can see, the GOF is relatively high. An examination of diagnostic plots showed that the POD was
too large for “large” flaws. To force the POD-area model to behave more like the POD COD
model, Model 4 was considered, which used the square root of area. This produced a fit almost as
good as Model 5, but one that behaves reasonably when Length=0 or COD=0. That is, the FCP is
produced. From these results, it appears that Model 4 or Model 1 provide the best description of
detection performance.

Even though Model 2 fit the data poorly, it is important, because for safety evaluations, one really
requires POD as a function of crack length. A few important points about this fit are in order. First
of all, the large GOF statistic is not due to deficiencies in the shape of the POD curve, but rather
due to individual flaws with large length but small COD. See the diagnostic plot in Figure F-3 and
note the two flaws at 30 mm (1.2 in.) that were missed by all five teams, and also the flaw at 55
mm (2.165 in.) that was missed by two-fifths of the teams. Hence, the difference in the GOF
between the models involving COD and length is because detectability is more closely related to
COD than length.

Models 6 and 7 in the table are included for reference. These models force POD to be zero at
COD=0, so no false call data can be included in the fit. However, the GOF of these models is
about the same as that for Models 3 and 2, respectively. Thus, Model 6 seems to fit the data
about as well as Model 3, while length (Models 2 and 7) appears to correlate poorly with POD for
RVT.



F.2.1.3  Comparison of POD Curves Using COD and Length
This section presents the POD models involving COD and length in more detail. POD curves with

95% confidence bounds and diagnostic plots are presented and may be compared to Phase |
results.
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Figure F-3 POD vs. COD

The diagnostic plots presented in Figures F-3 and F-5 show the data vs. the curve fit. Each “data
point” represents a flaw, with detection achieved by the five teams. Each data point is surrounded
by 95% confidence bounds and a point that does not fit would be indicated by a point whose
bounds do not intersect the fitted curve. There are no such points (flaws) in the COD curve fit, but
there are such flaws in the length fit. For the length fit, note the flaws at 8, 19, 30, and 55 mm
(0.315, 0.75, 1.2, and 2.165 in.). It is these flaws that make the GOF poor for the POD vs. length
model.

It is important to note that the “poor” fit of the length model is not due to any deficiency in the
regression model form, but due to flaw-to-flaw variations in detectability that cannot be accounted
for by the variable flaw length. Therefore, this POD model provides the best description of POD
vs. length for this set of cracks. If one were interested in calculating a POD vs. length curve for
another population of cracks, it would be best to use the curve using the POD vs. COD model
(which fits best) and the joint distribution of (COD,Length) assumed in the population.



For example, if we were interested in determining the POD for “field inspections” and knew the
conditional distribution for in-field flaws was f{COD|Len), the POD(Len) could be calculated from
POD(COD) using:

POD (Len) = [POD(COD)f(COD |Len) dCOD. (F.3)

Individual curves are presented for each team in Figures F-4 and F-6. It appears that most teams
produced very similar POD curve performance. The outlier is team DCSI, with a higher FCP and
lower POD for large flaws. Because the five teams are so similar, we can conclude the VT
inspection protocol and training is achieving consistent performance.

Finally, Tables F-5 through F-8 present the crack size associated with a POD of 80% and 90%.
These values are generally accepted target values for acceptable performance. The tables also
contain upper and lower bounds for the flaw size estimates. From these tables, we see that 80%
POD is reached at COD = 25 microns (0.001 in.) and length = 19 mm (0.75 in.), while the 90%
POD is reached at a COD of about 28 microns (0.0011 in.) and length of approximately 23 mm
(0.91 in.). The confidence bounds presented here reflect crack sizes for a POD of 80% or 90%, at
confidence levels of 2.5% and 97.5%. Similar bounds may be computed to reflect crack sizes at
confidence levels of 5% and 95%. From the data presented here, the crack sizes for a POD of
90% at a confidence level of 97.5% (referred to as the 90/97.5 crack size or asoe7.5) are seen to be
a COD of approximately 33.61 microns (0.00134 in.) and a length of approximately 27.5 mm
(1.08 in.).
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Table F-5 Estimate of Crack Size (COD) Associated with 80% POD for Each Team.
Bounds are 95%.

Lower Bound, Flaw Size, Upper Bound

Case pm* um* (asg0r97.5), pm*
ARLW 23.9 274 32.6
DCsI 24.8 29.3 36.3
NBIE 19.0 22.4 27.2
TUQZ 20.1 235 28.5
YPJH 20.8 24.0 28.6
All 23.0 254 284

*To convert microns to inches, multiply microns by 0.00004.

F-11



Table F-6 Estimate of Crack Size (COD) Associated with 90% POD for Each Vendor.
Bounds are 95%.

Lower Bound, Flaw Size, Upper Bound

Case um* um* (aso97.5), pm*
ARLW 27.5 31.6 38.2
DCSI 29.7 35.2 44.0
NBIE 22.8 26.4 32.5
TUQZ 23.7 27.7 33.9
YPJH 24.0 27.7 33.4
All 27.0 29.9 33.6

*To convert microns to inches, multiply microns by 0.00004.

Table F-7 Estimate of Crack Size (Length) Associated with 80% POD for Each Vendor.
Bounds are 95%.

Lower Bound, Flaw Size, Upper Bound
Case mm (in.) mm (in.) (as0e7.5), mm (in.)
ARLW 17.1 (0.67) 19.9 (0.78) 24.3 (0.96)
DCsI 17.4 (0.69) 21.0 (0.83) 27.0 (1.06)
NBIE 12.9 (0.51) 15.2 (0.60) 18.5 (0.73)
TUQZ 16.3 (0.64) 19.6 (0.77) 24.9 (0.98)
YPJH 17.1 (0.67) 20.4 (0.80) 25.7 (1.01)
All 16.7 (0.66) 19.2 (0.76) 22.7 (0.89)

Table F-8 Estimate of Crack Size (Length) Associated with 80% POD for Each Vendor.
Bounds are 95%.

Lower Bound, Flaw Size, Upper Bound
Case mm (in.) mm (in.) (@90i97.5), mm (in.)
ARLW 20.0 (0.79) 23.4 (0.92) 29.0 (1.14)
DCSI 21.0(0.83) 25.5(1.00) 33.1 (1.30)
NBIE 15.3 (0.60) 18.0 (0.71) 22.2 (0.87)
TUQZ 19.7 (0.78) 23.8 (0.94) 30.7 (1.21)
YPJH 20.5 (0.81) 24.6 (0.97) 31.4 (1.23)
All 20.0 (0.79) 23.1 (0.91) 27.5(1.08)

F.3 Effect of Explanatory Variables on POD

In this section, the effect of the most important explanatory variables in the experiment are
evaluated. These explanatory variables are team, flaw orientation, flaw location, and flaw
“OnEdge” (i.e., is the flaw on the edge of the weld). The evaluation is presented with categorical



tables that display POD and a standard deviation of the estimate. These tables do not consider
flaw size, and might therefore lead to incorrect conclusions if the flaw sizes of the different

categories of flaws differ greatly. These tables are meant to provide an overview of the effect of
these variables.

Table F-9 presents POD by team and flaw orientation. Except for team NBIE, circumferential POD
is greater than axial, but not by much. In fact, if all teams results are combined (presented in the
“All Teams” row of the table), we see that axial and circumferential POD differ by only

3 percentage points, not a significant amount.

Table F-9 POD of Axial/Circumferential Flaws by Team

A C

ARLW 65+11 7516
DCSI 7010 7316
NBIE 9516 8215
TUQZ 7510 8215
YPJH 7010 8015
All Teams 754 78+2
NOBS 20 55

Table F-10 presents PODs for flaw locations. From the “All Teams” row, there is weak evidence
that flaws “In Surface Features” are harder to detect than flaws at the other location. There is no
evidence that ground welds behave any differently than unground welds, or that detection in the
HAZ is different than these other two locations. Tables F-9 and F-10 are comparable to tables
presented in Phase Il and can therefore be used to compare Phase Il performance with Phase lll.

Tables F-9 and F-10 do not account for any relationships that might exist between flaw orientation
and locations. For example, all axial flaws are in welds. To better understand the effect that
orientation and location jointly have on POD, Table F-11 was produced. From the “All Teams” row
in Table F-11, we would conclude that POD for axial flaws are hardest to detect when in a surface
feature (POD is reduced from 80% to 50%). For circumferential flaws, HAZ and surface feature
locations produce about the same POD (approximately 70%), while flaws in the weld have a POD
of 80%. To compare axial with circumferential, we might use the NGWeld location, and for this
location axial has a slightly higher POD (86% vs. 80%). This is not a significant difference.

Table F-12 presents the effect of weld edge on POD. “Weld Edge” is actually a categorization of
flaw location. Circumferential flaws on the weld edge are thought to be difficult to identify. As in
Phase Il, we see that this indeed is the case. The POD difference appears to be significant at 5%
level. Note that the teams’ POD show a consistent trend: POD(Edge) < POD(NotEdge).



Table F-10 POD of Flaws in Different Locations: in Ground Weld, in Unground Weld, in

HAZ, in Surface Feature

In Surface Unground

Ground Weld HAZ Feature Weld
ARLW 80+19 757 65110 73114
DCSI 80119 7248 65110 82+12
NBIE 100£12 8316 7819 1006
TUQZ 80+19 8316 7010 91110
YPJH 80+19 8117 70+£10 82112
All Teams 8418 7943 7014 8515
NOBS 5 36 23 11

Table F-11 POD of Flaws in Different Orientations/Locations

A: Ground  A:In Surface A: Unground C: In Surface C: Unground

Weld Feature Weld C: HAZ Feature Weld
ARLW 80+19 40122 70115 7547 72411 100443
DCsSI 8019 40122 80+13 7248 72111 100+43
NBIE 10012 80+19 1007 8316 78+10 100443
TUQZ 8019 4022 90+11 8316 78110 100443
YPJH 80+19 40122 80+13 8117 78+10 100443
All Teams 8418 48+10 8415 7943 7615 100+12
NOBS 5 5 10 36 18 1

Table F-12 POD of Circumferential Flaws on Weld Edge

Noton Edge  On Edge

ARLW 7916 58+14
DCsSI 7916 50+14
NBIE 8416 75+13
TUQZ 8815 58+14
YPJH 8615 58+14
All Teams 8313 6916
NOBS 43 12

F.4 Location Errors

This section examines the y/x (i.e., circumferential/axial) location error. To define location error,
we calculated flaw/indication midpoints and subtracted the two (i.e., indication — flaw midpoint).
Figure F-7 provides plots of this location error, separated by axial/circumferential flaw orientation.
As one can see from the plots, the error in the circumferential (Y) direction has a few “gross”
errors around 20 mm (0.8 in.). If these gross errors were eliminated, the remaining errors would

F-14



be bounded by £10 mm (0.39 in.). Roughly the same statement could be made for the transverse
(X) direction, except with a threshold of 12 mm (0.47 in.) to define the gross-error threshold.
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Figure F-7 Plot of Location Errors of Axial and Circumferential Flaws

Realize that the error distributions being presented in this section are truncated by the scoring
procedure used for detection; indication and flaw have to be within a certain distance of each
other to be associated with each other and allow a location error to be computed. Very large
location errors will result in a lowering of POD and not affect the location error distribution being
calculated.

Tables F-13 and F-14 present statistics of the location error distribution. Table F-13 presents root
mean squared error (RMSE) of the location error values. Because there is little bias in the location
error, one can think of RMSE as a standard deviation with units of mm or inches. The location
errors in both tables are separated by flaw orientation (Axial and Circumferential).

The “All Teams” row in Table F-13 provides the best overall summary of location errors. For axial
flaws, the RMSE in location error is seen to be 2.25 mm (0.09 in.) in the Y dimension and

7.52 mm (0.30 in.) in the X direction, while for circumferential flaws it is 6.66 and 6.76 mm (0.26
and 0.27 in.), respectively. From these values, one would conclude that there is a greater problem
with location error in the X-direction than Y on axial cracks, but not on circumferential cracks. If we
look at individual teams, it appears that TUQZ has the most problems with location error in the X-
direction; TUQZ'’s X location error is twice the Y location error.



Table F-14 presents the quantiles of the absolute value of the location error to quantify the
distribution shape. From the quantile values other than 100%, one can see that the location error
in the X-direction is larger than that in the Y-direction by approximately a factor of two.

Table F-13 RMSE Location Error for Axial and Circumferential Flaws

Circumferential (Y) Dimension

Transverse (X) Dimension

Axial Circumferential Axial Circumferential
ARLW 3.14 7.03 5.41 5.63
DCsI 3.05 6.98 9.43 8.24
NBIE 1.73 7.31 7.71 5.17
TUQZ 1.67 5.13 6.57 6.73
YPJH 1.29 6.70 7.76 6.73
All Teams 2.25 6.66 7.52 6.76

Table F-14 Quantiles of Absolute (Location Error) for Axial and Circumferential Flaws

Circumferential (Y) Dimension

Transverse (X) Dimension

Axial Circumferential Axial Circumferential
0% 0.15 0.00 0.00 0.00
25% 0.50 0.80 0.57 1.60
50% 0.70 1.45 1.85 3.60
75% 1.88 2.80 3.98 7.43
100% 10.35 27.90 23.80 17.60

F.5 Length Sizing Error

In this section, an overview of length sizing error is provided for visual testing. Figure F-8 plots
measured length vs. true length for all detected flaws. The red line in the plot represents a perfect
measurement (true=measured), while the black line represents a linear regression fit to the data
(meas = B1 + B2 = true). As one can see, from the regression fit, inspectors tend to oversize small
flaws and undersize large flaws, an almost universal characteristic for NDE flaw sizing.

F-16
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measured=true.

Tables F-15 and F-16 present a few important sizing error statistics. Sizing error is defined as

measured length — true length. Bias is mean of the error, while RMSE is defined as

RMSE (error) = mean(error)2

Table F-15 Sizing Error Statistics by Team

Bias, Standard Deviation, RMSE,

NOBS mm (in.) mm (in.) mm (in.)
ARLW 55 0.2 (0.01) 10.4 (0.41) 10.3 (0.41)
DCsI 55 -2.6 (-0.10) 9.8 (0.39) 10.0 (0.39)
NBIE 65 -2.9 (-0.11) 7.8 (0.31) 8.2 (0.32)
TUQZ 62 -2.8 (-0.11) 8.8 (0.35) 9.1 (0.36)
YPJH 61 -1.3 (-0.05) 8.9 (0.35) 8.9 (0.35)

(F.4)



Table F-16 Sizing Error Statistics by Orientation

Bias, Standard Deviation, RMSE, Average Length,
NOBS mm (in.) mm (in.) mm (in.) mm (in.)
Axial 76 2.4 (0.09) 7.3 (0.29) 7.6 (0.30) 13.5 (0.53)
Circumferential 222 -3.4 (-0.13) 9.1 (0.36) 9.8 (0.39) 25.5(1.00)

Perhaps the main conclusion to draw from Table F-15 is that team sizing performances are similar
to each other, with an RMSE of about 9 mm (0.35 in.). In fact the differences displayed in this
table would not be significant at a 95% confidence level. It appears that NBIE produced the best
performance with an RMSE of 8.2 mm (0.32 in.).

Table F-16 examines the difference between axial and circumferential sizing capability. Sizing of
axial flaws achieves a smaller RMSE than circumferential, but axial flaws are smaller than
circumferential, so this difference may be due to flaw size instead of orientation. Also, axial flaws
are with the weld so inspectors have a limit on flaw size (i.e., width of weld) that they can use in
their sizing decisions. The last column in the table presents the mean (true) size of
axial/circumferential flaws. As one can see, axial flaws are on average about half the size of
circumferential flaws. If RMSE were expressed as a relative error (RMSE/mean), the axial RMSE
would then be greater than circumferential.

Table F-17 summarizes the average time taken per test specimen in Phase Ill by each team as
well as the minimum and maximum inspection times. Comparing the data in this table to that
presented in Tables F-3, F-5, and F-7, it is obvious that there is not a strong correlation between
average time spent on a specimen and the performance. Instead, the variation in inspection times
is likely a function of several factors, including the time taken to evaluate an indication and the
time taken to record the information on the data sheet.

Table F-17 Minimum, Maximum, and Average Inspection Time per Specimen for Primary
Analyst

Time Per Specimen (min)

Teams Average Minimum Maximum
DCSI 17 6 36
YPJH 24 12 44
ARLW 16 8 31
NBIE 30 8 62
TUQZ 27 10 67
Total 23 6 67




APPENDIX G EVALUATION OF LOGISTIC REGRESSION MODELS

This appendix describes attempts to find a better logistic regression model for describing the
relationship between POD and flaw size (COD or Length) in this study. A good regression model
should fit the present data, be mathematically simple, not violate physical principles, and ideally
be "related to" the models we have used in previous sections.

The motivation for this investigation is the somewhat poor fit exhibited by the logistic regression
model for length:

POD (Len) =logistic (S, + 5, x Len) (G.1)

where Len is the length variable, and 3, and g, are the model parameters. This model can

provide unrealistically high probabilities for long cracks. For example, compare the POD curve vs.
the data in Figure G-1. One of the longest cracks (55 mm [2.165 in.]) has an empirical POD of
60%, but the POD model assigns a probability of 99.99%, not a realistic fit. A log model of the
form

POD (Len) =logistic(B; + 8, xlog(Len)) (G.2)

provides a much more reasonable fit to large cracks, as Figure G-2 illustrates. Unfortunately, a log
model cannot fit the data near Len = 0. The log model forces POD(Len = 0)) to be zero, which is
physically impossible. So one would like to identify a logistic regression model that better fits the
data at both ends of the size range.

G.1 Improved Logistic Regression Models

G.1.1 Overview of Model Fits

To identify the best model for the data, the fits of 13 prospective models using Phase Il data only
are presented in Table G-1. How well the model fits the data can be assessed by the dispersion
and AIC (Akiake Information Criteria) statistics. In this discussion, we will concentrate on the
dispersion statistic to evaluate goodness of fit. Dispersion measures the scatter of data about the
regression curve, as a residual mean square statistic does for regular regression. Roughly
speaking, if the model fits the data well, the dispersion should be around 1; if it is large (above
say, 1.5 for the degrees of freedom [DOF] in this data) the model does not fit the data. The model
may not fit the data because 1) the regression curve does not fit, or 2) the binomial distribution
does not fit the data.

The data plots in Figure G-1 show that non-binomial variability exists in the data. Each data point
in this figure represents replicate measurements on a single flaw. From the figure we can see that
flaws of essentially the same length can exhibit dramatically different PODs (see the flaws around
30 mm and 55 mm [1.2 in. and 2.165 in.]). This flaw-to-flaw variability exists because flaw length is
not a particularly good predictor of POD. Consequently, a model using only the variable flaw
length cannot hope to achieve a dispersion near the theoretical expected value of 1; a value near
2 seems to indicate a good fit when binomial variability is accounted for.
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Table G-1  Summary of Various POD Model Fits to Data

Model DOF Dispersion AlC
1 POD = logistic (3, + 3, COD) 116 1.97 314.45
2 POD = logistic (3, + S, Len) 116 3.23 460.57
3 POD = logistic (3, + 3, Area) 116 2.49 374.36
4 POD = logistic (8, + 8, COD + 35 Len) 69 4.03 361.55
5 POD = e +(1- ) logistic(f + f3,log(COD)) 73 3.11 283.62
6 Box-Cox Model Fits:
7 POD = logistic (pq + 5, CODﬂ3) 115 1.84 299.20
8 POD = logistic (f; + i, Len’ 115 2.32 354.33
9 POD = logistic (,6’1 A Areaﬂs) 115 1.86 302.21
10 Fits without False Calls:
11 POD = logistic (; + 3,log(COD)) 73 2.41 232.94
12 POD = logistic (3, + 8, COD) 73 2.33 226.54
13 POD = logistic (8, + B,log(Len)) 73 3.1 283.61
14 POD = logistic (8 + S, Len) 73 3.14 286.14
15 Model 2 Dispersion for Len > 0 Points 73 418

It should be noted that a few other obvious models not listed in Table G-1 were also considered.
Logistic models with a quadratic polynomial were also fitted, but they produced curves that were
not monotonically increasing, and did not have an improved dispersion. We also considered spline
models. Spline models can be made to fit the data well, but use of spline models requires an
arbitrary assignment of spline knots.

From Table G-1, one can see that the "Box-Cox" model fits the data best, regardless of the choice
of flaw size variable (COD, Length, or Area). The Box-Cox model is based on the Box-Cox
transformation used in statistics to "stabilize variance." In its application in the logistic regression
model, this produces a model that can closely resemble a log function when the power coefficient,
Bs, is small. See Figure G-3 (Model 13 vs. Model 8) as an example of this. Thus one can view the
Box-Cox model as a more general case of both the logistic-linear and the logistic-log models.
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For COD, the Box-Cox model (7) attains a dispersion of 1.84, slightly better than value of 1.97
attained by the linear (1) model we have used in this report. The Box-Cox model dispersion for (7)
is much better than that exhibited for the log model (11).

For Length, the Box-Cox model (8) has a dispersion of 2.32, which is much better than either the
linear model (2) or the log (13). It is clear that the Box-Cox model is a better fit than the other
models involving length. One should mention model (5) presented in Table G-1. This “offset”
model is one way to modify the log-model in 13 so that it accounts for non-zero false calls. (The
offset, €, represents false call probability.) For these data, the offset set model fits as well as the
log model and would also represent a methodology for creating a model that behaves properly at
zero. However, it does not fit as well as model 8.

If the false call data are eliminated from the data set, the fits presented in lines 11-14 of Table G-1
are produced. It is interesting to compare model 13 (the log-length model) to model 14 (which is
model 3 without false call data). Note that both fit the data equally well, indicating that a linear
model can fit the data as well as the log over a similar size range.



G.1.2 Box-Cox Model Fits

From Table G-1 we see that the three-parameter Box-Cox model should be used to describe the
relationship between POD and flaw size. This section provides plots of these fits to Length and
COD as illustrated in Figures F-3 and G-4. To allow the reader to gauge the changes this would
make to the POD curve, the Box-Cox fits are plotted along with the standard regression model
curve fits. Thus for COD, model 7 is plotted against model 1, while for Length, model 8 is plotted
against model 2.
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Individual fits of the Box-Cox model are also performed to each team’s data. These results are
presented in Figures G-5 and G-6. The flaw sizes associated with an 80% POD are presented in
Tables G-2 and G-3 for these fits. These can be compared with the data presented in Tables F-5
and F-7, which are based on the regression fits using Models 1 and 2.
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In the data presented in Figure G-5 and G-6, the red vertical line identifies the size of the smallest
flaw present in the data. The hatched lines about team ARLW represent 95% confidence bounds
for that POD curve. These 95% bounds provide the reader with a rough idea of fit uncertainty.
From the figures, we see that the teams break into possibly two groups (ARLW,DCSI) vs.
(NBIE,TUQZ,YPJH) based on their POD curves.



Table G-2 Estimate of Crack Size (COD, Microns*) Associated with 80% POD for Each
Team. Bounds are 95%.

Case Lower Bound Flaw Size Upper Bound
ARLW 23.5 28.6 44.0
DCSI 24.2 30.3 67.4
NBIE 4.9 19.0 46.3
TUQZ 18.7 23.6 44 .4
YPJH 20.5 24.2 70.6
All 22,5 25.9 31.0

*To convert microns to inches, multiply microns by 0.00004.

Table G-3 Estimate of Crack Size (Length) Associated with 80% POD for Each Team.
Bounds are 95%.

Lower Bound, Flaw Size, Upper Bound,
Case mm (in.) mm (in.) mm (in.)
ARLW 16.2 (0.64) 22.2 (0.87) 61.8 (2.43)
DCsI 16.3 (0.64) 23.0 (0.91) 43.8 (1.73)
NBIE 0.7 (0.03) 12.1 (0.48) 26.5 (1.04)
TUQZ 10.3 (0.41) 17.7 (0.70) 24.0 (0.94)
YPJH 9.9 (0.39) 22.4 (0.88) 25.0 (0.99)
All 14.0 (0.55) 20.1 (0.79) 47.6 (1.87)

G.1.3  Length Compared to COD Regressions

From Table G-1, one can see that the COD size variable describes POD much better than Flaw
Length (compare the dispersion of model 7 to that of model 8). Thus the “poor” fit of the length
model is not due to any deficiency in the regression model form, but due to the fact that
detectability is more closely related to COD than flaw length. Whenever possible, it would be
better to use a POD curve involving COD instead of one involving flaw length. For example, if one
required a POD(Length) curve for safety calculations, it might be best to derive it from the
POD(COD) curve, particularly if the (COD,Length) distribution relevant to the safety calculation
was different than that occurring in this study. The relevant formula would be:

POD (Len) = [POD(COD)|(COD|Len)dCOD (G.3)

where [(COD|Len) is the conditional distribution of COD given Length.

G.2 Summary

The results presented in this appendix indicate that the Box-Cox model fits may best represent the
variability in the data from Phase I, and allow the regression fits for the POD curves to better
represent the POD at both the high and low ends of the flaw variable (COD or length).
Comparisons of the estimated flaw size associated with 80% POD at a 95% confidence level
indicate that this value does not change significantly, regardless of whether the linear models or
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the Box-Cox models are used. This finding appears to indicate that the true value of the Box-Cox
models is in capturing the (non-binomial) variability associated with the Phase Ill data (and
possibly the Phase Il data as well) to provide a more accurate estimate of the POD at the high
and low ends of the flaw parameters.

This additional analysis also appears to indicate that length may not be a good predictor of
detectability in RVT, as the POD appears to be more closely related to COD and perhaps, area.
This result seems to hold regardless of the model type used (linear, logarithmic, or Box-Cox), and
assessing the POD as a function of length (for safety calculations, or other purposes) may require
assessing the relationship between COD and length first.
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