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Abstract

In response to increasing interest from nuclear utilitiesin replacing some volumetric
examinations of nuclear reactor components with remote visual testing, the Pacific Northwest
National Laboratory has examined the capabilities of remote visual testing for the Nuclear
Regulatory Commission. This report describes visual testing and explores the visual acuities of
the camera systems used to examine nuclear reactor components. The types and sizes of cracks
typically found in nuclear reactor components are reviewed. The current standardsin visual
testing are examined critically, and severa suggestions for improving these standards are
proposed. Also proposed for future work is around robin test to determine the effectiveness of
visual tests and experimental studies to determine the values for magnification and resolution
needed to reliably image very tight cracks.
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Executive Summary

PNNL researchers conducted a study of the capabilities of visual testing asit relates to finding
cracksin nuclear componentsin lieu of volumetric examinations using techniques such as
ultrasonic testing currently required by the ASME Boiler and Pressure Vessel Code Section Xl
Appendix VIII. It isnot clear, however, if this substitution can be made and maintain the same
level of crack detection reliability. This report describes remote visua testing, performance
demonstration standards for camera systems, the sizes of service induced cracksin reactor
components, and an assessment of the reliably of camera systems at finding these cracks.

Current guidelines for testing visual systems use two crossed 12 pm (0.0005 in.) wiresas a
performance demonstration standard. If the system can detect the wires, it is supposedly
sufficient to detect cracks and other flaws. In relation to current standards, some improvements
are recommended. Line detection isnot areliable standard, and does not provide the level of
accuracy that a combination resolution target test and a reading chart test can provide.

The average sizes of service-induced cracks in nuclear components were examined as part of this
study. The crack opening dimension (COD) of service-induced cracks in nuclear componentsis
one of the most important parameters affecting the reliability of visual tests. The CODs of
thermal fatigue, mechanical fatigue and stress corrosion cracks were compiled from the literature
and summarized in this report. Researchers in Sweden documented that in austenitic stainless
steel, one can expect mechanical fatigue cracks to range from 5 to 250 «m (0.0002 to 0.001 in.)
wide at the crack opening, with amedian COD of 17.5 xm (0.0007 in.). Service-produced
thermal fatigue cracks were found to range from 5 to 380 ««m (0.0002 to 0.015 in.) wide, with a
median COD of 27.5 xm (0.0001 in.). Wale and Ekstrom also characterized stress corrosion
cracksin austenitic stainless steels. These cracks ranged from 5 to 107 xm (0.0002 to 0.004 in.)
with amedian size of 30 um (0.001in.) . A large project by D.E. MacDonald examined 169
intergranular stress corriosion cracks and found CODs ranging from 5 to 310 «m (0.0002 to
0.012 in.) with amedian COD of 40 «m (0.002 in.).

It has also been observed that COD is strongly related to surrounding stresses in the case of
mechanical and thermal fatigue cracks. Stress corrosion cracks are more complex, and the COD
isrelated to the susceptibility of the material to SCC, the surrounding stresses, and the history of
the crack. The COD is not, however, strongly related to the crack depth into the material.

The results of this study on the reliability of visual testing systems related to average CODs show
that the systems may not be able to reliably detect a significant number (often over 50%) of
service induced cracks in nuclear components. To deal with the low probability of detection for
many cracks, a parametric study should be performed to examine the relationship between the
magnification and resolution of a camera system and the ability of the system to image very tight
cracksin nuclear components. To determine the effectiveness of the remote visual testing being
performed in the field, the findings also suggest a round-robin test to assess the procedures,
equipment, and personnel employed in the field.
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1 INTRODUCTION

Since 2002, the U.S. Nuclear Regulatory Commission (NRC), Office of Nuclear Regulatory
Research has funded a multiyear program, JCN Y 6604, at the Pacific Northwest National
Laboratory (PNNL) to evaluate the reliability and accuracy of nondestructive evaluation (NDE)
techniques employed for inservice inspection (ISI). Through this program PNNL researchers
provide technical bases and improved ISl programs for important reactor systems and
components, evaluate the impact of ISI reliability on reactor system integrity, provide
recommendations to the American Society of Mechanical Engineers (ASME) Code to improve
the effectiveness and adequacy of ISl methods and programs, and provide technical assistance on
NDE and related issues to the NRC program offices on an as-needed basis. The ASME Boiler
and Pressure Vessel Section X1 Code requires ISl to be conducted using both volumetric and
surface techniques, depending upon access conditions and potential failure modes.

Recently, the U.S. nuclear industry proposed replacing current volumetric and/or surface
examinations of certain componentsin commercial nuclear power plants, as required by the
ASME Boiler and Pressure Vessel Code Section X1, with asimpler visual testing (VT) method.
This expanded use of VT may be desirable, as these tests generally involve much less radiation
exposure and examination times than do volumetric examinations such as ultrasonic testing
(UT). However, for industry to justify supplanting volumetric methods with VT, an analysis of
pertinent issues is needed to support the reliability of VT in determining the structural integrity of
reactor components.

This report presents many of the issues involved with the reliability of VT. In Section 2theVT
technique is defined, and the limits of vision and factors that influence the reliability of a visual
test are explored. The morphology of service-induced cracks typically found in nuclear power
plant components is described in Section 3, followed by a discussion in Section 4 of the current
state of the art in nuclear VT. Section 5 isa synthesis of key points presented in Sections 2
through 4 asthey relate to the reliability of the visual testing technique within the nuclear power
plant environment. Conclusions and recommendations are presented and discussed in Sections 6
and 7, respectively.
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2 THE VISUAL TESTING TECHNIQUE

The technique of VT is deceptively complex. Inits most basic terms, which can be summarized
as “look at the test subject and try to detect aflaw,” VT does appear rather smple. However,
when the size of aflaw is close to the resolution limit of the equipment used in the test (where
equipment includes such things as the human eye or a video camera), the examinations become
complex. Factorsinfluencing the reliability of VT include, but are not limited to, light levels,
lighting angles, surface conditions, the resolution limits of the equipment used, magnification,
the contrast between the flaw and the surface, the amount of time spent examining the sample,
and a host of human factors (Allgair et a. 1993, Moore et a. 2001).

A human eye with 20/20 vision is able to resolve features as small as 75 «m (0.003in.) in size at
adistance of 25 cm (10in.) (Allgair et a. 1993). Thislimit is based on the density of rods in the
retina of the eye and on the diffraction limit imposed by the size of the eye. The eyeis, however,
able to detect features too small to be accurately resolve. It is possible under perfect conditions
to detect a crack with a crack opening dimension (COD) as small as 10 «m (0.0005in.) on a
mirror-polished surface (Michael Allgair et al,1993). The minimum detectable COD becomes
much larger if the surface is rough or not perfectly clean. These limits do not account for factors
such as scratches, machining marks, and any camouflaging effects offered by a macroscopic
feature such asaweld root. Human factors play alargerolein the test aswell.

Any system used in VT (ranging from the naked eye to adigital closed-circuit TV system) will
have a measurable visual acuity. The visual acuity of a system has four psuedo-independent
measures (De Petris and Macro, 2000);

a visible minimum - the smallest dot the system can detect

b. separable minimum (resolution) - the smallest separation between two lines the
system can detect

C. visual acuity by vernier - the ability to perceive spatial variation between two
objects

d. readable minimum (recognition capability) - the ability to recognize complex

shapes such as letters or numbers.

These visual acuity parameters describe what a system can detect and discern. A system with a
detection limit of 10 «m (0.0004 in.) and aresolution limit of 30 xm (0.0012 in.) at agiven
distance can “see” a 10-um line on a sheet of paper but cannot resolve a 10 »m gap between two
10-umlines. A letter or number will appear to be adot if it islarger than the visible minimum of
asystem, but below the readable minimum of the system. The letter will be identifiable only
when it is above the recognition capability of the system.

The image sharpness produced by mechanical visua systems such as still and video cameras can

be described in terms of their modulation transfer function (MTF). The MTF is ameasure of the
detected versus the actual contrast ratio as a function of the spatial frequency of the indications.
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For example, a camerawill generally show nearly 100% contrast on two black lines on awhite
background when the lines are far apart (low spatial frequency); however, if the lines are very
close together (high spatial frequency), the system can blur the lines and the spaces between the
lines together, reducing the contrast and thus reducing the MTF. Measuring the MTF of a system
as afunction of spatial frequency is a very reproducible and objective way to measure the visua
sharpness of a camera system.

A resolution test is another common technique used to characterize the visual acuity of a system.
A resolution test determines the smallest distance between two lines that can be discerned by the
system. A resolution target generally has severa sets of parallel or converging lines with
notations on how many lines per millimeter are present at each point. Performing a resolution
test consists of making an image of a standard resolution target and determining the point at
which the system can no longer separate the lines. The main problem with resolution testsis
that they rely on the observer to determine which lines are separable and which are not, adding an
element of subjectivity to this measurement. However, aresolution test has the advantage of
being faster and easier to administer than atest of system MTF. Examples of commercially
available resolution targets include the Institute of Electrical and Electronics Engineers (IEEE)
Resolution Target, which conforms to the standard STD 208-1995, "Measurement of Resolution
of Camera Systems’, the 1951 U.S. Air Force Resolving Power Target, and the International
Organization for Standardization (ISO) Camera Resolution Chart. The details of which targets
conform to which standard can be found in Sine Patterns L.L.C. 2004.

The maximum possible visual acuity of avideo or digital system can be described by comparing
the native resolution of the system to the size of the area on which the system isfocused. This
measure of visual acuity assumes perfect optics and a perfect el ectronic capture of the image.
Using this method, a 1 megapixel (1200 x 800 pixels) camerathat can focus on an area

75 mm x 50 mm (3in. x 2in.) would have a pixel size of 0.0625 mm/pixel. Any indications that
fall below this size would be pixelated and recorded as a lower-contrast shadow in the larger
pixel, asthe contrast from the indication is averaged with the background in the pixel. The color
and shading of the pixel is dependent on the contrast between the indication and the background
and on the MTF of the camera. An example of alinear indication in which the width of the line
issignificantly less than the pixel sizeis shown in Figure 2.1.
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Figure2.1  Pixelation of line (@) into lower-contrast image (b).

A common, athough not very reliable, technique used in the nuclear industry as a performance
standard for visual systemsisto determineif a given system can detect very small diameter wires
or thin printed lines. Although using line detection to test a camera system has along history, it is
not well respected by many expertsin visual testing as exemplified by this excerpt from Allgair
et a. (1993):

Because ssimple line detection is arelatively grosstask, it can be a poor
performance standard, allowing detection of a highly blurred image. This does
not emulate sharpness quality recognition for evaluation of weld discontinuities.
A 750 pm (30 mil) black line can be reliably detected by individuals classified as
legally blind (20/200 corrected both eyes). The 750 um (30 mil) and the even
smaller 25 um (1 mil) widths should not be used as performance standards
because they do not determine image sharpness. While this technique isrelatively
quick and ssimpleto perform, it only measures the “visible minimum” for long
linear indications and does not measure a system’ s resolution or recognition
limits. If thewire or printed line has a strong enough contrast against the
background alinear feature well below the resolution of a system can be detected.

Another important variable in visual acuity is the speed at which the visual system scans over the
inspected area. The term kinetic vision acuity is used for the visual acuity of a given system
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when scanning amoving target. The loss of visual acuity as afunction of scan speed is highly
dependent on the technology used to capture theimages. A high-speed film camera can capture
sharp images of a bullet in flight, while a poor video system can show noticeable blur at slow
scan speeds. In general, high-quality image capture with video systems requires that the camera
be halted over the area to be inspected for at least 2 or 3 seconds.

Two important parameters used to quantify how well an indication can be identified from an
image are the size of the indication on the image and the signal-to-noise ratio. The size of the
indication is best described in this context as the number of resolution lines. A historical rule of
thumb from aerial reconnaissance photography is that three resolution lines on a side are needed
for detection; five resolution lines along a side are needed for identification (Jensen, 1968).
However, these rules were developed for round objects and are difficult to apply to crack
detection, as cracks are very long (many resolution lines with atypical system) relative to their
width (possibly less than one resolution line with the best of systems). The signal-to-noise ratio
is determined by comparing the signal from the contrast between the crack opening and the base
metal to the noise from machining marks, cleaning marks, and other extraneous indications on or
near the flaw.
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