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REPORT SUMMARY

Utilities use qualified techniques when performing eddy-current tests on nuclear power plant
steam generator (SG) tubes. When components of the "qualified" system are changed,
verification of equivalency to the originally qualified system must be performed. This report
provides the initial results of EPRI's ongoing multiyear project that includes the development of
a simplified, cost-effective method of determining eddy-current technique and substitute
component equivalency.

Background
The EPRI PWR Steam Generator Examination Guidelines require an examination technique
specification sheet (ETSS) to define essential variables for equipment, techniques, and analysis.
Examination techniques with essential variables that vary within the ranges identified in the
ETSS are considered equivalent.

In order to take advantage of technology advances in nondestructive examination (NDE)
techniques and equipment, utilities must demonstrate technique or system component
equivalency prior to implementation. The convention has been that each individual utility
requires the inspection organization to develop the technical basis and assemble the required
documentation that demonstrates technique or substitute component equivalency as part of their
inspection services contract. The elaborate process currently performed to document equivalency
has increased costs for the utilities involved. A simplified, cost-effective process for
determination of examination technique equivalency could provide financial benefits to utilities.

Objectives
* To provide a consistent and cost-effective method to evaluate system performance, technique

performance, and substitute component equivalency.
* To assemble equivalency documentation on various steam generator eddy-current inspection

techniques.

Approach
Investigators developed a written plan for documenting equivalency for new examination
techniques, where essential variables may be outside of the range of those defined in the
originating ETSS. Measurement and acceptance of essential variables for the technique,
individual system components, and analysis were to be considered in accordance with EPRI's
Steam Generator Examination Guidelines.

Investigators developed a process where a utility engineer or a vendor organization could set up
an identical examination system, as planned for field use, test the calibration standard flaw(s) or
master sample, and immediately determine if the system is "equivalent" to currently qualified
systems. System performance would be evaluated as a whole rather than trying to examine each
individual system element. A method to standardize the evaluation of system performance was
developed so as to achieve consistent eddy-current results.

V
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In the final steps, investigators designed and produced a master set of flawed tube samples that
could be used to perform examination technique equivalency checks. A procedure was
developed for using the master samples to demonstrate examination technique equivalency.

Results
This report documents a method for demonstrating equivalency between EPRI-qualified eddy-
current inspection techniques for steam generator tubes and similar inspection techniques with
modified essential variables. The equivalency demonstration requires two components. One
component is an engineering technical justification explaining why the changes in essential
variables should not affect the performance of the technique in detecting and characterizing
steam generator tube flaws. The other component is a practical demonstration showing that the
modified techniques can generate signals from selected calibration tube flaws equivalent to those
generated by the qualified techniques.

A master set of calibration tubes has been designed and built for demonstrating equivalency
between qualified inspection techniques and new techniques with modified essential variables. A
layout of an essential variables workbook table is also documented in this report. This workbook
table has been developed as an aid in accounting for differences in essential variables between
new proposed inspection techniques and qualified inspection techniques.

EPRI Perspective
The determination of steam generator eddy-current technique equivalency has been an involved
and costly process. The development of a standardized and efficient process for determining
eddy-current technique and substitute component equivalency should provide cost savings to
utilities and should allow the determination of equivalency to be made in a much shorter period
of time.

Keywords
Steam Generators
Essential Variables
Eddy-Current Inspection
Examination Technique Specification Sheet (ETSS)
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1
INTRODUCTION

As the industry has matured processes for improving inspection quality and efficiency have
evolved. The EPRI PWR Steam Generator Examination Guidelines provides specific guidance
for a steam generator inspection program. Included in these EPRI S/G Guidelines is the process
of qualifying inspection techniques. Within each of the qualified techniques, essential variables
have been identified with their established values and ranges. To vary any parameter of a
qualified technique such as the substitution of a new component for an original, equivalency
must be demonstrated. This document explains the process for demonstrating equivalency
between an existing EPRI qualified eddy current inspection technique, and a new proposed
inspection technique with modified essential variables. If equivalency cannot be demonstrated
between a new proposed technique and an existing qualified technique, then the new technique
requires full qualification in accordance with Appendix H of the EPRI PWR Steam Generator
Examination Guidelines [1] if it is to be used in an inspection.

1.1 Purpose

The purpose of this document is to provide a framework for demonstrating equivalency of
qualified techniques and a methodology for building an evidentiary report. This is not a
substitute for site validation but rather a supporting document to demonstrate the equivalency of
the technique components that will be used in the site validation.

1.2 Scope

Included in this document is an explanation of the process, specific requirements, and
recommendations around how to produce a report which demonstrates technique equivalency. A
technique is considered equivalent to a qualified technique if changes in essential variables do
not degrade the performance indices of the technique in regard to detection and sizing
capabilities.

1-1



Non-Proprietary Version

2
PROCESS FOR DOCUMENTING TECHNIQUE
EQUIVALENCE

The recommended process for documenting the equivalency between a new proposed eddy
current steam generator tube inspection technique, and an existing qualified technique is depicted
in the flow chart in Figure 2-1.

~Document Proposed
2Inspection Techniq~je }ETSS)

I -a

I
ldentiff/e~senti~flvaiiablt- differences
between ppopnse ns pectio n
techrieue and EPIl iuahfied•ETSS

I
No

I Yes
vProceed with Site

Vaidation and Inspection-

Figure 2-1
Flow Chart Diagram Showing How to Document Equivalency between a New Proposed Eddy
Current Inspection Technique for Steam Generator Tubes and a Qualified Technique

2-1
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2.1 Proposed ETSS

The proposed eddy current technique for steam generator tube inspection must be fully
documented with examination technique specification sheets (ETSS). As a minimum, the
information required to document the technique must be equivalent to the equipment, materials
and procedural information documented in the qualified EPRI ETSS's.

2.2 Identify EPRI Qualified Techniques that are to be Demonstrated as Equivalent
to the Proposed Eddy Current Testing Technique

The intended function of an eddy current testing technique is to be able to detect and characterize
flaws in steam generator tubes with equivalent capability as techniques that have been qualified
by the Appendix H process in the EPRI PWR Steam Generator Examination Guidelines [1].

2.3 Identify Differences in Essential Variables between the Proposed Technique
and the Qualified Techniques

Differences in essential variables between those of the proposed ETSS and those of the qualified
techniques must be identified and documented. Some common examples are listed below:

1. Different eddy current instrument.
2. Different acquisition software and/or analysis software.
3. Cable length compensated by cable capacitance, coil inductance, and/or drive voltage.
4. Minor probe coil changes (eg. minor change to inner diameter of a pancake coil).
5. Scan speed compensated by digitizing rate.

6. Tube wall thickness compensated by operating frequency.

2.4 Technical Justification

Any engineering arguments explaining why differences in essential variables will not adversely
affect the proposed technique's ability to detect and characterize flaws equivalently to the
qualified techniques must be documented.

For example, if it is desired to increase scanning speed of an eddy current probe, mathematical
equations should be documented showing how an increase in digitizing rate will allow the
technique with the faster probe to generate an equivalent amount of samples per inch as the
technique that was originally qualified.

2-2
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2.5 Performance Demonstration on Master Set of Calibration Tubes

If an eddy current technique is to be considered as equivalent to a qualified technique, it must be
proven that it can generate equivalent calibration tube flaw signals. Repeatability errors are
generally caused by tolerances in calibration tube dimensions, calibration flaw dimensions and
eddy current equipment (probes, cables and instruments). Therefore, "equivalent" signals are not
expected to be truly identical. Acceptance tolerances for signal comparisons have been
determined by examining variances in calibration flaw signals from EPRI qualified techniques.
Calibration tube flaw signals can either be obtained by setting up a qualified technique and
scanning the appropriate calibration tubes, or by obtaining calibration flaw signals from archived
data acquired with the qualified technique. Such data can be obtained from calibration tube scan
files stored with EPRI's technique qualification records.

The performance demonstration for demonstrating equivalence requires two components. One
component is a demonstration that the proposed system will generate a probe signal with equal
or greater amplitude from a common flaw as would be produced by a probe from a qualified
technique. This can often be accomplished by comparing a flaw signal from the proposed
technique with a signal from an equivalent flaw from the qualified technique before the analysis
setup is normalized.

The second required component of a performance demonstration is a comparison of signals from
a comprehensive set of common calibration tube flaws after the signal setups have been
appropriately normalized and phase adjusted.

Detailed documentation of the "master" set of calibration tubes used for demonstrating
equivalence is in Section 3. More detailed explanations of how the signal comparisons should be
done with specific acceptance tolerances are in Section 4.

2-3
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3
MASTER SET OF CALIBRATION TUBES FOR
PERFORMANCE DEMONSTRATION OF TECHNIQUE
EQUIVALENCE

As a minimum, the EPRI PWR Steam Generator Examination Guidelines [1] require that bobbin
probes used to scan steam generator tubes must be calibrated using ASME Section V Article 8
calibration standards. These guidelines also require that rotating probes and array probes should
be calibrated with calibration tubes containing 0.375" long, 0.005" wide EDM notches of various
depths from the outer diameter (OD) surface of the tube wall and the inner diameter (ID) surface
of the tube wall. Because of this, archived data acquired with qualified eddy current techniques
all contain signals from these calibration flaws. Therefore, as a minimum, a recommended
"ýmaster" set of calibration tubes for demonstrating technique equivalence should contain ASME
calibration standard flaws and the EDM notches required by the EPRI guidelines.

In addition to the calibration tube flaws required by the EPRI guidelines, it is also recommended
to include a set of four 100% deep axial EDM notches at one axial location separated by 90
degrees from each-other along the tube circumference. This type of flaw is considered to be
useful as scale-independent flaws for comparing bobbin probes built for scanning different
diameter tubes. The conventional flat-bottom holes used in ASME tubes are scale dependent.
The diameters of the flat bottom holes in ASME calibration tubes are fixed, independent of the
diameter of the tube. Because of this, the relative size of these flat-bottom holes changes as the
tube diameter changes. The circumferential extent of each flat bottom hole changes relative to
the tube circumference as the tube diameter changes. For practical purposes, the 100% deep axial
EDM notches are two-dimensional being significantly longer in the axial direction than the
bobbin probe coils (and field spread) while occupying very little extent in the circumferential
direction. The signal from these axial notches should be independent of the tube circumference
and diameter.

When calibrating certain types of array probes such as X-Probes, the calibration tubes contain
axially symmetric grooves. These grooves are often required to ensure that the various probe-coil.
units in the array probes are calibrated equivalently. When X-Probes were qualified for detecting
cracks through the EPRI guidelines Appendix H process, signal amplitude was calibrated using a
20% deep axially symmetric groove. After the work in qualifying the X-Probe had been
performed, it was recognized that the 20% deep groove was not deep enough to generate a
consistent or repeatable enough signal for calibrating the probe. A deeper groove was needed. In
most inspections that use X-Probes, signal amplitude is generally calibrated using a 30% deep
groove rather than a 20% deep groove.

Detailed drawings of a recommended set of calibration tube samples with useful flaws for
demonstrating equivalence between proposed eddy current inspection techniques and qualified
techniques are shown in Figure 3-1 through Figure 3-5.

3-1
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For the remainder of the report, the following references will be used for these tubes:

Tube 1: ASME calibration tube shown in Figure 3-1.

Tube 2: EDM notch standard with circumferential and axial notches shown in Figure 3-2.

Tube 3: EDM notch standard with only axial EDM notches shown in Figure 3-3. This tube
also has four 100% deep notches at one axial location, but circumferentially
separated by 90 degrees between each notch. The tube also contains four 20%
deep OD notches at one axial location with 90 degree circumferential separation
between each notch.

Tube 4: EDM notch standard with only circumferential EDM notches shown in Figure 3-
4.

Tube 5: Calibration tube for X-Probes shown in Figure 3-5. It contains mechanically
rolled expansion, 20% deep OD groove, 30% deep OD groove, carbon steel ring
and 40% deep spiral groove.

3-2



Non-Proprietary Version

Content deleted - EPRI Proprietary Information

Figure 3-1
ASME Calibration Tube (This Tube Design is Referred to as "Tube 1" in the "Master" Set of Calibration Tubes)
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Content deleted - EPRI Proprietary Information

Figure 3-2
EDM Notch Standard for Rotating and Array Eddy Current Probes

(This Tube Design is Referred to as "Tube 2" in the "Master" Set of Calibration Tubes)

3-4
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Figure 3-3
Tube with Only Axial EDM Notches for Bobbin, Rotating and Array Probes

(This Tube Design is Referred to as "Tube 3" in the "Master" Set of Calibration Tubes)

3-5
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Figure 3-4
Calibration Tube with Only Circumferential EDM Notches for Rotating and Array Eddy Current Probes

(This Tube Design is Referred to as "Tube 4" in the "Master" Set of Calibration Tubes)
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Figure 3-5
Calibration Tube Used for Setting Up Eddy Current Array Probes Similar to X-Probes

(This Tube Design is Referred to as "Tube 5" in the "Master" Set of Calibration Tubes)
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4
PERFORMANCE DEMONSTRATION REQUIREMENTS

The performance demonstration involves comparing calibration tube flaw signals from the new
proposed technique with signals from common flaws generated by a corresponding qualified
inspection technique. The signals from the proposed technique must be obtained from selected
flaws in the master set of calibration tubes documented in Section 3. The signals from the
qualified techniques can be obtained either by setting up the qualified techniques to scan the
appropriate tubes from the master set of calibration tubes, or from calibration tube scans from
archived data acquired with the qualified techniques. EPRI has stored the data used for technique
qualification with the qualified ETSS documentation.

There are two criteria required for performance demonstration of equivalency between a
proposed technique and a qualified technique. One criterion is to demonstrate that the proposed
technique will generate an equivalent or larger flaw signal amplitude from the probe (eddy
current interaction with the flaw), before normalization, as the qualified technique. When the
signal amplitude from a new technique is significantly lower than the amplitude of the qualified
technique, the system is forced to significantly increase amplification of the signals for analysis.
The increased amplification often amplifies the background system noise. This can lead to
decreased signal-to-noise ratio and decreased detection capability. Demonstrating that the new
proposed technique will generate equivalent flaw signal amplitude from the probe with the
corresponding qualified technique will mitigate the possibility of increasing the system noise. If
the "qualified" data channel of the technique is a frequency mix, then this amplitude criterion
must apply to each of the component frequencies of the mix.

The second criterion is to demonstrate that the proposed technique will generate equivalent flaw
signals (amplitude and phase) from a comprehensive set of calibration tube flaws after the
signals have been normalized according to practices in analysis set-ups. This criterion will verify
that the proposed technique can characterize flaws in an equivalent manner as the corresponding
qualified technique. Tolerances for allowable variations in signals that can be defined as
"equivalent" have be determined by examining flaw signal variances in multiple calibration tube
scans performed using the qualified techniques.

4.1 Bobbin Probe Techniques

For bobbin probe techniques scanning equivalent diameter tubes as signal comparisons should be
done using the localized flaws in ASME calibration tubes.

Because some bobbin probe techniques have been qualified on several tube dimensions at once,
careful consideration must be used when examining the ASME through-wall hole signals for
tubes with outside diameter (OD) 0.75" and smaller, and tubes with larger diameters. For tubes
with OD < 0.75", the diameter of the through-wall hole is 0.052". For tubes with OD > 0.75", the
diameter of the hole is 0.067".

4-1
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If the diameter of tubing inspected with the new proposed technique is equivalent to tube
dimensions used with a qualified bobbin probe technique, then to verify that the new technique
generates equivalent amplitude as the qualified technique, it is recommended to demonstrate this
using signals from the four 20% deep flat bottom holes in Tube 1 (the ASME calibration tube)
shown in Figure 3-1.

Content deleted - EPRI Proprietary Information

If the diameter of tubing inspected with the new proposed technique is equivalent to tube
dimensions used with a qualified bobbin probe technique, then to verify that the new technique
generates equivalent relative signal responses as a qualified technique, then a comparison of the
signals from the flat bottom holes and the 100% deep through-hole in Tube 1 (the ASME
calibration tube) should be performed as a minimum.

Content deleted - EPRI Proprietary Information

These tolerances allow for signal variances that can occur due to tolerances in machined flaw
dimensions and typical variations in tube wall thickness, as well as tolerances in eddy current
probe dimensions and probe centering. These tolerances are within observed variances generated
by fully qualified bobbin probe techniques.

4.2 Rotating Eddy Current Probe Techniques

The capability of a new proposed technique to generate an equivalent or larger (not normalized)
flaw signal should be demonstrated using signals from a 100% deep, 0.375" long axial EDM
notch. Examples are flaw "K" in Tube 2, shown in Figure 3-2, and flaw "E" in Tube 3, shown in
Figure 3-3.

Content deleted - EPRI Proprietary Information

The capability of a new proposed technique to generate equivalent signals (amplitude and phase)
on a comprehensive set of flaws should be demonstrated using the 40, 60 and 100% deep axial
and circumferential EDM notches in Tube 2, or in Tubes 3 and 4. 20% deep EDM notches are
often too small to generate clear repetitive signals for demonstrating equivalency.

Content deleted - EPRI Proprietary Information
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4.3 Eddy Current Array Coil Probe Techniques

The capability of a new proposed technique to generate an equivalent or larger (not normalized)
flaw signal should be demonstrated using signals from a 100% deep, 0.375" long axial EDM
notch. Examples are flaw "K" in Tube 2, shown in Figure 3-2, and flaw "E" in Tube 3, shown in
Figure 3-3. If the array probe uses different groups of coils for detecting axial and
circumferential flaws, then the capability of a proposed to generate signals from circumferential
flaws of equal or greater amplitude as generated by a qualified technique should be evaluated
using a 100% deep, 0.375" long circumferential EDM notch. Examples are flaw "D" in Tube 2,
or flaw "D" in Tube 4.

Content deleted - EPRI Proprietary Information

The capability of a new proposed technique to generate equivalent signals (amplitude and phase)
on a comprehensive set of flaws should be demonstrated using the 40, 60 and 100% deep axial
and circumferential EDM notches in Tube 2, or in Tubes 3 and 4. 20% deep EDM notches are
often too small to generate clear repetitive signals for demonstrating equivalency.

Content deleted - EPRI Proprietary Information

4.4 Calibrating X-Probes

The EPRI qualified ETSS's for operating general purpose X-Probes (Eg. ETSS 20400) require
amplitude calibration on a 20% deep OD axially symmetric groove, allowing a variance in axial
extent from 0.25" to 0.5".

Content deleted - EPRI Proprietary Information
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5
EQUATIONS

5.1 Characteristic Parameter Governing Probe Coil ImpedanceNoltage

Maintaining perfect equivalence between different test systems requires maintaining consistency
of the characteristic parameter as defined by Dodd and others [2] in the equation below:

P, = fo-,a 2  Eq. 5-1

Where 1 represents the linear scale of the probe coils, test tubes, flaws and all other materials. cr
is the electrical conductivity and p is the magnetic permeability of the tube material. The
electrical. conductivity is the reciprocal of the electrical resistivity of a material:

1

P Eq. 5-2

Where p is electrical resistivity.

5.2 Tube Wall Thickness to Electromagnetic Skin Depth Ratio

Often, the most important essential parameters for eddy current inspection are the material
properties of the inspected tubes and there wall thicknesses. These parameters govern the
penetration of the eddy current into the tube wall.

For most practical situations, it is often sufficient to maintain a consistent wall thickness to skin
depth ratio in establishing "equivalent" eddy current techniques for testing tubes of different wall
thicknesses.

R = r/cEq. 5-3

Where 'r is the tube wall thickness and 6 is the electromagnetic skin depth of penetration.
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2
F=2fIt Eq. 5-4

Where c7 is the electrical conductivity and g is the magnetic permeability of the tube material.

To date, all EPRI qualified eddy current techniques for steam generator tube inspection are
qualified for only nonferromagnetic tubes. The equation for choosing an equivalent frequency
for testing a tube with a different wall thickness is as follows:

T12

U2 T2 Eq. 5-5

Where the subscript 1 identifies the variables (frequency, electrical conductivity and wall
thickness) of the qualified technique and subscript 2 identifies the variables in the equivalent
technique. If a new proposed technique is used for inspecting tubing with a different wall
thickness or material conductivity from tubing used with a qualified technique, then Equation 5-5
can be used to specify a new frequency used to set up an equivalent channel as used with a
qualified technique.
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6
ESSENTIAL VARIABLE DISCUSSION

Essential variables are those parameters of the inspection technique that when affected could
have an impact on the performance of the technique. This includes such system components as
the instrument, the software, the probe, signal cables, and calibration standards. Parameters such
as tester architecture, software version, probe length, coil dimensions, coil windings, cable
length, cable resistance/capacitance, and calibration standard artifact dimensions all have
potential impact to the performance of a qualified technique. An "Essential Variables
Workbook" is provided to assist with and ensure that each of the appropriate essential variables
is properly addressed in an equivalency demonstration.

6.1 Essential Variables Workbook Description

The Essential Variables Workbook is located in Appendix A of this document. Below the
original technique number, column (1) identifies the list of essential variables considered during
the initial qualification of a technique. Column (2) provides the as qualified value of each
variable. Column (3) lists the acceptable variable value ranges. Column (4) provides reference to
the methods which were used to measure the value of each variable. Below the proposed
technique, column (5) lists the variable values of the new technique for each required essential
variable. Column (6) references how the equivalency was demonstrated.

Table 6-1
Layout of Workbook Table

EPRI Appendix H Qualified Original ETSS: Proposed Technique:

Essential
Variables Essential Essential Method ofValues Variable Method Variable Demonstrating

Ranges/Values Values Equivalency

Column I Column 2 Column 3 Column 4 Column 5 Column 6

6.2 Using the Table

Fill in each column with the appropriate values derived from the qualified technique or as
determined from an analysis of the intended application. An example is provided in Appendix A.
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6.3 Identifying Essential Variables

Each qualified technique should have an associated list of essential variables and their values as
qualified. In addition, the allowable ranges that would have to be met should be given. In the
cases where all of the essential variables were not identified in the original technique
qualification report, they will have to be retroactively identified and measured using the original
systems and qualified techniques. Where it is impossible to recreate the original systems, a
written justification report will be generated which cites theory and perhaps uses computer
modeling as evidence of equivalency or by using more available systems that previously
demonstrated equivalency to the original systems.
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A
ESSENTIAL VARIABLES WORKBOOK

Table A-1
Essential Variables Workbook
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Table A-1 (continued)
Essential Variables Workbook
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PRODUCT DESCRIPTION

Utilities use qualified techniques when performing eddy-current tests on nuclear power plant
steam generator (SG) tubes. When components of the "qualified" system are changed,
verification of equivalency to the originally qualified system must be performed. This report
describes the intermediate results of the Electric Power Research Institute's (EPRI's) ongoing
multiyear project that includes the development of a simplified, cost-effective method of
determining eddy-current technique and substitute component equivalency.

The EPRI PWR Steam Generator Examination Guidelines require that examination technique
specification sheets (ETSSs) define essential variables for equipment, techniques, and analysis.
Examination techniques with essential variables that vary within the ranges identified in the
ETSS are considered equivalent.

In order to take advantage of technology advances in nondestructive examination (NDE)
techniques and equipment, utilities must demonstrate technique or system component
equivalency prior to implementation. The convention has been that each individual utility
requires the inspection organization to develop the technical basis and assemble the required
documentation that demonstrates technique or substitute component equivalency as part of their
inspection services contract. The elaborate process currently performed to document equivalency
has resulted in increased cost to the utilities involved. A simplified, cost-effective process for
determination of examination technique equivalency could provide financial benefits to utilities.

Results and Findings
In a previous report for this project (EPRI Report 1015126, Development ofa Process.fbr
Determining Examination Technique Equivalency), a proposed method was documented for
demonstrating equivalency between EPRI-qualified eddy-current inspection techniques for SG
tubes and similar inspection techniques with modified essential variables. The equivalency
demonstration requires two components. One component is an engineering technical justification
explaining why the changes in essential variables should not affect the performance of the
technique in detecting and characterizing SG tube flaws. The other component is a practical
demonstration showing that the modified techniques can generate equivalent signals from
selected calibration tube flaws as the qualified techniques.

This report documents a review of various EPRI-qualified techniques compared to field
techniques with modified essential variables. The effect that changes in essential variable
tolerances have on the resulting eddy-current signal is also documented.

Challenges and Objectives
This report provides information useful to the SG program owner and supporting NDE
professional for developing validation documentation for site inspection techniques with
modified essential variables. Continued work will provide further documentation of the practical
use of the proposed equivalency technique and the effect of changes to essential variables on the
resulting eddy-current signal. Benefits of this project include 1) providing a consistent and cost-
effective method to evaluate system performance, technique performance, and substitute
component equivalency and 2) assembling equivalency documentation on various SG eddy-
current inspection techniques.

V
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EPRI Perspective
The determination of SG eddy-current technique equivalency has been an involved and costly
process. The development of a standardized and efficient process for determining eddy-current
technique and substitute component equivalency should provide cost savings to utilities and
allow the determination of equivalency to be made in a much shorter period.

Approach
Investigators developed a written plan for documenting equivalency for new examination
techniques, in which essential variables may be outside of the range of those defined in the
originating ETSS. Measurement and acceptance of essential variables for the technique,
individual system components, and analysis were to be considered in accordance with EPRI's
Steam Generator Examination Guidelines.

Investigators developed a process in which a utility engineer or a vendor organization could set
up an identical examination system, as planned for field use, test a calibration standard flaw(s) or
master sample, and immediately determine whether the system is "equivalent" to currently
qualified systems. System performance would be evaluated as a whole rather than trying to
evaluate each of the individual system elements. A method to standardize the evaluation of
system performance was developed in order to achieve consistent eddy-current results.

In the final steps, investigators designed and produced a master set of flawed tube samples that
could be used to perform examination technique equivalency checks. A procedure was
developed for using the master samples to demonstrate examination technique equivalency.

Keywords
Steam generators
Essential variables
Eddy-current inspection
Examination technique specification sheet (ETSS)
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I
INTRODUCTION
Improving the quality of PWR steam generator inspection is an evolutionary process. As new
techniques are developed qualification cost can be sustainably reduced by proper implementation
of a standardized process for determining examination technique equivalency. If an existing
qualified technique, documented with an examination technique specification sheets (ETSS's) is
identified to be acceptably equivalent to a new technique, then this system can be documented as
being qualified when the standardized process is applied.

Requirements on how eddy current inspection techniques should be qualified for inspecting
steam generator tubes is provided in Appendix H of Steam Generator Management Program.
Pressurized Water Reactor Steam Generator Examination Guidelines: Revision 7 [1]. A
framework for determining a recommended procedure on demonstrating technique equivalency
was developed by EPRI in Development of a Process for Determining Examination Technique
Equivalency [2].

This report provides a detailed review of essential variables described in the recommendation
report. This review provides the essential variable tolerance bases for applying the
recommended procedure in a demonstration of ETSS equivalency methodology. This
demonstration could be looked upon as an example of the standardized process for determining
examination technique equivalency.
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2
INFLUENCES OF ESSENTIAL VARIABLE
TOLERANCES ON EDDY CURRENT TECHNIQUES
INSPECTION PERFORMANCE

2.1 Introduction

Equipment and technique variables are defined and reported as a single value, range of values, or
formula for a specific technique in an ETSS. This set of variables, used to document the details
of a specific technique, are termed essential in Appendix H of Reference 1. For determining
equivalency these essential variables reduced down to controlling parameters associated with
three physical attributes.

" Eddy Current Penetration

* Array Probe Coverage Crossover Variations

* Cable Length Variances

These tolerances of essential variables that influence each of these attributes are investigated and
described in this section.

2.2 Eddy Current Penetration

The tolerance on penetration of the eddy current density due to variations in operating frequency,
test material resistivity or material thickness is ±10% of the qualified value as specified by
Section H.4.1.2 in Reference 1. The relative eddy current density is calculated using the
following approximation equation:

J(x) o = e` Equation 2-1

where J(x) is the eddy current density at location x inside the conducting tube wall and Jo is the
magnitude of the eddy current density on the surface of the tube wall closest to the probe coil(s)
(the ID surface). The ±10% is to be applied to the position (x) on the tube wall OD surface of the
tube wall. Consequently, the value of x should be equal to the thickness of the tube wall.

The eddy current skin depth of penetration 6 is expressed by Equation 2-2 as follows:

,5 = 2p

f2 .T Equation 2-2

wherefis the operating frequency, p is the electrical resistivity of the material and P is the
magnetic permeability of the material. For nonferromagnetic material where p = p0, the
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magnetic permeability of free space, Equation 2-2 can be simplified as shown in Equation 2-3 as
follows:

3"= 1.98 •-p

Equation 2-3

where 6 is in units of inches, p is in [tQ-cm andfis in Hz.

2.2.1 Computer Simulation Methodology for Eddy Current Transmit-Receive Array
Probes

X-Probes are eddy current probes that are used for inspecting steam generator and heat
exchanger tubes. They are capable of detecting and characterizing circumferentially and axially
oriented flaws such as cracks, and volumetric flaws such as those caused by corrosion or
mechanical fretting.

As shown in Figure 2-1, X-probes are composed of an array of pancake eddy current coils.
These probe coils are magnetically coupled in transmit-receive configurations with laterally
spaced transmit and receive coils. Transmit (active primary) coils are driven by time harmonic
alternating current at several frequencies simultaneously. Receive (passive secondary) coils
generate a voltage equal to the time-rate-of-change of magnetic flux through the coil windings.

Because the coils are configured in this type of transmit-receive configuration, they are
directionally sensitive. One set of coils are used to detect axially oriented flaws such as axial
cracks. Another set of coils are used to detect circumferentially oriented flaws. Both the axial
and circumferential coil sets are generally capable of detecting flaws that have no directional
preference such as volumetric flaws, intergranular attack (IGA) or multi-directional cracks.

Closed form solutions to Maxwell's electromagnetic equations as applied to low frequency eddy
current coils had been developed by Dodd and Deeds [3] for pancake coils near flat plates and by
Dodd, Cheng and Deeds [4] for bobbin coils inside and encircling coaxial metallic tubes. In
calculating solutions for transmit-receive coil geometries, the free-space coil component of the
Dodd and Deeds equations was subtracted from the overall solution. As suggested by Fisher,
Cain and Beissner [5], a Biot-Savart free-space coil solution was added to replace the Dodd and
Deeds free-space coil component.

The solutions to transmit-receive pancake coils near flat plates have been used to calculate the
electromagnetic fields generated by the X-Probe coils, and these solutions have been applied to
the tubular geometries using conformal mapping. This method of using simulations of pancake
coils near flat plates and applying these solutions to pancake coil tubes is an approximation
because the model does not consider coils being tilted with respect to each other in the tubes.

To calculate the probe responses to localized flaws, the first order approximation proposed by
Nair and Rose [6] has been used for small semicircular infinitesimally thin (crack-like) flaws.
This model is consistent with models proposed by Dodd, Deeds and Luguire [7], and Auld,
Muennemann and Riaziat [8].
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For crack-like flaws with a finite length, eddy current responses to several semicircular shaped
crack-like flaws were added to simulate the response to rectangular profiled flaws as shown in
Figure 2-1. The semicircles overlapped each-other by one half of a circle radius to compensate
for empty spaces left in the arrangement. The equation used in this approximation to calculate
probe response to such a crack-like flaw is:

A =4 8 o7 R X 2d
AV =-x-x- JE"(x)E$ (x)D(x)2dx

?0 Equation 2-4

A V is the change in probe voltage as the probe scans the section of tube with the flaw in it. D(x)
is the flaw depth at position x. u is the electrical conductivity of the tube being scanned. EyT(x)
is the electric field component perpendicular to the plane of the flaw at linear horizontal position
x generated by the current in the transmit coil. E R(x) is the electric field component
perpendicular to the plane of the flaw at linear horizontal position x generated by a "virtual"
current (IR) in the receive coil. The vertical depth positions for the electric field calculations in
this equation are at 20% of the flaw depth from the side of the conducting wall nearest to the
probe coils.

This eddy current model for calculating flaw signals is only valid if the flaw depth is not
significantly deeper than the eddy current skin depth of penetration in the conducting tube wall.
If the flaw is significantly longer than the tube wall thickness, then the model is only valid for
partially through-wall flaws. Equation 2-4 does not properly simulate the physics of the eddy
current interaction with a long flaw that is 100% through the tube wall over a significant distance
along the tube.

Content deleted - EPRI Proprietary Information

Figure 2-1
Diagram of an X-Probe Coil Layout -Particular Design in this Figure is for 12.7 mm (0.5 Inch)
Diameter Monel 400 Steam Generator Tubes
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Figure 2-2
Diagram Showing Technique of Modeling Eddy Current Signal Response to Rectangular Crack-
Like Flaw Using Series of Semicircular Crack-Like Flaws - Radius of the Semicircles is Equal to
the Flaw Depth

2.2.2 Validation of Computer Simulations of Eddy Current Transmit-Receive
Probes

Figure 2-3 shows calculated signals from an X-Probe detecting circumferential crack-like flaws
in 0.75" (1.81 cm) diameter by 0.043" (1.092 mm) wall Inconel 600 tubes at 300 kHz test
frequency. Figure 2-4 shows peak-to-peak voltage measurements of signals calculated from
X-Probe coils detecting circumferential ID crack-like flaws compared with signal voltage
measurements from laboratory X-Probe scans of 0.75" (1.81 cm) diameter by 0.043" (1.092 mm)
wall Inconel 600 tubes with circumferential ID EDM notches at 300 kHz test frequency. Figure
2-5 shows peak-to-peak voltage measurements of signals calculated from X-Probe coils
detecting circumferential OD crack-like flaws compared with signal voltage measurements from
laboratory X-Probe scans of 0.75" (1.81 cm) diameter by 0.043" (1.092 mm) wall Inconel 600
tubes with circumferential OD EDM notches at 300 kHz test frequency. Figure 2-6 shows peak-
to-peak phase measurements of signals calculated from X-Probe coils detecting circumferential
ID and OD crack-like flaws compared with signal phase measurements from laboratory X-Probe
scans of 0.75" (1.81 cm) diameter by 0.043" (1.092 mm) wall Inconel 600 tubes with
circumferential ID and OD EDM notches at 300 kHz test frequency. These notches were 0.375"
long. The laboratory data used to evaluate the effectiveness of the models was procured from
calibration tube scans in EPRI's archived qualification data for X-Probes.

The comparisons of the laboratory signal measurements and the measurements of the
mathematically simulated signals shown in Figures 2-4 though 2-6 indicate that the model is
adequately simulating the physical effects that generate the observed signals.
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Figure 2-3
Voltage Plane Display of Calculated X-Probe Signals from Circumferential Crack-Like Flaws in
0.75" (1.81 cm) diameter by 0.043" (1.092 mm) Wall Inconel 600 Tubes at 300 KHz Test Frequency
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Figure 2-4
Peak-to-Peak Voltage Measurements of Signals Calculated from X-Probe Coils Detecting
Circumferential ID Crack-Like Flaws Compared with Signal Voltage Measurements of Laboratory
X-Probe Scans from 0.75" (1.81 cm) diameter by 0.043" (1.092 mm) Wall Inconel 600 Tubes with
Circumferential ID EDM Notches at 300 KHz Test Frequency (Notches were 0.375" (9.525 mm)
Long, Voltage Measurements have been Scaled Based on Setting the Signal from a 20% Deep OD
Groove to 2 Volts-PP)
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Figure 2-5
Peak-to-Peak Voltage Measurements of Signals Calculated from X Probe Coils Detecting
Circumferential OD Crack-Like Flaws Compared with Signal Voltage Measurements from
Laboratory X-Probe Scans of 0.75" (1.81 cm) diameter by 0.043" (1.092 mm) Wall Inconel 600
Tubes with Circumferential OD EDM Notches at 300 KHz Test Frequency (Notches were 0.375"
(9.525 mm) Long, Voltage Measurements have been Scaled Based on Setting the Signal from a
20% Deep OD Groove to 2 Volts-PP)
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Figure 2-6
Peak-to-Peak Phase Measurements of Signals Calculated from X Probe Coils Detecting
Circumferential ID and OD Crack-Like Flaws Compared with Signal Phase Measurements from
Laboratory X-Probe Scans of 0.75" (1.81 cm) diameter by 0.043" (1.092 mm) Wall Inconel 600
Tubes with Circumferential ID and OD EDM Notches at 300 KHz Test Frequency (Notches were
0.375" (9.525 mm) Long, Display has been Rotated to Orient the Signal from Lift-Off (Tube
Expansion) to 0 Degrees)

2.2.3 Signal-to-Noise Ratio and Detection Capability

Detection capability is dependent on the amplitudes of the signals generated by the probes
detecting flaws in comparison to the background noise. There are generally two components of
noise that can influence detection capability.

One component of noise is the system noise which is generally electrical. This component of
noise can often be generated by intermittent ground contacts, the eddy current instrument itself,
or it can be picked up from the electrical system supplying power to the inspection system. This
component of noise is generally overcome by strong signal responses from the flaws.

The other component of noise is generally called "tube" noise which is background signals from
the probe detecting signals from variations in tube geometry, support structures, and conducting
or magnetic deposits. When tube noise is dominant, increasing signal strength is not effective in
improving detection capability because when signal strength is increased, the amplitude of the
background noise increases proportionally with'the amplitude of the flaw signals. Generally, the
most prominent component of the tube noise is generated by variations in tube geometry such as
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denting, bulging and expansions. Background noise from probes detecting support structures can
be minimized using frequency mixing. When appropriate inspection frequencies are chosen,
signals from deposits are usually much weaker than those from tube geometry variations. For
this reason, the most common practice in inspections is to rotate the phase angle of the lift-off
noise horizontal on the voltage plane display. However, the voltage plane trace signals from
variable coil lift-off are always slightly curved, so even when the signal is rotated horizontal,
there is always a small residual vertical component to the noise.

2.2.4 X-Probe Detection Capability as a Function of Eddy Current Depth of
Penetration

For simulating changes in the electromagnetic penetration, two ways of changing the relative
current density were examined: One method examined the effect of decreasing the resistivity of
the tube material to a degree where the relative current density as defined by Equation (2-1) was
reduced by 10%. For X-Probe techniques qualified for testing tubes at 300 kHz test frequency in
tubes with wall thickness of 0.043" (1.092 mm) and material resistivity equal to about 100 laŽ-
cm, this worked out to reducing the tube material resistivity to 84 [I2-cm. The other method
evaluated was the effect of increasing tube wall thickness to a point where the relative current
density as defined by equation (2.1) was reduced by 10%. For X-Probe techniques qualified for
testing tubes at 300 kHz test frequency in tubes with wall thickness of 0.043" (1.092 mm) and
material resistivity equal to about 100 Vtn-cm this worked out to increasing the tube wall
thickness to 0.0468" (1.1887 mm).

The effect of reducing the resistivity of the tube material was examined first. Flaw signals from
tube material with resistivity of 100 p{2-cm were compared with flaw signals in tubes of the
same dimensions, but with resistivity of 84 [tn-cm at 300 kHz test frequency.
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A summary of the changes in flaw signal measurements due to this variation in tube material
resistivity is listed in Table 2.4.1. The computer simulation was used to determine how much
deeper the flaws would be to produce equivalent size signals as in the original case.
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It is worth noting that with modern instrumentation, the drive voltage can be increased to
compensate for the decrease in signal amplitude caused by using the technique on a lower
resistivity tube. If the dominant component of noise is system noise, then increasing the drive
voltage would enable the technique applied to the lower resistivity tube to achieve an equivalent
POD performance as the original qualified technique.

In this case (with reduced material resistivity), signal to noise ratios were also calculated
assuming that the dominant noise would be variances in coil to tube wall proximity (lift-off). In
tube testing, this type of situation can often occur due to variations in tube geometry, transverse
motion of the probe head, dents and tube expansions. The signal from a 0.008" (0.203 mm)
change in lift-off was calculated in 0.002" (0.051 mm) steps. This curved signal was rotated
horizontally on a voltage display, and the residual vertical component of this signal was
calculated after it was rotated. The residual vertical component of the lift-off signal was used as
the "noise" in the signal-to-noise ratio calculations. Table 2.4.2 is a listing of signal
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measurements and signal-to-noise ratio calculations as functions of flaw.depth and tube material
resistivity. The computer simulation was then used to determine how much deeper the flaws
would be (in a tube with material resistivity equ'al to 84 ýt•-cm) to produce signals where the
signal-to-noise ratios would be equivalent to the original case (tube material resistivity = 100
ýt-cm).
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The effects of reducing the relative electromagnetic penetration by leaving the resistivity
constant, but making the tube wall thicker were also examined.
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A summary of the changes in flaw signal measurements due to this increase in tube wall
thickness is listed in Table 2.4.3. The computer i simulation was used to determine how much
deeper the flaws would be (in a tube with wall thickness = 0.0468" (1.1887 mm)) to produce
equivalent size signals as in the original case (tube wall thickness = 0.043" (1.092 mm)).
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Table 2.4.4 is a listing of signal measurements and signal-to-noise ratio calculations as functions
of flaw depth and tube wall thickness. The computer simulation was then used to determine how
much deeper the flaws would be (in a tube with wall thickness = 0.0468" (1.1887 mm)) to
produce signals where the signal-to-noise ratios would be equivalent to the original case (tube
wall thickness = 0.043" (1.092 mm)).
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Table 2-1
Calculated Changes in Signals from X-Probes Detecting Circumferential Crack-Like Flaws Due to
a Decrease in Tube Material Resistivity
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Note: Flaws were 0.375" (9.525 mm) Long, Test Frequency was 300 kHz

Table 2-2
Calculated Changes in Signal-to-Noise Ratios from X-Probes Detecting Circumferential Crack-Like
Flaws Due to a Decrease in Tube Material Resistivity
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Note: Flaws were 0.375" (9.525 mm) Long, Test Frequency was 300 kHz
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Table 2-3
Calculated Changes in Signal-to-Noise Ratios from X-Probes Detecting Circumferential Crack-Like
Flaws Due to an Increase in Tube Wall Thickness
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Note: Flaws were 0.375" (9.525 mm) Long, Test Frequency was 300 kHz

Table 2-4
Calculated Changes in Signal-to-Noise Ratios from X-Probes Detecting Circumferential Crack-Like
Flaws Due to an Increase in Tube Wall Thickness
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Note: Flaws were 0.375" (9.525 mm) Long, Test Frequency was 300 kHz
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2.2.5 Computer Simulation Methodology for Bobbin Eddy Current Probes

Closed form solutions to Maxwell's electromagnetic equations as applied to low frequency eddy
current coils had been developed by Dodd, Cheng and Deeds [4] for bobbin coils inside and
encircling coaxial metallic tubes.

To calculate the probe responses to localized flaws, the first order approximation proposed by
Nair and Rose [6] has been used for small semicircular infinitesimally thin (crack-like) flaws,
and for small semispherical volumetric flaws. These models are consistent with models
proposed by Dodd and Deeds [7].

For axial crack-like flaws with a finite length, eddy current responses to several semicircular
shaped crack-like flaws were added to simulate the response to rectangular profiled flaws as
shown in Figure 2-1. The semicircles overlapped each-other by one half of a circle radius to
compensate for empty spaces left in the arrangement. The equation used in this approximation to
calculate bobbin impedance coil responses to such a crack-like flaw is:

4 8 a- 7' 2
AZ 8 = x x 12 fE( (x) (x)D(x)2 dx

3 2J0 Equation 2-5

AZ, is the change in probe impedance as the probe scans the section of tube with the flaw in it.
D(x) is the flaw depth at position x. co is the electrical conductivity of the tube being scanned.
ETy(X) is the electric field component perpendicular to the plane of the flaw at linear horizontal
position x generated by the current in the transmit coil. The vertical depth positions for the
electric field calculations in this equation are at 20% of the flaw depth from the side of the
conducting wall nearest to the probe coils.

For localized shallow geometry changes, the first order approximation proposed by Nair and
Rose [6] has been used for small semispherical volumetric flaws and localized wall thickness
increases. These models are consistent with models proposed by Dodd and Deeds [7]. The
specific equation is listed below:

AZi Vl
2 1 Equation 2-6

In this equation, Vol is the volume of the flaw and E is the magnitude of the electric field that
would have been generated by the coil at the location of the flaw if the flaw was absent. For this
equation to be valid, the radius of the flaw must be much smaller than the wall thickness of the
tube and the electromagnetic skin depth of penetration. This equation can be used to calculate a
signal from a localized decrease or increase in wall thickness. Signals from shallow changes in
wall thickness, which extend over significant distances axially and/or circumferentially, can be
determined by summing changes from several individual semispherical components that have
been determined using Equation 2-6. A localized dent can be calculated as a combination of a
wall loss on the OD of the tube and equivalent increase in wall thickness on the ID of the tube.
An expansion or bulge in the tube can be calculated as a combination of a wall thickness increase
on the OD of the tube and a wall loss on the ID of the tube.
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For the differential bobbin coil configuration, the signal is equal to the difference in the
impedance changes of the two coils.

AZ = AZ 1 - AZ 2  Equation 2-7

2.2.6 Validation of Computer Simulations of Bobbin Eddy Current Probes

The mathematical simulations were applied to calculating signals from differential bobbin probes
in 0.75" diameter by 0.043" (1.092 mm) wall steam generator tubes with material resistivity of
100 [tf-cm at 400 kHz test frequency detecting shallow expansions, and axially aligned crack-
like flaws. These signals were compared with calibration signals from laboratory scans of 0.75"
(19.05 mm) diameter by 0.43" (10.92 mm) wall Inconel 600 calibration tubes calibration tubes.
Figure 2-7 shows comparisons of signal shapes and relative phase orientation between an
expansion and a 40% deep OD axial crack-like flaw.

Graphs of peak-to-peak voltage and phase measurements of signals from axial crack-like flaws
are shown in Figures 2-8, 2-9 and 2-10. The comparisons of the laboratory signal measurements
and the measurements of the mathematically simulated signals shown in these figures indicate
that the model is adequately simulating the physical effects that generate the observed signals.
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Figure 2-7
(a) Calculated Impedance Plane Signal from a Differential Bobbin Probe Detecting a 0.002"
Diameter Expansion in a 0.75" (19.05 mm) Diameter by 0.43" (10.92 mm) Wall Steam Generator
Tube at 400 kHz; (b) Calculated Signal from the Differential Bobbin Probe Detecting a 40% Deep
OD Axial Crack-Like Flaw that is 0.375" (9.535 mm) Long at 400 kHz; (c) Signal from a 0.016"
(0.406 mm) Expansion from a Laboratory Scan of a Calibration Tube with at 400 kHz; (d) Signal
from a 40% Deep OD Axial EDM Notch from Laboratory Scan of a Calibration Tube with at 400 kHz
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Figure 2-8
Comparisons of Peak-to-Peak Voltage Measurements of Differential Bobbin Probe Signals from ID
Axial Crack-Like Flaws of Various Depths Generated by a Mathematical Simulation and Laboratory
Measurements (Inconel 600 Tube with a Diameter of 0.75" (19.05 mm) and Wall Thickness of
0.043" (1.092 mm), Test Frequency was 400 kHz - Voltage Measurements have been Scaled Based
on Setting the Signal from the 60% Deep OD Axial EDM Notch to 2.7 Volts-PP)
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Figure 2-9
Comparisons of Peak-to-Peak Voltage Measurements of Differential Bobbin Probe Signals from
OD Axial Crack-Like Flaws of Various Depths Generated by a Mathematical Simulation and
Laboratory Measurements (Inconel 600 Tube with a Diameter of 0.75" (19.05 mm) and Wall
Thickness of 0.043" (1.092 mm), Test Frequency was 400 kHz - Voltage Measurements have been
Scaled Based on Setting the Signal from the 60% Deep OD Axial EDM Notch to 2.7 Volts-PP)
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Figure 2-10
Comparisons of Peak-to-Peak Phase Measurements of Differential Bobbin Probe Signals from ID
and OD Axial Crack-Like Flaws of Various Depths Generated by a Mathematical Simulation and
Laboratory Measurements (Inconel 600 Tube with a Diameter of 0.75" (19.05 mm) and Wall
Thickness of 0.043" (1.092 mm), Test Frequency'was 400 kHz - Orientation Setting of the Display
is Based on Setting the Peak-to-Peak Phase of the Tube Expansion Signal 5 Degrees)
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2.2.7 Bobbin Probe Detection Capability as a Function of Eddy Current Depth of
Penetration

The effect of decreasing the resistivity of the tube material to a degree where the relative current
density as defined by Equation 2-1 was reduced by 10% was examined. Bobbin probe
techniques most commonly use 400 kHz as the primary test frequency for testing steam
generator tubes.
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A summary of the changes in flaw signal measurements due to this variation in tube material
resistivity is listed in Table 2-5. The computer simulation was used to determine how much
deeper the flaws would be to produce equivalent size signals as in the original case. Generally
the flaws would have had to have been about 3% (through-wall) deeper.
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In this case (with reduced material resistivity), signal to noise ratios were also calculated
assuming that the dominant noise would be generated by variances in coil to tube wall proximity
(lift-off). In tube testing, this type of situation can often occur due to transverse motion of the
probe head, dents and tube expansions. The signal from an expansion with a change in diameter
of 0.002" (0.051 mm) was calculated. This curved signal was rotated horizontally on a voltage
display, and the residual vertical component of this signal was calculated after it was rotated.
The residual vertical component of the expansion signal was used as the "noise" in the signal-to-
noise ratio calculations. Table 2-6 is a listing of signal measurements and signal-to-noise ratio
calculations as functions of flaw depth and tube material resistivity. The computer simulation
was then used to determine how much deeper the flaws would be (in a tube with material
resistivity equal to 86 iiQ-cm) to produce signals where the signal-to-noise ratios would be
equivalent to the original case (tube material resistivity = 100 VLQ-cm).
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Table 2-5
Calculated Changes in Signals from Differential Bobbin Probes Detecting Axial Crack-Like Flaws
Due to a Decrease in Tube Material Resistivity
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Note: Flaws were 0.375" (9.525 mm) Long, Test Frequency was 400 kHz
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Table 2-6
Calculated Changes in Signal-to-Noise Ratios from Differential Bobbin Probes Detecting Axial
Crack-Like Flaws Due to a Decrease in Tube Material Resistivity
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Note: "Noise" is Quantified as the Residual Vertical Component of a 0.02" (0.508 mm) Long Expansion
with a 0.002" (0.051 mm) Increase in Tube Diameter, Flaws were 0.375" (9.525 mm) Long, Test
Frequency was 400 kHz, Orientation of the Impedance Plane Signal Display is Set for the Expansion
Signal to Be Horizontal
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2.3 Array Probe Coverage Crossover Variations

Section H.4.1.3 of the EPRI Pressurized Water Reactor Steam Generator Examination
Guidelines [1] specifies that the array probe crossover amplitude should not decrease by more
than 10% compared with the crossover value of the originally qualified technique. These
guidelines define coverage, and the value and location of the crossover by the signal amplitude
profile of 0.080" (2.032 mm) long, 60% deep EDM notches that are oriented in the appropriate
directions. For example, the coverage profile for coils detecting circumferential flaws should be
obtained from measurements using circumferential EDM notches. Coverage profiles for coils
detecting axial flaws should be obtained from measurements using axial EDM notches.

The mathematical simulation method described in Section 2.2.1 of this report was applied to
evaluate variances in coverage crossover for the circumferentially aligned transmit-receive coil
pairs in the qualified X-Probe designs.
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An example of a circumferential amplitude profile is shown in Figure 2-11.

A variance in the crossover location and value was considered by determining the shift in the
location where the crossover value decreased by 10%. In practice this could occur when the
pancake coils are not properly aligned on the array probe.
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Figure 2-11
Amplitude Profiles of Circumferential Transmit-Receive Coils of an X-Probe Detecting 0.080"
(2.032 mm) Long Circumferential Flaws (300 kHz Operating Frequency)

2.4 Cable Length Variances

Eddy current scan data was acquired with variations in extension cable lengths. The data was
acquired from a 120' (37 m) long bobbin probe with no extension cable, with a 50' (15 m) long
extension cable attached, and with two 50' (15 m) long (total 100' (30 m)) extension cables
attached.
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In examining this data, the only real change observed was a change in the absolute amplitude of
the signals. There was no change in the signals beyond standard variations due to repeatability
after they had been normalized (Eg. setting the 4 by 20% flat bottom holes signal to 4 Volts-PP
and setting the through-wall hole signal to 40 degrees). Table 2-6 is a listing of signal
measurements from a 120' (37 m) long bobbin probe with and without extension cables attached.
Scans were made with no extension cable, a 50' length of low-loss extension cable, and with two
50' (15 m) lengths (total 100' (30 m)) of low-loss extension cables.
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From this it is concluded that if tube noise (Eg. dent, ding, expansion, deposit and/or support
structure signals) are the dominant source of noise, then these variations in extension cables will
have no effect on detection capability (POD) or sizing accuracy. Table 4.1 is a listing of signal
measurements from a 120' (37 m) long bobbin probe with and without extension cables attached.
Scans were made with no extension cable, a 50' (15 m) length of low-loss extension cable, and
with two 50' (15 m) lengths (total 100' (30 m)) of low-loss extension cables.
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Normalization was performed with one scan data file and the recorded signal measurements
were performed using the other two scans.

An equation based on known circuit parameters (Eg. cable capacitance, coil inductance) was
used to calculate how the swept frequency plots would behave. Figure 2-12 is a diagram of a
representative circuit that can be used to evaluate how cable capacitance and probe coil
inductance contribute to signal amplitude.

w is the angular frequency (equal to 27rJ). j is the imaginary constant (equal to the square root of
-1). Rs is the output resistance of the eddy current instrument, Rc is the resistance of the coil, L
is the inductance of the coil and C is the capacitance of the probe cables and extension cables.

The circuit model determines the amplitude of the current that reaches the probe coil which
determines the strength of the signal from the flaw as a function of operating frequency. One
shortcoming of this circuit model is that it assumes that the coil resistance and inductance are
constant over the frequency range. However, when a probe coil is in a tube, the eddy current
generated in the tube can affect the coil inductance and resistance.

This circuit model was applied to evaluating the effect of adding extension cables to the bobbin
probe system. Figures 2-14 and 2-14 show the effects of adding 50' (15 m) and 100' (30 m) of
low-loss extension cables to a bobbin probe system.
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It is worth noting that with modern instrumentation, the drive voltage can be increased to
compensate for the decrease in signal amplitude caused the longer extension cables. If the
dominant component of noise is system noise, then increasing the drive voltage could enable the
technique applied with longer extension cables to achieve an equivalent POD performance as the
original qualified technique. The use of a probe with lower inductance coils could also mitigate
the reduction in signal amplitude caused by additional extension cable length.

Table 2-7
Listing of signal measurements from a 120' (37 m) long bobbin probe with and without extension
cables attached
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Note: Scans were made with no extension cable, a 50' (15 m) length of low-loss extension cable, and
with two 50' (15 m) lengths (total 100' (30 m)) of low-loss extension cables. The signals were normalized
by setting the peak-to-peak voltages of the signals from the 4 by 20% deep ASME holes to 4 Volts, and
the phase of the ASME through-wall hole signal to 40 degrees. The calibration tube scans were
performed in groups of three. Normalization was performed with one scan data file and the recorded
signal measurements were performed using the other two scans.
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Figure 2-12
Amplitude Profiles of Circumferential Transmit-Receive Coils of an X-Probe Detecting 0.080"
(2.032 mm) Long Circumferential Flaws (300 kHz Operating Frequency)
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Figure 2-13
Swept Frequency Plot for a Bobbin Probe System with no Extension Cables, and with 50' (15 m)
Long Low-Loss Extension Cables Based on the Circuit Model (Scaled Measurements of
Differential Bobbin Probe Signals from an ASME ID Groove are Superimposed on the Graph)
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Figure 2-14
Swept Frequency Plot for a Bobbin Probe System with no Extension Cables, and with 100' (30 m)
Long Low-Loss Extension Cables Based on the Circuit Model (Scaled Measurements of
Differential Bobbin Probe Signals from an ASME ID Groove are Superimposed on the Graph)
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2.5 Summary/Conclusions

This section documents the effects of variances in essential variables on inspection performance
of some eddy current inspection techniques for testing steam generator tubes. It was observed
that variances in essential variables could degrade inspection performance as compared with
strict qualified techniques. However, if the variances in essential variables are kept within the
tolerances specified by section H.4 in appendix H or the EPRI Pressurized Water Reactor Steam
Generator Examination Guidelines: Revision 7 [1], the degradation in inspection performance
should not be serious.

Studies of the effects of reduced penetration of electromagnetic field into the tube wall due to
either reduced material resistivity or increase tube wall thickness indicated that the probability of
detection (POD) would not be shifted horizontally by more than 3% tube wall thickness if the
change was kept within the tolerance specified in section H.4 of the EPRI Guidelines [1].
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A variance in the crossover location and value was considered by determining the shift in the
location where the crossover value decreased by 10%. In practice this could occur when the
pancake coils are not properly aligned on the array probe.
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An evaluation of the effects of adding lengths of extension cables to a bobbin probe technique
showed that, as expected, this did not affect the relative (normalized) signals, but only the raw
signals. Therefore, if tube noise (eg. signals from dents, expansions, deposits or support
structures) is the dominant component of noise, then the addition of extension cables would not
affect the probe's detection capability.
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3
FIELD DEMONSTRATION OF RECOMMENDED ETSS
EQUIVALENCY DEMONSTRATION METHODOLOGY

3.1 Introduction

Appendix H of the EPRI Pressurized Water Reactor Steam Generator Examination Guidelines
contains requirements on how eddy current inspection techniques should be qualified for
inspecting steam generator tubes [1]. Qualified techniques are documented in examination
technique specification sheets (ETSS's) that record the essential variables that are used by the
techniques, and performance parameters such as probability of detection (POD) and sizing
accuracy of the techniques.

For practical purposes, inspection vendors are often unable to comply with the essential variable
requirements for qualified techniques needed for an inspection. One example where this can
happen is when a technique has been qualified using an eddy current instrument such as a
MIZ 18, that is generally unavailable at the present time due to obsolescence. Another example
is when an inspection is needed for Inconel 690 tubing, but the technique has been qualified for
detecting and/or sizing flaws in Inconel 600 tubing. In these types of cases where it is
impossible to use properly qualified techniques for an inspection, a demonstration of technique
equivalency can show that modified techniques will be equally effective in detecting and/or
sizing flaws as the qualified techniques.

Appendix H of the EPRI Pressurized Water Reactor Steam Generator Examination Guidelines
also contains some requirements on demonstrating equivalency between qualified techniques and
alternate techniques that may be deployed by inspection vendors [1]. However, there have been
concerns raised about the effectiveness of these equivalency demonstration requirements [9]. In
addition, utilities have expressed a desire to make the process of demonstrating equivalency less
exacting and therefore cumbersome. To address these concerns, a recommended procedure on
demonstrating technique equivalency was developed in 2007 and documented in EPRI report
1015126 [2].
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These listed techniques are qualified for detecting flaws in Inconel 600 tubes. Since the
techniques deployed in replacement SG tubes are used for detecting flaws in different tube
material (Inconel 690), they cannot be considered as qualified, so equivalency demonstrations
are required to show that these techniques can detect and/or size flaws as well as the qualified
techniques. Because of this, data from recent inspections of replacement SG's was considered
useful in evaluating the new equivalency demonstration procedure. It should be noted that the
acceptability of these techniques for inspecting the Inconel 690 replacement tubes had already
been established and
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documented in a site validation document, following the recommendations in the Steam
Generator Examination Guidelines [ 1].

As part of the procedure documented in EPRI report 1015126, signal comparisons between the
qualified techniques and the alternate techniques are required. A comparison of "raw" (non-
normalized) signals is required to ensure that the alternate techniques are generating a
comparable amplitude level of eddy current interaction with the flaws as generated by the
qualified techniques. This is a test to minimize the possibility of a significant increase in system
noise generated by the alternate techniques. In addition, a comparison of normalized signals
from a comprehensive set of common flaws is required to ensure equivalence in the eddy current
density (flow direction and relative depth of penetration) generated by the qualified and proposed
alternate techniques.

"Raw" signal readings depend on the signal from the probe cable, the instrument gain, and the
built in gain in the display software. Using the same software to display the "raw" signals
eliminates differences that could be caused by the software display gain. Differences in
instrument amplification gains need to be accounted for when comparing "raw" signal readings.
A change in drive voltage makes a real change in the amplitude of the signal at the probe head.
However, the instrument gain has no influence on the signal at the probe head, but it does
influence the final reading obtained in the display software.
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3.2 Bobbin Probe Comparisons

For bobbin probe techniques scanning equivalent diameter tubes as signal comparisons should be
done using the localized flaws in ASME calibration tubes.

Because some bobbin probe techniques have been qualified on several tube dimensions at once,
careful consideration must be used when examining the ASME through-wall hole signals for
tubes with outside diameter (OD) 0.75" (19.05 mm) and smaller, and tubes with larger diameters.
For tubes with OD < 0.75" (19.05 mm), the diameter of the through-wall hole is 0.052"
(1.321 mm). For tubes with OD > 0.75" (19.05 mm), the diameter of the hole is 0.067"
(1.702 mm).

If the diameter of tubing inspected with the new proposed technique is equivalent to tube
dimensions used with a qualified bobbin probe technique, then to verify that the new technique
generates equivalent amplitude as the qualified technique, it is recommended to demonstrate this
using signals from the four 20% deep flat bottom holes in an ASME calibration tube.
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This tolerance is within observed variances generated by fully qualified bobbin probe techniques.

If the diameter of tubing inspected with the new proposed technique is equivalent to tube
dimensions used with a qualified bobbin probe technique, then to verify that the new technique
generates equivalent relative signal responses as a qualified technique, then a comparison of the
signals from the flat bottom holes and the 100% deep through-hole in an ASME calibration tube
should be performed as a minimum. If the tube dimensions are different where the diameter of
the through-holes are changed in the ASME tubes used to calibrate the bobbin probes, then only
comparisons of the signals from the ASME flat bottom holes (not the 100% through-holes) are
necessary.
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These tolerances allow for signal variances that can occur due to tolerances in machined flaw
dimensions and typical variations in tube wall thickness, as well as tolerances in eddy current
probe dimensions and probe centering. These tolerances are within observed variances
generated by fully qualified bobbin probe techniques.

3.2.1 ETSS 96004

A listing of the differences in essential variables between the qualified ETSS 96004 and the
bobbin probe technique deployed in replacement SG tubes is listed in Table 3-1.

Calibration tube data from the qualified bobbin technique was procured from the EPRI
qualification database for ETSS 96004. Calibration tube data from the replacement SG
technique was acquired at an inspection of the unit in October 2006.
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Table 3-2 is a listing of comparisons of "raw" voltage measurements made on signals from the 4
by 20% deep flat bottom holes. The qualified channel in ETSS 96004.1 is a differential 400-100
kHz frequency mix channel. The corresponding channel used in the thinner wall, higher
resistivity replacement SG tubing was a differential 750-190 kHz frequency mix channel. To
verify equivalency, it is desired to demonstrate that each of the component frequency channels
used in the mix channels of the proposed technique should be comparable in magnitude to the
corresponding component channels used in the qualified frequency mix channel.
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Table 3-3 is a summary of the comparison of normalized signals from the flat bottom holes in
ASME calibration tubes used to calibrate the bobbin probes. In this case, the data channels that
were compared were the 400-100 kHz frequency mix in the qualified technique with the
differential 750-190 kHz mix used. The differences ("errors") were smaller than the allowable
tolerances documented in the proposed process for demonstrating technique equivalency
documented in EPRI report number 1015126 [2]. A typical signal from the 60% deep ASME
flat bottom hole detected by the bobbin probe used is shown in Figure 3-5. A typical signal from
the 60% deep ASME flat bottom hole detected by the bobbin technique qualified in accordance
with ETSS 96004.1 is shown in Figure 3-6.

The signal comparisons between the techniques have passed the "raw" voltage criteria, and the
normalized signal criteria documented in EPRI report number 1015126 [2], so this bobbin probe
technique deployed in these replacement SG tubes can be considered equivalent to the qualified
bobbin technique documented in ETSS 96004.1.
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Table 3-1
Listing of Signal Measurements from a 120' (37 m)Long Bobbin Probe with and without Extension
Cables Attached
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ETSS 96004.1 (R11, June 2007)
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Table 3-2
Comparison of Peak-to-Peak Voltage Measurements from 4x20% Deep Flat Bottom Hole Signals in
ASME Calibration Tubes Used at the Unit with the Replaced SG's, and from the 4x20% Deep Flat
Bottom Hole Signals Used by the Qualified Technique ETSS 96004.1
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Table 3-3
Comparison of Measurements from Various Flat Bottom Hole Signal Signals from an ASME
Calibration Tube at a Field Inspection, and from ASME Flat Bottom Hole Signals Used by the
Qualified Technique ETSS 96004.1
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These signal readings were based on normalizing the voltage of the 4x20% deep flat bottom hole signal
to 4 Volts-PP, and rotating the MxR phase of the 100% deep through-hole signal to 40 degrees in each
case.
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Figure 3-1
"Raw" (Not Normalized) 750 kHz Differential Signal from Bobbin Probe Detecting the 4 X 20%
Deep Flat Bottom Holes in an Inconel 690 ASME Calibration Tube (Signal was Acquired Using a
TC7700 Eddy Current Instrument at a Gain of 41 dB, Drive Voltage was 10 V-p)
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Figure 3-2
"Raw" (Not Normalized) 190 kHz Differential Signal from Bobbin Probe Detecting the 4 X 20%
Deep Flat Bottom Holes in an Inconel 690 ASME Calibration Tube (Signal was Acquired Using a
TC7700 Eddy Current Instrument at a Gain of 41 dB, Drive Voltage was 10 V-p)
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Figure 3-3
"Raw" (Not Normalized) 400 kHz Differential Signal from Bobbin Probe Detecting the 4 X 20%
Deep Flat Bottom Holes in an Inconel 600 ASME Calibration Tube Used in the EPRI Qualification
Data Used with ETSS 96004 (Signal was Acquired Using a MIZ18A Eddy Current Instrument)
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Figure 3-4
"Raw" (Not Normalized) 400 kHz Differential Signal from Bobbin Probe Detecting a 4 X 20% Deep
ASME Flat Bottom Hole in an Inconel 600 ASME Calibration Tube Used in the EPRI Qualification
Data Used with ETSS 96004 (Signal was Acquired Using a MIZ18A Eddy Current Instrument)
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Figure 3-5
Normalized Differential 750-190 kHz Frequency Mix Signal from Bobbin Probe Detecting a 60%
Deep Flat Bottom Hole in an Inconel 690 ASME Calibration Tube (Signal has been Normalized by
Setting the MxR Phase of the 100% through-Hole Signal to 40 Degrees and Setting the Voltage of
the Signal from the 4x20% Deep Flat Bottom Holes to 4 Volts-PP)
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Figure 3-6
Normalized Differential 400-100 kHz Frequency Mix Signal from Bobbin Probe Detecting a 60%
Deep Flat Bottom Hole in an Inconel 600 ASME Calibration Tube Used in EPRI Qualification Data
for ETSS 96004 (Signal has been Normalized by Setting the MxR Phase of the 100% through-Hole
Signal to 40 Degrees and Setting the Voltage of the Signal from the 4020% Deep Flat Bottom Holes
to 4 Volts-PP)
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3.2.2 ETSS 96008

A listing of the differences in essential variables between the qualified ETSS 96008.1 and the
bobbin probe technique deployed in replacement SG tubes is listed in Table 3-4.

Calibration tube data from the qualified bobbin technique was procured from the EPRI
qualification database for ETSS 96008. Calibration tube data from the replacement SG
technique was acquired at an inspection of the unit with replaced SG's.

Table 3-5 is a listing of comparisons of "raw" voltage measurements made on signals from the 4
by 20% deep flat bottom holes. The qualified channel in ETSS 96008.1 is a differential 400-100
kHz frequency mix channel. The corresponding channel used in the thinner wall, higher
resistivity replacement SG tubing was a differential 750-190 kHz frequency mix channel. To
verify equivalency, it is desired to demonstrate that each of the component frequency channels
used in the mix channels of the proposed technique should be comparable in magnitude to the
corresponding component channels used in the qualified frequency mix channel.

Content deleted - EPRI Proprietary Information

Table 3-6 is a summary of the comparison of normalized signals from the flat bottom holes in
ASME calibration tubes used to calibrate the bobbin probes. In this case, the data channels that
were compared were the 400-100 kHz frequency mix in the qualified technique with the
differential 750-190 kHz mix used. The differences ("errors") were smaller than the allowable
tolerances documented in the proposed process for demonstrating technique equivalency
documented in EPRI report number 1015126 [2]. An example of a signal from the Bobbin
technique using a 750-190 kHz frequency mix detecting a 60% deep OD flat bottom hole in an
ASME calibration tube is shown in Figure 3-5. This signal can be compared with a
corresponding 400-100 kHz frequency mix signal from a 60% deep OD ASME flat bottom hole
in a calibration tube used by the bobbin technique ETSS 96008.1 in Figure 3-9.

The signal comparisons between the techniques have passed the "raw" voltage criteria, and the
normalized signal criteria documented in EPRI report number 1015126 [2], so this bobbin probe
technique deployed in these replacement SG tubes can be considered equivalent to the qualified
bobbin technique documented in ETSS 96008.1.
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Table 3-4
Listing of Essential Variable Differences between a Bobbin Probe Technique Using Data Acquired
at the Unit with Replacement SG's, and the EPRI Qualified Technique ETSS 96008
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ETSS 96008.1 (R14, Aug. 2006)
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Table 3-5
Comparison of Peak-to-Peak Voltage Measurements from 4x20% Deep Flat Bottom Hole Signals in
ASME Calibration Tubes Used at the Unit with the Replaced SG's, and from the 4x20% Deep Flat
Bottom Hole Signals Used by the Qualified Technique ETSS 96008.1
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Table 3-6
Comparison of Measurements from Various Flat Bottom Hole Signals from an ASME Calibration
Tube Used at the Unit with the Replaced SG's in October 2006, and from ASME Flat Bottom Hole
Signals Used by the Qualified Technique ETSS 96008.1
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Note: These signal readings were based on normalizing the voltage of the 4x20% deep flat bottom holes
to 4 Volts-PP, and rotating the MxR phase of the 100% deep through-hole to 40 degrees in each case.
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Figure 3-7
"Raw" (Not Normalized) 400 kHz Differential Signal from Bobbin Probe Detecting the 4 X 20%
Deep Flat Bottom Holes in an Inconel 600 ASME Calibration Tube Used in the EPRI Qualification
Data Used with ETSS 96008 (Signal was Acquired Using a MIZ18 Eddy Current Instrument)
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Figure 3-8
"Raw" (Not Normalized) 100 kHz Differential Signal from Bobbin Probe Detecting the 4 X 20%
Deep Flat Bottom Holes in an Inconel 600 ASME Calibration Tube Used in the EPRI Qualification
Data Used with ETSS 96008 (Signal was Acquired Using a MIZ18 Eddy Current Instrument)
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Figure 3-9
Normalized Differential 400-100 kHz Frequency Mix Signal from Bobbin Probe Detecting a 60%
Deep Flat Bottom Hole in an Inconel 600 ASME Calibration Tube Used in EPRI Qualification Data
for ETSS 96008 (Signal has been Normalized by Setting the MxR Phase of the 100% through-Hole
Signal to 40 Degrees and Setting the Voltage of the Signal from the 4x20% Deep Flat Bottom Holes
to 4 Volts-PP.)
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3.2.3 ETSS 96012

A listing of the differences in essential variables between the qualified ETSS 96012.1 and the
bobbin probe technique deployed in replacement SG tubes is listed in Table 3-7.

Calibration tube data from the qualified bobbin technique was procured from the EPRI
qualification database for ETSS 96012. Calibration tube data from the replacement SG
technique was acquired at an inspection of the unit with the replaced SG's.

Table 3-8 is a listing of comparisons of "raw" voltage measurements made on signals from the 4
by 20% deep flat bottom holes. The qualified channels in ETSS 96012.1 are a differential
400-100 kHz frequency mix channel and an absolute 400-100 kHz frequency mix channel. The
corresponding channels used in the thinner wall, higher resistivity replacement SG tubing was a
differential 750-190 kHz frequency mix channel and an absolute 750-190 kHz frequency mix
channel. To verify equivalency, it is desired to demonstrate that each of the component
frequency channels used in the mix channels of the proposed technique should be comparable in
magnitude to the corresponding component channels used in the qualified frequency mix
channel. Therefore, the magnitudes of the differential and absolute 190 kHz signals from the 4
by 20% deep flat bottom holes of the bobbin technique used were compared with the magnitudes
of the corresponding flaw signals of the qualified technique at 100 kHz. In addition, the
magnitudes of the differential and absolute 750 kHz signals from the 4 by 20% deep flat bottom
holes of the bobbin technique used were compared with the magnitudes of the corresponding
flaw signals of the qualified technique at 400 kHz.
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Table 3-9 is a summary of the comparison of normalized signals from the flat bottom holes in
ASME calibration tubes used to calibrate the bobbin probes. In this case, the data channels that
were compared were the differential and absolute 400-100 kHz frequency mix channels in the
qualified technique with the differential and absolute 750-190 kHz mix channels used. Because
the qualification data was acquired in 0.875" (22.225 mm) OD tubing, the ASME through-hole
was significantly larger than the through-hole used in the 0.625" (15.875 mm) OD ASME
calibration tube used. Because these were different diameter holes, the signals from these holes
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were not included in the comparison in Table 3-9. The differences ("errors") were smaller than
the allowable tolerances documented in the proposed process for demonstrating technique
equivalency documented in EPRI report number 1015126 [2]. An example of a signal from the
bobbin technique using a 750-190 kHz frequency mix detecting a 60% deep OD flat bottom hole
in an ASME calibration tube is shown in Figure 3-5. This signal can be compared with a
corresponding 400-100 kHz frequency mix signal from a 60% deep OD ASME flat bottom hole
in a calibration tube used by the bobbin technique ETSS 96012.1 in Figure 3-16. A normalized
750-190 kHz frequency mix absolute signal from a 60% deep OD ASME calibration flat bottom
hole used is shown in Figure 3-17. This signal can be compared with the normalized 400-100
kHz frequency mix absolute signal from the 60% deep OD ASME flaw used by the ETSS
96012.1 bobbin technique shown in Figure 3-18.

The signal comparisons between the techniques have passed the "raw" voltage criteria, and the
normalized signal criteria documented in EPRI report number 1015126 [2], so this bobbin probe
technique deployed in these replacement SG tubes can be considered equivalent to the qualified
bobbin technique documented in ETSS 96012.1.
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Table 3-7
Listing of Essential Variable Differences between a Bobbin Probe Technique Using Data Acquired
at the Unit with the Replaced SG's, and the EPRI Qualified Technique ETSS 96012
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ETSS 96012.1 (R11, Aug. 2006)
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Table 3-8
Comparison of Peak-to-Peak Voltage Measurements from 4x20% Deep Flat Bottom Hole Signals in
ASME Calibration Tubes at the Unit with the Replaced SG's, and from the 4x20% Deep Flat Bottom
Hole Signals Used by the Qualified Technique ETSS 96012.1
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Table 3-9
Comparison of Signal Measurements from Various Flat Bottom Holes from ASME Calibration
Tubes Used at the Unit with the Replaced SG's, and from ASME Flat Bottom Holes Used by the
Qualified Technique ETSS 96012.1
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These signal readings were based on normalizing the voltage of the 4x20% deep flat bottom holes to
4 Volts-PP, and rotating the MxR phase of the 100% deep through-hole to 40 degrees in each case
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Figure 3-10
"Raw" (Not Normalized) 400 kHz Differential Signal from Bobbin Probe Detecting the 4 X 20%
Deep Flat Bottom Holes in an Inconel 600 ASME Calibration Tube Used in the EPRI Qualification
Data Used with ETSS 96012 (Signal was Acquired Using a MIZ30A Eddy Current Instrument
Operating with a Gain of x2 (36 dB) and a Drive Voltage of 12 Volts-PP)
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Figure 3-11
"Raw" (Not Normalized) 100 kHz Differential Signal from Bobbin Probe Detecting the 4 X 20%
Deep Flat Bottom Holes in an Inconel 600 ASME Calibration Tube Used in the EPRI Qualification
Data Used with ETSS 96012 (Signal was Acquired Using a MIZ30A Eddy Current Instrument
Operating with a Gain of x2 (36 dB) and a Drive Voltage of 12 Volts-PP)
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Figure 3-12
"Raw" (Not Normalized) 750 kHz Absolute Signal from Bobbin Probe Detecting the 4 X 20% Deep
Flat Bottom Holes in an Inconel 690 ASME Calibration Tube (Signal was Acquired Using a TC7700
Eddy Current Instrument at a Gain of 41 dB and a Drive Voltage was 10 V-p)
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Figure 3-13
"Raw" (Not Normalized) 190 kHz Absolute Signal from Bobbin Probe Detecting the 4 X 20% Deep
Flat Bottom Holes in an Inconel 690 ASME Calibration Tube (Signal was Acquired Using a TC7700
Eddy Current Instrument at a Gain of 41 dB and a Drive Voltage was 10 V-p)
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Figure 3-14
"Raw" (Not Normalized) 400 KHz Absolute Signal from Bobbin Probe Detecting the 4 X 20% Deep
Flat Bottom Holes in an Inconel 600 ASME Calibration Tube Used in the EPRI Qualification Data
Used with ETSS 96012 (Signal was Acquired Using a MIZ30A Eddy Current Instrument Operating
with a Gain of x2 (36 dB) and a Drive Voltage of 12 Volts-PP)
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Figure 3-15
"Raw" (Not Normalized) 100 kHz Absolute Signal from Bobbin Probe Detecting the 4 X 20% Deep
Flat Bottom Holes in an Inconel 600 ASME Calibration Tube Used in the EPRI Qualification Data
Used with ETSS 96012 (Signal was Acquired Using a MIZ30A Eddy Current Instrument Operating
with a Gain of x2 (36 dB) and a Drive Voltage of 12 Volts-PP)
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Figure 3-16
Normalized Differential 400-100 kHz Frequency Mix Signal from Bobbin Probe Detecting a 60%
Deep Flat Bottom Hole in an Inconel 600 ASME Calibration Tube Used in EPRI Qualification Data
for ETSS 96012 (Signal has been Normalized by Setting the MxR Phase of the 100% through-Hole
Signal to 40 Degrees and Setting the Voltage of the Signal from the 4x20% Deep Flat Bottom Holes
to 4 Volts-PP)
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Figure 3-17
Normalized Absolute 750-190 kHz Frequency Mix Signal from Bobbin Probe Detecting a 60% Deep
Flat Bottom Hole in an Inconel 690 ASME Calibration Tube (Signal has been Normalized by Setting
the Peak-to-Peak Phase of the 100% through-Hole Signal to 40 Degrees and Setting the Voltage of
the Signal from the 4x20% Deep Flat Bottom Holes to 4 Volts-PP)
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Figure 3-18
Normalized Absolute 400-100 kHz Frequency Mix Signal from Bobbin Probe Detecting a 60% Deep
Flat Bottom Hole in an Inconel 600 ASME Calibration Tube Used in EPRI Qualification Data for
ETSS 96012 (Signal has been Normalized by Setting the Peak-to-Peak Phase of the 100% through-
Hole Signal to 40 Degrees and Setting the Voltage of the Signal from the 4x20% Deep Flat Bottom
Holes to 4 Volts-PP)
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3.3 Rotating Probe Comparisons

The capability of a new proposed technique to generate equivalent or larger (not normalized)
flaw signal should be demonstrated using signals from a 100% deep, 0.375" (9.525 mm) long
axial EDM notch.
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The capability of a new proposed technique to generate equivalent signals (amplitude and phase)
on a comprehensive set of flaws should be demonstrated using 0.375" (9.525 mm) long ID and
OD 40, 60 and 100% deep axial and circumferential EDM notches. 20% deep EDM notches are
often too small to generate clear repetitive signals for demonstrating equivalency.
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3.3.1 ETSS 20510 and ETSS 21409

A listing of the differences in essential variables between the qualified ETSS 20510 and the Plus-
Point rotating probe technique deployed in replacement SG tubes is listed in Table 3-10. A
listing of the differences in essential variables between the qualified ETSS 21409 and the Plus-
Point rotating probe technique deployed in replacement SG tubes is listed in Table 3-11.

Calibration tube data from the qualified Plus-Point was acquired at Zetec in the "master" tube
samples that were manufactured as part of the 2007 work done in the ETSS Equivalency project.
Calibration tube data from the replacement SG technique was acquired at an inspection of the
unit with the replaced SG's.

Table 3-12 is a listing of comparisons of "raw" voltage measurements made on signals from the
100% deep axial and circumferential EDM notches.
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These signals can be compared with the "raw" 200 kHz signals from data acquired from a plus-
point technique qualified in accordance with ETSS 20510 and 21409 detecting 100% deep axial
and circumferential EDM notches shown in Figures 3-21 and 3-22.

Table 3-13 is a summary of the comparison of normalized signals from calibration EDM notches
acquired from scans using the qualified technique, and the Plus-Point technique used in the
replacement SG tubes. The differences ("errors") were smaller than the allowable tolerances
documented in the proposed process for demonstrating technique equivalency documented in
EPRI report number 1015126 [2]. Normalized signals from 40% deep OD axial calibration
EDM notches at 300 kHz with the plus-point technique and at 200 kHz with a plus-point
technique qualified in accordance with ETSS 20510 and 21409 are shown in Figures 3-23 and 3-
24. Normalized signals from 60% deep ID circumferential calibration EDM notches at 300 kHz
with the plus-point technique and at 200 kHz with a plus-point technique qualified in accordance
with ETSS 20510 and 21409 are shown in Figures 3-25 and 3-26.

The signal comparisons between the techniques have passed the "raw" voltage criteria, and the
normalized signal criteria documented in EPRI report number 1015126 [2], so this 300 kHz
channel from the rotating Plus-Point technique deployed in these replacement SG tubes can be
considered equivalent to the 200 kHz channel in the qualified techniques ETSS 20510 and ETSS
21409 according to this proposed equivalency demonstration process.
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Table 3-10
Listing of Essential Variable Differences between the Plus-Point Rotating Probe Technique
Deployed at the Unit with the Replaced SG's, and the EPRI Qualified Technique ETSS 20510
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ETSS #:20510 (R7, 2006)
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Table 3-11
Listing of Essential Variable Differences between the Plus-Point Rotating Probe Technique
Deployed at the Unit with the Replaced SG's, and the EPRI Qualified Technique ETSS 21409
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ETSS #:21409 (R5, 2006)
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Table 3-12
Comparison of Peak-to-Peak Voltage Measurements from 100% Deep Axial and Circumferential
EDM Notch Signals from Calibration Tubes Used at the Unit with the Replaced SG's, and from
Techniques Considered Qualified in Accordance with ETSS 20510.1 and 21409.1
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Table 3-13
Comparison of Signal Measurements from Various EDM Notches from Calibration Tubes Used at
the Unit with the Replaced SG's, and from Techniques Considered Qualified in Accordance with
ETSS 20510.1 and 21409.1

Content deleted - EPRI Proprietary Information

These signal readings were based on normalizing the voltage of the 100% deep axial EDM notch to 20
Volts-PP, and rotating the phase of the 40% deep axial ID EDM notch to 15 degrees in each case.
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Figure 3-19
"Raw" (Not Normalized) 300 kHz Signal from a Rotating Plus-Point Detecting a 100% Deep Axial
EDM Notch in an Inconel 690 Calibration Tube (Signal was Acquired Using a TC7700 Eddy Current
Instrument Operating with a Gain of 41 dB and a Drive Voltage of 10 Volts-P)
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Figure 3-20
"Raw" (Not Normalized) 300 kHz Signal from a Rotating Plus-Point Detecting a 100% Deep
Circumferential EDM Notch in an Inconel 690 Calibration Tube (Signal was Acquired Using a
TC7700 Eddy Current Instrument Operating with -a Gain of 41 dB and a Drive Voltage of 10 Volts-P)
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Figure 3-21
"Raw" (Not Normalized) 200 kHz Signal from a Rotating Plus-Point Detecting a 100% Deep Axial
EDM Notch in an Inconel 600 Calibration Tube Used in Data Acquired with a Qualified Technique
in Accordance with ETSS 20510 and ETSS 21409 (Signal was Acquired Using a MIZ30 Eddy
Current Instrument Operating with a Gain of "x2" and a Drive Voltage of 12 Volts-PP)
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Figure 3-22
"Raw" (Not Normalized) 200 kHz Signal from a Rotating Plus-Point Detecting a 100% Deep
Circumferential EDM Notch in an Inconel 600 Calibration Tube Used in Data Acquired with a
Qualified Technique in Accordance with ETSS 20510 and ETSS 21409 (Signal was Acquired Using
a MIZ30 Eddy Current Instrument Operating with a Gain of "x2" and a Drive Voltage of 12 Volts-
PP)
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Figure 3-23
Normalized 300 kHz Signal from a Rotating Plus-Point Probe Detecting a 40% Deep OD Axial EDM
Notch in an Inconel 690 Calibration Tube (Signal has been Normalized by Setting the Peak-to-Peak
Phase of the 40% Deep ID Axial EDM Notch Signal to 15 Degrees and Setting the Voltage of the
Signal from the 100% Deep Axial EDM Notch to 20 Volts-PP)
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Figure 3-24
Normalized 200 kHz Signal from a Rotating Plus-Point Probe Detecting a 40% Deep OD Axial EDM
Notch in an Inconel 600 Calibration Tube Used in Data Acquired with a Qualified Technique in
Accordance with ETSS 20510 and ETSS 21409 (Signal has been Normalized by Setting the Peak-
to-Peak Phase of the 40% Deep ID Axial EDM Notch Signal to 15 Degrees and Setting the Voltage
of the Signal from the 100% Deep Axial EDM Notch to 20 Volts-PP)
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Figure 3-25
Normalized 300 kHz Signal from a Rotating Plus-Point Probe Detecting a 60% Deep ID
Circumferential EDM Notch in an Inconel 690 Calibration Tube (Signal has been Normalized by
Setting the Peak-to-Peak Phase of the 40% Deep ID Axial EDM Notch Signal to 15 Degrees and
Setting the Voltage of the Signal from the 100% Deep Axial EDM Notch to 20 Volts-PP)
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Figure 3-26
Normalized 200 kHz Signal from a Rotating Plus-Point Probe Detecting a 60% Deep ID Axial EDM
Notch in an Inconel 600 Calibration Tube Used in Data Acquired with a Qualified Technique in
Accordance with ETSS 20510 and ETSS 21409 (Signal has been Normalized by Setting the Peak-
to-Peak Phase of the 40% Deep ID Axial EDM Notch Signal to 15 Degrees and Setting the Voltage
of the Signal from the 100% Deep Axial EDM Notch to 20 Volts-PP)
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3.3.2 ETSS 21998

A listing of the differences in essential variables between the qualified ETSS 21998 and the Plus-
Point rotating probe technique deployed in replacement SG tubes is listed in Table 3-14.

Calibration tube data from the qualified Plus-Point was acquired at Zetec in the "master" tube
samples that were manufactured as part of the 2007 work done in the ETSS Equivalency project.
Calibration tube data from the replacement SG technique was acquired at an inspection of the
unit with the replaced SG's.

Table 3-15 is a listing of comparisons of "raw" voltage measurements made on signals from the
100% deep axial and circumferential EDM notches.
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Table 3-16 is a summary of the comparison of normalized signals from calibration EDM notches
acquired from scans using the qualified technique, and the Plus-Point technique used in the
replacement SG tubes. The differences ("errors") in signal phases from the OD EDM notches
were larger than the allowable tolerances documented in the proposed process for demonstrating
technique equivalency documented in EPRI report number 1015126 [2]. Normalized signals
from 40% deep OD axial calibration EDM notches at 300 kHz with the plus-point technique and
at 300 kHz with a plus-point technique qualified in accordance with ETSS 21998 are shown in
Figures 3-23 and 3-29 respectively.

The signal comparisons between the techniques have passed the "raw" voltage criteria
documented in EPRI report number 1015126 [2], especially when the signals from the inspection
have been re-scaled to show readings at an equivalent gain as used with the signals from the
qualified technique.
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Table 3-14
Listing of Essential Variable Differences between the Plus-Point Rotating Probe Technique
Deployed at the Unit with the Replaced SG's, and the EPRI Qualified Technique ETSS 21998
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Table 3-15
Comparison of Peak-to-Peak Voltage Measurements from 100% Deep Axial and Circumferential
EDM Notches from Calibration Tubes Used at the Unit with the Replaced SG's, and from
Techniques Considered Qualified in Accordance with ETSS 21998.1
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Table 3-16
Comparison of Signal Measurements from Various EDM Notches from Calibration Tubes Used at
the Unit with the Replaced SG's, and from Techniques Considered Qualified in Accordance with
ETSS 21998.1
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These signal readings were based on normalizing the voltage of the 100% deep axial EDM notch to 20
Volts-PP, and rotating the phase of the 40% deep axial ID EDM notch to 15 degrees in each case. Signal
measurements that are out of tolerance for technique equivalency are high-lighted in grey
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Figure 3-27
"Raw" (Not Normalized) 300 kHz Signal from a Rotating Plus-Point Detecting a 100% Deep Axial
EDM Notch in an Inconel 600 Calibration Tube Used in Data Acquired with a Qualified Technique
in Accordance with ETSS 21998. This Signal was Acquired Using a MIZ30 Eddy Current
Instrument Operating with a Gain of "x2" and a Drive Voltage of 12 Volts-PP)
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Figure 3-28
"Raw" (Not Normalized) 300 kHz Signal from a Rotating Plus-Point Detecting a 100% Deep
Circumferential EDM Notch in an Inconel 600 Calibration Tube Used in Data Acquired with a
Qualified Technique in Accordance with ETSS 21998. This Signal was Acquired Using a MIZ30
Eddy Current Instrument Operating with a Gain of "x2" and a Drive Voltage of 12 Volts-PP)
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Figure 3-29
Normalized 300 kHz Signal from a Rotating Plus-Point Probe Detecting a 40% Deep OD Axial EDM
Notch in an Inconel 600 Calibration Tube Used in Data Acquired with a Qualified Technique in
Accordance with ETSS 21998. This Signal has been Normalized by Setting the Peak-to-Peak
Phase of the 40% Deep ID Axial EDM Notch Signal to 15 Degrees and Setting the Voltage of the
Signal from the 100% Deep Axial EDM Notch to 20 Volts-PP)
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3.4 Array Probe (X-Probe) Comparisons

The capability of a new proposed technique to generate equivalent or larger (not normalized)
flaw signal should be demonstrated using signals from a 100% deep, 0.375" (9.525 mm) long
axial EDM notch. If the array probe uses different groups of coils for detecting axial and
circumferential flaws, then the capability of a proposed to generate signals from circumferential
flaws of equal or greater amplitude as generated by a qualified technique should be evaluated
using a 100% deep, 0.375" (9.525 mm) long circumferential EDM notch.
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The capability of a new proposed technique to generate equivalent signals (amplitude and phase)
on a comprehensive set of flaws should be demonstrated using the 40, 60 and 100% deep axial
and circumferential EDM notches in Tube 2, or in Tubes 3 and 4. 20% deep EDM notches are
often too small to generate clear repetitive signals for demonstrating equivalency.
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These tolerances allow for signal variances that can occur due to tolerances in machined flaw
dimensions and typical variations in tube wall thickness, as well as tolerances in eddy current
probe dimensions, probe centering and array coil coverage. These tolerances are within
observed variances generated by fully qualified array probe techniques.

X-Probes qualified in accordance to ETSS 20400, 20403 and 20502 used a 3x16 pancake coil
arrangement in 0.75" (19.05 mm) diameter Inconel 600 tubing with nominal wall thickness of
0.043" (1.092 mm). The X-Probe designed for the 0.625" (15.875 mm) diameter Inconel 690
replacement SG tubing was a 2x14 pancake coil arrangement. The fewer coils used in the
smaller SG tubing were chosen so that each of the transmit-receive coil pairs had equivalent
center-to-center spacing as the corresponding coil pairs in the probe design that was qualified for
the larger diameter tubing.

Essential variables for data acquisition using techniques ETSS 20400, 20403 and 20502 are
identical. The only differences between these techniques are the various flaw mechanisms that
each technique was qualified to detect. Therefore, a comparison of the calibration EDM notch
flaws from the X-Probe technique used with the comparable notch signals from any of the
qualified techniques should provide the evidence required to establish equivalence between the
X-Probe technique and the three qualified techniques.

A listing of the differences in essential variables between the qualified ETSS's and the X-Probe
technique deployed in replacement SG tubes is listed in Table 3-17.
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Calibration tube data from the Qualified X-Probe techniques was procured from the EPRI
qualification data. Calibration tube data from the replacement SG technique was acquired at an
inspection of the unit with the replaced SG's.

The "raw" (with tube header setup) voltage reading from the 100% deep axial notch from the
qualified probe at 300 kHz was 305 Volts pp where the same signal in the SG cal tube was 424
Volts pp from the axially aligned X-Probe transmit-receive coils.
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Both sets of readings were performed using Eddynet software. Both probes were driven with 48
db gain on the instrument. The tabulated "raw" signals are shown in Figures 3-30 to 3-33.

Table 3-18 is a summary of the comparison of normalized signals from calibration EDM notches
acquired from scans using the qualified techniques, and the X-Probe technique used in the
replacement SG tubes. Because the signal amplitudes were normalized differently, the signals
from the replacement SG technique were re-scaled to values they would have if they were
normalized to 2 Volts-pp from a 20% deep OD groove in accordance with the qualified X-Probe
techniques. The differences ("errors") were smaller than the allowable tolerances documented in
the proposed process for demonstrating technique equivalency documented in EPRI report
number 1015126 [2]. A 380 kHz X-Probe signal from a 40% deep axial EDM notch in a
calibration tube used is shown in Figure 3-34. For comparison, a corresponding 300 kHz X-
Probe signal from a 40% deep axial EDM notch in a calibration tube used by techniques
qualified in accordance with ETSS 20400.1, 20403.1 and 20502.1 is shown in Figure 3-35.

The signal comparisons between the techniques have passed the "raw" voltage criteria, and the
normalized signal criteria documented in EPRI report number 1015126 [2], so this X-Probe
technique deployed in these replacement SG tubes can be considered equivalent to the qualified
techniques (ETSS's 20400.1, 20403.1 and 20502.1) according to this proposed equivalency
demonstration process.
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Table 3-17
Comparison of Peak-to-Peak Voltage Measurements from 100% Deep Axial and Circumferential
EDM Notches from Calibration Tubes Used at the Unit with the Replaced SG's, and from
Techniques Considered Qualified in Accordance with ETSS 21998.1
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ETSS #:20400.1, 20403.1 and 20502.1 (R5, Aug. 2006)
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Table 3-18
Comparison of EDM Notch Signal Measurements for X-Probe Calibration Tube Scans at 380 kHz
with 300 kHz Calibration Tube Data Acquired at EPRI Used to Qualify the X-Probe for Flaw
Mechanisms Documented in ETSS 20400, 20403 and 20502
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Figure 3-30
"Raw" (Not Normalized) 380 kHz Signal from a X-Probe Detecting a 100% Deep Axial EDM Notch in
an Inconel 690 Calibration Tube Used in Data Acquired from the Unit with the Replaced SG's
(Signal was Acquired Using a TC7700 Eddy Current Instrument Operating with a Gain of 48 dB and
a Drive Voltage of 2.5 Volts-P)
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Figure 3-31
"Raw" (Not Normalized) 380 kHz Signal from a X-Probe Detecting a 100% Deep Circumferential
EDM Notch in an Inconel 690 Calibration Tube Used in Data Acquired from the Unit with the
Replaced SG's (Signal was Acquired Using a TC7700 Eddy Current Instrument Operating with a
Gain of 48 dB and a Drive Voltage of 2.5 Volts-P)
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Figure 3-32
"Raw" (Not Normalized) 300 kHz Signal from a XProbe Detecting a 100% Deep Axial EDM Notch in
an Inconel 600 Calibration Tube Used in Data Acquired with a Qualified Technique in Accordance
with ETSS 20400.1, 20403.1 and 20502.1 (Signal was Acquired Using a TC7700 Eddy Current
Instrument Operating with a Gain of 48 dB and a Drive Voltage of 2.5 Volts-P)
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Figure 3-33
"Raw" (Not Normalized) 300 kHz Signal from a X-Probe Detecting a 100% Deep Circumferential
EDM Notch in an Inconel 600 Calibration Tube Used in Data Acquired with a Qualified Technique
in Accordance with ETSS 20400.1, 20403.1 and 20502.1 (Signal was Acquired Using a TC7700
Eddy Current Instrument Operating with a Gain of 48 dB and a Drive Voltage of 2.5 Volts-P)
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Figure 3-34
Normalized 380 kHz Signal from an X-Probe Detecting a 40% Deep OD Axial EDM Notch in an
Inconel 690 Calibration Tube Used (Signal has been Normalized by Setting the Phase of the Rolled
Expansion Signal to 0 Degrees and Setting the Voltage of the Signal from the 30% Deep OD
Groove to 5 Volts-PP)
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Figure 3-35
Normalized 300 kHz Signal from an X-Probe Detecting a 40% Deep OD Axial EDM Notch in an
Inconel 600 Calibration Tube Used in Data Acquired with a Qualified Technique in Accordance
with ETSS 20400.1, 20403.1 and 20502.1 (Signal has been Normalized by Setting the Phase of the
Rolled Expansion Signal to 0 Degrees and Setting the Voltage of the Signal from the 20% Deep OD
Groove to 2 Volts-PP)
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3.5 Results

The results of this study indicate that, according to the proposed equivalency demonstration
process in EPRI report 1015126, the techniques deployed in the replacement once through steam
generator (SG) tubes could be considered equivalent to all of the qualified techniques listed
except for the rotating plus-point technique ETSS 21998. A frequency of about 450 kHz is
recommended to operate a plus-point probe in the thinner, higher resistivity steam generator
tubes in an equivalent manner as the 300 kHz qualified channel used in ETSS 21998 if there is a
desire to do so.
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