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NOTICE

This report was prepared for the Electric Power Research Institute, Inc. (EPRI)
and the Steam Generator Owners Group. Neither EPRI, members of EPRI, the Steam
Generator Owners Group, nor any person acting on their behalf: (a) makes any
warranty or representation, express or implied, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that
the use of any information, apparatus, method, or process disclosed in this report
may not infringe privately owned rights; or (b) assumes any lTiabilities with res-
pect to the use of, or for damages resulting from the use of, any information,
apparatus, method, or process disclosed in this report.

Prepared by:
J.A. Jones Applied Research Company, Charlotte, North Carolina




FORWARD

This document was prepared through an effort sponsored by the Steam Generator
Owners Group (SGOG) with significant input, participation and review by the SGOG
NDE Subcommittee. The members of the Subcommittee were:

Mike Anderson Northern States Power

Stephen D. Brown EPRI NDE Center

Albert E. Curtis Rochester Gas & Electric

Dev Currier Florida Power & Light

Dan Halama New York Power Authority

Jim Haning Houston Power & Light

C.W. Hendrix, Jr. Duke Power Company

Jose Hervas Tecnatom, S.A.

Keith Hoffman Baltimore Gas & Electric Co.

Joon Kang Pacific Gas & Electric
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In additfon, the draft of this document was reviewed and commented on by the
SG0G Technical Advisory Committee and US NSSS and ISI inspection vendors, with all
formal comments addressed, resolved and resyonded to by the NDE Subcommittee.

This document is a report to tic memters of the Steam Generator Owners Group and

s provided for their individual use. It has not been endorsed by the membership
of the Steam Generator Owners Group. The report provides a basis for a utility
operating a PWR to establish an effective steam generator inspection program, and
it is intended that the Guidelines will be revised and updated as experience with
their use 1s gained and as steam generator inservice inspection (I1S1) and NDE
technology advance. Application of the details of these guidelines as a regulatory
requirement rather than as guidance is far beyond the reports intended purpose.
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Section 1

INTRODUCTION

Periodic nondestructive examination (NDE) preovides valuable
information about the condition and expected performance of
pressurized water reactor (PWR) steam generators. An effective NDE
program detects and monitors the rrugression of steam generator tube
wall degradation and damage precursors. The inspection results in
turn are used to implement appropriate plant corrective actions.
This helps utilities avoid costly unscheduled ocutages.

This document provides guidelines for the inservice inspection of
pressurized water reactor steam generator internals. The guidelines

are recommendations and are intended to satisfy utility company

objectives of meeting mandated safety inspection requirements and .
increasing plant availability. The recommended actions are based on:

* NRC regulations
. Plant operating experience
® Work sponsored by the Steam Generator Owners Group and the

Electric Power Research Institute (EPRI).

The document also describes NDE equipment and instrumentation, PWR
steam generator operating history, and NDE experience with various
tube wall damage forms and damage precursors.



Section 2

SCOPE

The guidelines cover recommended nondestructive examination methods
for determining tube integrity and for monitoring tube damage
precursors.

The guidelines are applicable to Westinghouse, Westinghouse licensees
and Combustion Engineering recirculating steam generators (RSGs), and
Babcock & Wilcox once-through steam generators (OTSGs).

The guidelines document provides:
- An overview of steam generator NDE objectives

@ NDE guidelines, designed to help utilities implement a
steam generator inservice inspection (ISI) program

A survey of available remote positioning, data
acquisition, data analysis equipment and data base
management systems

A survey of availab.e technology for identifying and
monitoring tube damage precursors

A summary of adverse operating experience which documents
damage forms,.vulnerable locations within the steam
generator, and NDE experience.

guidelines provide specific recommendations for:

NDE equipment for detecting and monitoring tube integrity
and damage precursors

Probe designs, instrumentation, and signal interpretation
methods appropriate for particular forms of degradation
at various locations within the generator

Increased surveillance of regions within the generator
that, historically, have been prone to degradation.

Section 3 of the guidelines document provides recommendations for
implementing a steam generator ISI program. Recommendations point




to areas of the generator in need of increased inspection
surveillance and describe NDE methods for monitoring tube integrity
and damage preéursors. The basis for the recommendations in Section
3 are discussed in detail in Sections 4 through 6, which consider.
respectively, steam generator NDE equipment and instrumentation,
steam generator operating experience and NDE experience with various
damage forms. For convenience, Appendix A contains a list of
definitions of terms used throughout the guidelines which may be
referenced as required. Eddy current inspection ‘s the most common
testing method for most steam generator examinations. Accordingly,
Appendix B considers the basics of eddy current inspection and
presents background information with regard to test design.



Section 3

INSERVICE INSPECTION GUIDELINES

3.1 INTRODUCTION

The purpose of a PWR steam generator ' inservice inspection (ISI)
program is to provide information about the condition and expected
performance of a plant's steam generators. An effective inspection
program detects and monitors 1) the progression of steam generator
tube degradation, and 2) damage precursors. This document is
intended to help utilities establish or improve NDE programs by
providing inspection program recommendations, information on
materials and equipment, representative NDE experience, and
recommended inspection methods for the various damage forms and
damage precursors, ‘
The recommendations are presented as a set of options which should be
considered by a utility when undertaking a program to optimize PWR
steam generator reliability. Those options that are appropriate for
the needs of a particular power plant should be adopted. It is
emphasized that a particular plant's needs are based on many
considerations such as: plant size and equipment; plant age and
operating history; site characteristics; and, utility management
structure, resource allocation priorities, cost-benefit methodology,
support staff size, and Public Utilities Commission interactions.

In designing an ISI program, utility company objectives are to
satisfy safety requirements and maximize plant availability. To
ensure that the safety goal is met, the recommendations provided in
this section satisfy the current safety-oriented guidelines “or
steam generator ISI developed by the NRC and outlined in the plant
technical specification. Also, because unscheduled outage costs are
much higher than incremental inservice inspection costs, this
guideline sometimes suggests a mnre thorough examination than

required by NRC regulations. .



This section provides guidelines for the inservice inspection of PWR
steam generator internals. The recommc..l.- 'ons are based oh:

@ NRC Regulatory Guide 1.183 kl)
- Plant Technical Specifications (2,3,4)
“ Plant operating experience

e The judgment of personnel at EPRI and the EPRI NDE Center.

The recommendations vary according to:

- Manufacturer (Westinghouse, Combustion Engineering, or
Babcock & Wilcox)

« Model number and design
" Operating history

- Suspected type of degradation

Section 3.2 contains a summary of the recommendations for steam
generator inspection. Section 3.3 contains recommendations for
preservice inspection and suqggestions for good inspection

practices. Section 3.4 presents information for steam generator
inspection plan development. Section 3.5 discusses NDE recommendations
for monitoring tube wall degradation and damage precursors. Section
3.6 presents recommendations rfor post-inspection actions.

To facilitate use of the guideline document, a branching approach is
used to provide the reader with information to the desired level of
detail. Additional sections of the guidelines are referenced witnin
Sections 3.3 to 3.6 where applicable which the reader may refer to if
desired.

3.2 SUMMARY OF RECOMMENDATIONS
Where

Category Summary of Recommendations Discussed
Preservice L] Choose an ISI vendor on the rasis of 33
and General experience and technical capabilities
Inspection

. Perform a baseline inspection of all 3.3

steam generators
» Inspect all steam generators during 3.4

every scheduled steam generator outage

3=-2



Where
Category Summary of Recommendations Discussed .

Preservice . Provide protected storage for tapes, 3.3
and General stripcharts, and films containing NDE
Inspection data analysis results

- Lay up steam generators properly during 3:3
inspection

- Implement an equipment maintenance 3.3
program

- Conduct visual inspection after 3.3
performing any secondary side
maintenance

® Use tracer gas leak detection methods 3.3
for steam generator leak detection

- Use a no-jump eddy current probe &
manipulator

Steam © Assess steam generator tube integrity J.4:1%

Generator by selecting a sample of tubes which

Inspection satisfy plant "tech spec" requirements

Plan

Development ® Monitor additional regions of the steam 3.4.2
generator based on operating experience
of the unit and those of similar design ‘
and chemistry

® Monitor tube damage precursors 3,843

Nondestructive e Use multifrequency eddy currenc .
Examination examination

. Choose probe designs, instrument settings, 3.5
and signal interpretation methods that
are appropriate for the steam generator
design and expected damage forms

® Analyze all data collected; document all 3.8
dearadation and anomalous signals

® Conduct an independent review of all eddy 3.9
current data acquired during an outage

- Examine support plate signals for 3.5
evidence of magrnetite in the plate
crevice gap if the unit is not dented

- Monitor continued denting by observing b .

an increase in the number of dented
support plate intersections
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Where
Category Summary of Recommendations Discussed
Nondestructive e Assess dent gjrowth using profilometry. . B -
Examination Plug dented tubes based on strain
criterion.
L Look for support plate ligament cracking Fad
in extensively dented units
@ Confirm suspected support plate cracking 3.5
with optical methods or radiography
- Develop a basis for not plugging tubes ¥:5
with low signal-to-noise ratio
indications
Post~ - Classify tubes as degraded or defective 3.6
Inspection based on eddy current tnsting. Mark
Actions degraded tubes for reinspection during
subsequent ISI's.
. Utilize steam generator data base 3.6
management systems to assess overall
steam ¢enerator condition
. Take corrective actions to prevent 3.6

further damage progression,

3.3 PRESERVICE AND GENERAL RECOMMENDATIONS

This section contains general recommendations for good inspection
practices.

RECOMMENDATION: Choose an experienced ISI vendor.

Because of the complex nature and critical importance of this task,
selection of an ISI vendor should emphasize the experience and
technical capabilities of the organization and the qualifications and
experience of individual data analysts. The utility should review
data analysis practices of their ISI vendor to assure that a
sequential signal detecticn and analysis practice is being followed.
See Table 3-3 and Appendix B.2. Prior to analyzing data from a
current outage, the ISI vendor should review data from a previous
outage in order to get accustomed to the particular plant. As a
general rule, the analysis practices in interpreting eddy current
signals should be reviewed for consistency in estimating signal

phase angles.
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RECOMMENDATION: Perform a baseline inspection of all steam generators.

A preservice inspection provides a basis (a baseline) for comparison
with subsequent inservice inspection results., In particular, it
enables a utility to positvely separate degradation which is associated
with the manufacture of the steam generator from that which is
attributable to operation. Past baseline inspections have uncovered

a variety of preservice problems, including obstructed tubes, loose
parts, and unexpanded tubes. It is good practice, therefore, to
inspect 100% of the tubes at full length, in all steam generators
before commencing powered operation. For the same reasons, a thorough
visual inspection of the steam generator secondary side should also

be performed.

RECOMMENDATION: Inspect all steam generators during each planned
steam generator outage.

After the first inservice inspection, NRC regulations permit the
inspection of steam generators on a rotating basis, with one or more
steam generators inspected during each ISI. However, inspection
results from one steam generator are not always reliable indicators
of the condition of the other steam generators in the plant. Since
the incremental cost of inspecting additional steam generators is
small compared with the cost of a forced outage, all steam generators
should be inspected during each planned ISI.

RECOMMENDATION: Provide protected storage for tapes, stripcharts,
and films containing NDE data and analyses in a format that enables
rapid retrievability.

Tapes, stripcharts, films, and other NDE records should be dated,
identified, and stored carefully to ensure the availability of
background and reference information for future examinacions in a
short interval to minimize decision-making time. These data also
provide feedback for management decisions on steam g:nerator
inspection.



RECOMMENDATION: Lay up steam generators properly during inspection,

Impurities accumulated on the secondary side during operation can

cause corrosion to progress during a shutdown period. For example,
chlorides, copper, and copper oxides can cause pitting in an

oxygenated environment. Therefore, the steam generators should be in

a proper layup conditicn during the inspection period. Recommendations
for steam generator layup are provided in (5).

RECOMMENDATION: Implement an equipment maintenance program,

Electronic and mechanical equipment used for steam generator
inspection is subjected to intensive use during an outage. Therefore,
simple, easy-to-repair equipment is recommended, and it should be
thoroughly checked prior to the start of an outage. Spare parts

for components prone to failure or whose failure could affect the
outage schedule should be kept available on-site. Eddy current probe
push2-/pullers should be rebuilt between ocutages to assure reliable
per:r.rmance during an inservice inspection. During the outage,
pusher/puller belts should be changed frequently to assure proper
operaticn. Remote instrumentation extension cables shoul’d be
stretched prior to routing to facilitate cable lay-out.

RECOMMENDATION: Conduct visual inspection after performing any
secondary side maintenance.

Foreign objects left in generators after secondary side maintenance
have caused leaker outages. Therefore, a secondary side visual
inspection should be made to make sure that no loose parts or other
foreign objects are left behind which could cause tube damage during
operation. A one time visual inspection of the secondary side of a
steam generator is a reasonable methcd for finding loose parts or
foreign objects, providing the following points are recognized.

1) There are differences in steam generator geometry and

access; therefore, the scope and type of visual

inspection must be tailored to the specific steam
generator design,

2) 1nspection should be balanced with awareness of the

potential for tube corrcsion when a steam generator is
drained.
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Subsequent visual inspections of the secondary sides of steam
generators should be performed only when the specific situation
warrants, e.g., when nondestructive examination suggests the presence
of a foreign object or when QA/QC or cleanliness procedures

employed during maintenance are judged to have been insufficient.
When conducted, such a subsequent inspection should be restricted

in scope and duration to the minimum required to resolve the specific
question that prompted it.

RECOMMENDATION: Use tracer gas leak-detection methods for steam
generator leak detection,

Experience has shown that helium leak detection methods are more
sensitive than hydrotesting, resulting in the capability to locate
smaller leaks. Sulfur hexafluoride has been proposed for use as a
tracer gas, however no steam generator field experience presently
exists. The higher sensitivity and simplicity of sulfur hexaflouride
chemical analysis equipment may offer the potential for locating
smaller leaks than with helium. Also, a significant reduction in
tracer gas costs may be realized due to the reduction in gas
concentration required because of the greater sensitivity of the
sulfur hexaflouride analysis equipment,

3.4 STEAM GENERATOR INSPECTION PLANNING

This section considers factors important for the development of a
steam generator inspection program. The NRC steam generator sampling
requirements for assessing tube integrity are reviewed; additional
recommendations are made based on operating experience. Suggested
inspection programs for the monitoring of damage precursors are also
presented,

383 NRC Requirements For Steam Generator Inspection

RECOMMENDATION: Select tubes based on NRC sampling requirements,

Nondestructive examination of a steam generator begins with selection
of a sample of tubes for testing. If, as recommended in these
guidelines, each steam generator is inspected, then the NRC typically
requires that the sample include:
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. At least 3% of the total number of tubes in all steam
generators - randomly selected

. All nonplugged tubes that previously had estimated tube
wall penetrations greater than 20%,

For RSGs, the NRC defines a tube inspection as an inspection of the
steam generator tube from the point of entry (hot leg side)
completely around the U-bend to the top support of the cold leg. For
OTSGs, inspect each steam generator tube from the point of entry
completely to the point of exit,

Inspections should be carried out according to NRC guidelines as
outlined in the plant technical specification. The required
procedure follows these four steps:

- Select and examine an initial random sample of tubes
from the steam generator

® Classify the results of the tube examination according
to NRC regulations, Classification is based on the
number of degraded and defective tubes found in the
steam generator (see below)

- If a sample contains defective tubes, or if at least
5% of the tubes inspected are degraded, inspect
additional tubes from this steam generator. If more
than 10% of the tubes inspected are degraded, or more
than 1% of the inspected tubes are defective, notify
the NRC and inspect additional tubes from this and
other steam generators

e Classify the steam generator based on the total number
of degraded and defective tubes found. If more than
10% of the tubes are degraded or more than 1% of the
inspected tubes are defective, promptly notify the NRC.

Figure 3-1 shows the general sequence of actions delineated by the
requlatory guide for steam generator inservice inspection. The
Standard Technical Specification (2,3,4) define the classifications
shown in Figure 3-1 as follows:

- Class Cl --- Less than 5% of the tubes inspected are
degraded, and none of the inspected tubes are defective

e Class C2 --- Between 5% and 10% of the tubes inspeéc:ed

are degraded, or at least 1 tube, but not more than 1%
of the tubes inspected, is defective
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Possible

Action Outcomes Actions

Class Cl—4 e

Resume Operation

e Inspect Additional
Sample of Tubes Class C2— e

Inspect Additional
Tubes

Possible

Class C3—de

Notify NRC

Inspect Additional
Tubes

Figure 3-1. General Sequence of Testing Actions and Outcomes for
Generator Inservice Inspection

Outcomes Actions
® Resume Operation
Class C3 ® Notify NRC 1
® Resume Operationl
c3 {e Notify NRC |

Steam



. Class C3 --- More than 10% of the tubes inspected are
degraded, or more than 1% of the inspected tubes are
defective,

A tube is defective a.cording to the NRC definition if it has an
imperfection of such severity that it is unacceptable for continued
service. At the conclusion of an inspection, all defective tubes
should either be plugged or sleeved.

A tube is degraded according to NRC definitions if it has a
previously unreported tube wall penetration of more than 20% or if a

previously detected degradation in the tube exhibits more than 10%
additional wall penetration,

Depending on the extent of the degradation found during the
inspection described above, additional tubes may have to be inspected.
Typical NRC requirements for additional sample sizes are provided in
Table 3-1. The regulations also indicate that these secondary

inspections should concentrate in the areas where imperfections were
found,

3.4.2 Additional Sampling Requirements
RECOMMENDATION: Include additional tubes in the inspection program.

Each steam generator design exhibits characteristic problem areas,
i.e., regions in which degradation is more likely to occur. In order
to increase the chances of detecting degradation, inspection should
concentrate on these regions. This is known as stratified sampling.
Although NRC regulations acknowledge the need for stratified tube
sampling, they are not explicit about the location of characteristic
problem regions. Ideally, stratified sampling plans should be
developed on an individual basis for each plant, based on the
operating history of that plant and similar units. For information
on statistical methods to analyze and choose -pccitic'sampling plans,
see Easterling (6).




ACTION REQUIRED
N/A

c-2 Plug defective tubes c-1 None N/A N/A |
and inspect additional |
2S tubes in this S.G. Cc-2 Plug defective tubec Cc-1 None

and inspect additional Cc-2 Plug additional
4S tubes in this SG tubes

Perform action
c-3 for C-3 result

' § of first sample
-
" c-3 Perform action C-3
result of first sample N/A N/A
All other None N/A N/A
c-3 Inspect all tubes in SG are C-1
this SG, plug defective
tubes and inspect 2S
tubes in each other SG
Same SG C-2 Perform action for C-2 N/A N/A
but no add- result of second sarple
itional SG
are C-3
Additional Inspect all tubes in each N/A N/A
Prampt notification to SG is C-3 SG and plug defective
NRC tubes- Pramot notifica-
tion to NRC

S=3N/n\ﬂerellisthemd:erofstemgmerat.orsinﬂnemit,uﬂnisﬂemwerofsteamminepected

during an inspection
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The remainder of this section makes recommendations for -~dditional
tube inspections, Special ragions within the steam generator are
identified for more intensive inspection. If eddy current indications
are detected within these regions then the inspection program is
expanded within these regions. The areas for additional inspection
and the percentage of tubes inspected depend on operating history,
steam generator design, specific tube damage forms, uncertainties

in degradation growth rates and difficulties associated with the NDE
methods.

Guidelines for inspection plan development that are specific to
Westinghouse, Combustion Engineering, and Babcock & Wilcox steam
generators are given below. The suggested inspection plan includes
NRC requirements plus additional tubes based on steam generator
operating experience. Damage precursor monitoring recommendations
are discussed in Section 3.4.3.

Recommendations for Westinghouse steam generators. Each scheduled

steam generator inspection should include:
"Tech Spec" Requirements

e All nonplugged tubes that previously had tube wall
penetrations greater than 20%

@ An additional 3% of the tubes, randomly selected,

Additional Regions
. The tubes specified in Table 3-2

Table 3-2 is based on the Westinghouse operating experience summarized
in Section 5.3; the recommendations in the table and the supporting
experience are restated briefly in the following paragraphs.

. Inspect the hot leg side - Units with an open tube sheet
crevice should inspect 100% of the steam generator if
there is a history of tube sheet crevice region IGA or
SCC. Inspect to the first support plate.

® Westinghouse Model 5)s are susceptible to fretting at
the AVB's (see Section 5.3.6)., The fretting mechanism
is believed to have an initiation time of five effective
full power years.
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PERCENTAGE

100%

3%

100%

100%

100%

Table 3-2

RECOMMENDED ADDITIONAL ISI TUBE SAMPLE FOR

TUBE LOCATION

of the hot leg side if there is
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