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ABSTRACT

This report presents the results of an assessment of the nuclear power industry’s responses to NRC
Generic Letter (GL) 97-06 on the degradation of steam generator (SG) internals experienced at
Electricite de France (EdF) plants in France and at a United States (U.S.) Pressurized Water Reactor
(PWR). Before issuing the GL, with the exception of a few licensees, there were no formal inspection
programs, nor any industry guidelines for monitoring the secondary side internals of steam generators.
Nonetheless, all licensees have been performing some inspection and maintenance on their steam
generator internals and have found no significant degradation in them. Most of the steam generators in
U.S. plants do not appear susceptible to the degradation found at EQF and in the U.S. PWR.

The Westinghouse (W) Models 44, 51, 51M, and D3 and the Combustion Engineering Model 67 with
carbon steel eggcrates potentially could experience degradation similar to that found at EdF plants and
the U.S. PWR. Recent inspections showed that replacement steam generators made by Babcock &
Wilcox International of Canada may be vulnerable to tube proximity problems. The owners groups
identified possible degradation mechanisms for these models in their assessments and have evaluated
their potential causes. Recommendations were made to monitor for these types of degradation.

During this assessment, each owners group identified for its steam generator models all the potential
internal components that are vulnerable to degradation while in service. They provided inspection- and
monitoring-guidance and recommendations for their particular SG models. The Nuclear Energy Institute
(NEI), who has been coordinating the industry’s response to this GL, has incorporated in NEI 97-06,
"Steam Generator Program Guidelines” a requirement to monitor secondary side SG components if their
failure could prevent the SG from fulfilling its intended safety-related function. Licensees plan to
implement their owners group recommendations to address the long-term effects of the potential
degradation mechanisms associated with the SG internals. Overall, the licensees’ submittals have met
the intent of the GL and provide reasonable assurance that the SG internals comply with, and conform to,
the licensing basis.

1i1



TABLE OF CONTENTS

, Page
ABS T RACT .t iiititttereesassosesssesansossetosansssssssssssssssssssansasansancns iii
LISTOF FIGURES ..ot iiitiiiiiieeierastessensronsessssocssssosssssssasssnsesassoas vii
LIST OF TABLES ..t itiiitittaeeroseoassaneonsssnssassansosssssscssssossoassansans viii
EXECUTIVE SUMMARY . iititniieetorsotasoassssnsosssansssrsssssasssssassosasssss ix
ACRONY M S it tttttttteanesaesanesasaossossssosssnssnssssasssasosssassassossessns xi
ACKNOWLEDGMENTS .t tiitiiittetnstornesserssasesasastossssssastsscssonaosanas xiii
1 INTRODUCTION . tttitnierearoscsnessssassssuonassssosstsscscenonacsans eens 1-1
1.1 Historical Background ..............oiiiiiiiiir e 1-1
1.2 NRCGeneric Letter 97-06 . .. ...ttt i et 1-3
1.3 Industry Activities in Response to GL 97-06 . .......... ... ... .ot 1-4
1.4 Objectives and SCOPE . ... .o\ e 1-4
2 INDUSTRY GUIDELINES FOR AN INSPECTION PROGRAM FOR
STEAM GENERATOR INTERNALS ....cutitetuiennnnonarcreronesconnssanannans 2-1
2.1  Plants with Babcock & Wilcox Steam Generators . .. ........ccoevienninann. 2-1
2.1.1 B&W Once-through Steam Generators . ... ... 2-2
2.12 B&W Replacement Steam Generators ...............ooovvvennnioeene. 2-4
2.2. Plants with Combustion Engineering Steam Generators .......................o... 2-6
2.3 Plants with Westinghouse (W) Steam Generators ................ .. ..iiaianen, 2-7
2.3.1 Feed Ring Steam Generators with Carbon Steel Support Plates
(Models 44, 51, and SIM) .. ... i 2-8
2.3.2 Preheat Steam Generators with Carbon Steel Support Plates
(Models D3,D4,and E2-TGX) . ... ..o 2-9
2.3.3 Preheat Steam Generators with Stainless Steel Support Plates
(Models D5 and E2-THX) . .. ..ot 2-10
2.3.4 Feedring Steam Generators with Stainless Steel Support Plates
(Models F, 44F, 51F, 54F, and Delta Series) ............ ... .ottt 2-11
2.4  Summary and Conclusions . . .......oeiiiiiiiii 2-13
3 EVALUATION OF RESPONSES BY PLANTS WITH BABCOCK & WILCOX
STEAM GENERATORS .. iitiiiiiiiiiereeeasisnsesserossssssssssesasacsonannes 3-1
3.1 Plants with B&W-Designed Once Through Steam Generators ...................... 3-2
3.1.1 Susceptibility of the OTSG Relative to the EdF and SONGS Experience . ...... 3-4
3.1.2 Responses to NRC’s Generic Letter 97-06 ............... ... ...t 3-8
3.1.3 Summary and Conclusions .............iiiiiiiiii 3-10
3.2  Plants with B&W-Designed Recirculating Steam Generators . ..................... 3-11



TABLE OF CONTENTS

(continued)
3.2.1  Susceptibility of B&W RSGs Relative to EJF and SONGS Experience . ... ... 3-12
3.2.2 Responses to NRC’s Generic Letter 97-06 .............................. 3-14
3.2.3 Summary and Conclusions . ...............oiiiii i 3-16
EVALUATION OF RESPONSES BY PLANTS WITH COMBUSTION ENGINEERING
STEAM GENERATORS .. .iiiiiiiiiiiiiiitetieterennerenneseeenssasenanaesnnes 4-1
4.1  Plants with CE-Designed Steam Generators ...................c.uuuuurnnennn.. 4-2
4.1.1  Susceptibility of the CE SGs Relative to EdF and SONGS Experience . ........ 4-5
4.1.2  Responses to NRC’s Generic Letter 97-06 . ............. ... ............ 4-8
4.1.3  Summary and Conclusions ............. ..., 4-13
EVALUATION OF RESPONSES BY PLANTS WITH WESTINGHOUSE STEAM
GENERATORS ... ittt ittt it teteertensereenneeeeesesnnseeneneanns 5-1
5.1  Plants with W-Designed Steam Generators, Models 51, 51M, 51F,
54F, A47, and AT7S . 5-4
5.1.1  Susceptibility of the W SGs Relative to EdF and SONGS Experience ......... 5-6
5.1.2  Responses to NRC’s Generic Letter 97-06 ............................... 5-8
5.1.3  Summary and Conclusions ...............oiiiiii . 5-11
5.2 Plants with W-Designed Steam Generators, Models 44F, F, D3, D4,
DS, B 5-11
5.2.1  Susceptibility of the W SGs Relative to EdF and SONGS Experience ... ..... 5-17
5.2.2 Responses to NRC’s Generic Letter 97-06 .............................. 5-20
5.2.3 Summary and Conclusions ................ ..t 5-23
5.3 Indian Point 2 with W-Designed Steam Generators ............................. 5-24
5.3.1 Evaluation of Licensee’s Responsesto GL 97-06 ........................ 5-26
5.3.2 Evaluation of Recent SG Tube Failure ............ ... ... ... ... ........ 5-27
5.3.3  Summary and Conclusions ...................iiiiiiii . 5-28
SUMMARY AND CONCLUSIONS ..ttt iiitititeietnnnaerronieerereonseeennnnnns 6-1
6.1  Summaryof Results ............. . i 6-1
6.2 ConClUSIONS ... ... 6-3
REFERENCES ... iiiiiiiiiiiiiiiiiitiitiietesesttessnnnsnsensanassaoaneesnans 7-1

APPENDIX A: GL 97-06 - DEGRADATION OF STEAM GENERATOR INTERNALS . A-1

APPENDIX B: LICENSEES RESPONDED TOGL 97-06 ... ...coivnnnnnennnnennnnn. B-1

vi



No.

3.1
32
3.3

4.1
4.2

43

5.1
5.2
5.3
5.4
5.5

LIST OF FIGURES

Title Page
Three Mile Island 1 Reactor Coolant System Showing Location of Components . ........... 3-18
B&W 177 Plant Once-through Steam Generator .............. oot 3-19
Arrangements of B&W Replacement Steam Generator .......... ..o 3-20
Reactor Coolant System for CEPlants ........... ... o i 4-14
Combustion Engineering Recirculating Steam Generator (Typical for 2-Loop
System 69 PIants) . ... .......inii i 4-15
Combustion Engineering Recirculating Steam Generator (Typical for System 80 Plants) ... ... 4-16
Braidwood Unit 1 Reactor Coolant System (4 Loops) . ...t 5-29
Beaver Valley 2 Reactor Coolant System (3 Lo0ps) . . ... ovviiiniiin i 5-30
Westinghouse Recirculating Steam Generator (Typical of Models 44 andS51) ... 5-31
Westinghouse Recirculating Steam Generator (Typical of Model F) ...................... 5-32
Westinghouse Recirculating Steam Generator (Typical of Model E Preheat Unit) ........... 5-33

vil



2.6

2.7

3.1
3.2
33

4.1
42

5.1
5.2
53
54
5.5

LIST OF TABLES

Title _ Page
Number of Plants for Different SG Owners Groups .. ...........oouuiiiurnn . 1-5
Recommended SG Internals Inspection Program for BRW OTSGS . . ..o oo, 2-2
Recommended SG Internals Inspection Program for B&W RSGS . ...............o0ooi ... 2-4
Recommended SG Internals Inspection Program for CESGs ..................o0 oo, 2-7
Recommended SG Internals Inspection Program for W Feed Ring Models
with Carbon Steel Support Plates .......... . ... . . o 2-8
Recommended SG Internals Inspection Program for W Preheat Models
with Carbon Steel Support Plates ........ ... ... . . ... ... .. . . . . 2-9
Recommended SG Internals Inspection Program for W Preheat Models
with Stainless Steel Support Plates ............. .. ... .. . 2-10
Recommended SG Internals Inspection Program for W Feedring Models
with Stainless Steel Support Plates . ........... ... ... . . . ... . . 2-12
Plants with B& W-Designed Steam Generators . ..................oouooeo . 3-1
Plant-specific SG Inspections for B&W OTSGS .. ...ttt 3-9
Plant-specific SG Inspections for BRW RSGs  ....... ... 3-15
Plants with CE-Designed Steam Generators . ..................ouuueeeminn . 4-1
Plant-specific SG Inspections For CESGS . ... ...t 4-10
Plants with W-Designed Steam Generators . . ...............ouuunennnnnnn . 5-2
Distribution of SG Models 51, 5IM, 51F, 54F, A47,and A75 .. ............ ... ... ..... .. 5-5
Plant-specific Inspections For W SGs, Models 51, 51M, 51F, 54F, A47,and A75 ............ 5-9
Distribution of SG Models 44F, F, D3, D4, D5, and E2 ... .......... ... ... ... ... .. 5-12
Plant-specific Inspections For W SGs, Models 44F, F, D3, D4, D5, and E2 ................ 5-21

viil



EXECUTIVE SUMMARY

The staff of the U.S. Nuclear Regulatory Commission (NRC) issued Generic Letter (GL) 97-06 on
December 30, 1997 to alert licensees of Pressurized Water Reactors (PWRs) to the findings of damage to
steam generator (SG) internals, namely, tube support plates and tube bundle wrappers, at foreign PWR
facilities. The GL also addressed recent findings of damage to the tube lattice bar-type supports of SGs
at the San Onofre Nuclear Generating Station (SONGS) and emphasized the importance of
comprehensively examining SG internals to ensure that the structural integrity of the steam generator
tubes is maintained in accordance with the requirements of Appendix B to 10 CFR Part 50. The GL
required all licensees to submit information that would enable the NRC staff to verify whether the steam
generator internals in U.S. Nuclear Power Plants comply with, and conform to, the licensing basis for
their respective facilities.

The results presented in this report are based on the following information: the licensees’ submittals in
response to GL 97-06, Electric Power Research Institute (EPRI) report on the modes of degradation
detected in SG internals, owners groups’ reports on the evaluation of the foreign PWR degradation and
that at SONGS, responses of owners groups to NRC’s requests for additional information (RAIs), and
limited discussions with steam generator (SG) manufacturers. The technical work on this review was
largely completed in the Fall of 1998. At that time, the owners groups’ assessments, while completed in
some cases, were still listed as interim; in other cases, they had not been completed. The Westinghouse
owners group evaluation of its SG models F, 44F, D and E2 was completed in December 1998. The
Babcock & Wilcox owners group report on once-through steam generator internals was completed in
February 1999. Thus, the final evaluations of all degradation identified in the GL for these SGs became
available during the Spring of 1999. Most plant submittals are based on the owners group reports and
past inspections of their steam generators. The Nuclear Energy Institute (NEI), who has been
coordinating the industry’s response to this GL, has incorporated in NEI 97-06, "Steam Generator
Program Guidelines" a requirement to monitor secondary side SG components if their failure could
prevent the SG from fulfilling its intended safety-related function.

Degradation of steam generator tubes has been known in the nuclear industry from the mid-seventies and
there are several guidelines from the EPRI on maintaining the structural integrity of and preventing
leakage from SG tubes. However, there were no explicit industry guidelines for an SG secondary side
internals inspection program. Many of the reported activities in this area by the licensees resulted from
self-identified problems over the past 25 years of service. In response to the GL, the owners groups have
identified additional SG internal components that could be vulnerable to degradation, and have suggested
inspection guidelines to address these concerns.

The evaluations of the degradation at foreign PWRs and that at SONGS, which are the subject of this
GL, were undertaken by the owners groups in conjunction with NEI. Westinghouse (W) SGs involving
models 44, 51, 51M, and D3 and Combustion Engineering (CE) SGs with carbon steel eggcrate tube
supports appear to be the most susceptible to the types of degradation identified in the GL. The
replacement SGs by Babcock & Wilcox (B&W) are susceptible to peripheral tubes coming into contact
during operation and so may incur fretting wear from flow-induced vibration at the point of contact.
Specific recommendations were made by the W owners group, the CE owners group, and the B&W
owners group to address these potential concerns. All licensees have reported no significant degradation
in their SG internals at this time. Appropriate corrective and preventive measures have been
implemented to mitigate any significant past problems associated with SG internals. None of the
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EXECUTIVE SUMMARY

existing degradation has been progressing based on sequential inspection data. Therefore, there are no
near-term problems nor are there needs for any immediate change in the current SG internals inspections.
However, plants have either implemented or are planning, as appropriate to their SGs, the
implementation of the recommendations of its owners group and/or by the industry to address the long-
term effects of the potential degradation mechanisms associated with the SG internals.

All SGs indicated that some program (formal or informal) for monitoring degradation of SG internals is
in place and that inspections are typically carried out at each refueling outage (although not usually for
all SGs at each refueling outage). Several plants with a history of problems similar to that described in
the GL had already performed, or had plans to perform, comprehensive inspection of their SG internals
during the next scheduled refueling outage. Further, several plants had replaced their SGs with new,
improved designs. These improved designs included the use of corrosion-resistant materials and better
monitoring techniques which had significantly contributed to industry-wide enhanced management
programs for SG internal components. Overall, the licensees’ submittals have met the intent of the GL
and provide reasonable assurance that the SG internals comply with, and conform to, the licensing basis.
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1 INTRODUCTION

The staff of the U.S. Nuclear Regulatory Commission (NRC) issued Generic Letter (GL) 97-06,
"Degradation of Steam Generator Internals" (Ref. 1) on December 30, 1997 to alert licensees of
pressurized water reactors (PWRs) to findings of damage to steam generator (SG) internals at foreign
PWR facilities, namely, tube support plates and tube bundle wrappers. The GL also addressed recent
findings of damage to steam generator tube lattice bar-type supports at a U.S. PWR facility and
emphasized the importance of comprehensively examining SG internals to ensure that structural integrity
of the steam generator tube is maintained in accordance with the requirements of Appendix B to 10 CFR
Part 50. The GL required all licensees to submit information that would enable the NRC’s staff to verify
whether the steam generator internals in U.S. Nuclear Power Plants comply with, and conform to, the
licensing basis for their respective facilities.

The NRC requested Brookhaven National Laboratory (BNL) to assist the staff in determining the
adequacy of the responses by the nuclear power licensees to GL 97-06. BNL evaluated the adequacy of
each licensee’s program in meeting the intent of GL 97-06 in separate technical reports for each group of
SGs. BNL assessed two types of SGs manufactured by Babcock and Wilcox (B&W), three types of SGs
manufactured by Combustion Engineering (CE), and four types of SGs manufactured by Westinghouse
(W). Since each plant either has a program in place (formal or informal) to detect SG internals
degradation or has plans to establish such a program, an evaluation of licensees’ rationale to conclude
that no such program is needed was not necessary. A final report summarizing the results and
identifying the actions by each licensee to develop and implement an effective inspection program for
SG internals to meet the intent of the GL 97-06 was issued on January 26, 1999 (Ref. 2).

During the Spring of 1999, the Westinghouse evaluation of a second group of its SG models and the
B&W assessment of its once-through steam generators became available for review. This report
contains the findings from the review of these two reports as well as the results of the post-shutdown
evaluation of the recent SG failure at Indian Point 2. CE’s response to NRC’s requests for additional
information (RAISs) on the topical reports addressing the issues identified in the GL 97-06 also is
included.

1.1 Historical Background (Refs. 3-5)

For over a quarter of a century, the nuclear power industry has focused on managing and repairing steam
generator tubing, and has expended considerable resources to meet the challenges posed by their
continuing degradation. During the mid-seventies, licensees experienced tube wastage degradation in
their SGs and were forced to plug tubes at a rate that would exceed the SG’s 40-year-life design margins.
Sodium phosphate, employed in the conventional water-treatment process, concentrated in crevices and
other areas of localized boiling, leading to aggressive corrosion and wastage (generalized tube thinning)
in those regions. The industry corrected this by changing to an All-Volatile Treatment (AVT) by adding
ammonia to water that had been highly purified to maintain near neutral pH. However, this approach
resulted in conditions conducive to corrosion of the carbon steel support plates. The corrosion products
built up in the holes where tubes passed through the plates, eventually squeezing and denting the tubes.
At some plants, impurities from external condensers leaked into the secondary water, contributing even
more corrosive materials to sludge piles and leading to severe pitting of the tubes. The industry, in
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1 INTRODUCTION

collaboration with Electric Power Research Institute (EPRI), implemented SG programs by improving
the control of secondary-side water chemistry, taking steps to prevent in-leakage of condenser cooling-
water or air, and upgrading secondary-side equipment, and thus, essentially eliminated wastage, denting,
and pitting as active degradation mechanisms.

The most pervasive type of tube degradation in PWR steam generators today is intergranular corrosion,
in which the chemical attack tends to follow grain boundaries in the tube metal. Without significant
stress, the grain boundaries degrade more or less uniformly, beginning at the surface (known as
intergranular attack - IGA). IGA has been a major problem in the crevices between the tubes and the
tubesheet, where piles of sludge tend to build up. If the metal has relatively high residual stresses from
fabrication or generated by operation, cracks may propagate into the metal along grain boundaries (called
intergranular stress corrosion cracking - IGSCC). IGSCC is common at the top of the tubesheet where
the tubes are expanded to achieve a tight seal, and also in the U-bend region of tubes in recirculating SGs
which are exposed to considerable stress during fabrication. Once-through SGs, which contain only
straight tubes, have experienced generically similar types of problems but at different locations.
Licensees have prevented the buildup of corrosion products in several ways, thereby reducing
deterioration of the tubes: crevice flushing to remove caustic materials; using tube materials with greater
corrosion resistance; using thermal treatments at lower temperatures and for longer than those involved
in mill annealing in U-bend regions; and using broached (as opposed to drilled) holes or lattice bar-type
tube supports ("eggcrate” supports) to allow free flow around the tubes. Recently, organic amines were
used in the secondary water to reduce the transport of iron and copper, which contribute to sludge
buildup. Also, other volatile chemical additives (ammonia, morpholine, and boric acid) are being tested
as chemical buffers to maintain neutral pH in crevices.

In addition to tube degradation experienced in PWR steam generators, other secondary side internal
components in certain SG designs have deteriorated during their service life. The majority of damage to
the feedwater system was caused by the erosion-corrosion of carbon steel components, including the
sparger, liner, and the distribution box, or by waterhammer events. In W-designed SG models
mechanical wear has caused fretting at anti-vibration bars (AVBs) and at baffle plates in preheater
models. CE-designed SGs have experienced erosion of the carbon steel feedwater components. B&W-
designed once-through steam generators (OTSGs) had problems with their internal auxiliary feedwater
(AFW) headers, and in replacement steam generators (RSGs) the peripheral tubes in contact during SG
operation may be subjected to flow-induced vibration fretting wear at their points of contact.

The industry has taken actions to control the degradation of tubes and secondary side internal
components to within manageable levels, and maintenance and monitoring programs are in place at each
plant to assure that the safety significance of the SGs has not been compromised. These approaches
include eddy current inspection, visual/video camera inspections, periodic sludge-lancing (SL)/water-
slapping (WS) or pressure-pulse cleaning (PPC)/chemical cleaning (CC) of tubesheets and tube bundles,
and undertaking routine foreign objects search and removal (FOSAR) at each refueling and/or
maintenance outage(s). Most such guidelines developed by the industry are primarily focused on the
tube bundie region of the steam generators, except the ASME Section XI In-Service Inspection (ISI) for
welds in ASME pressure vessel components. Very little industry guidance for inspecting secondary side
SG internal components to detect and monitor degradation was available until issuance of GL 97-06.
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1 INTRODUCTION

1.2 NRC Generic Letter 97-06

Visual inspections conducted by Electricite de France (EdF) in June 1994 and eddy current examinations
in April 1995 found six types of degradation in the SG internals in their PWR plants. They include (1)
erosion of the top tube-support-plate (TSP) associated with chemical cleaning, (2) ligament cracking at
the top TSPs due to mechanical loading, (3) FAC-induced thinning of the periphery of the top TSP due to
ammoniated water, (4) wrapper drop, (5) fatigue cracks emanating from the wrapper-support blocks, and
(6) TSP wedge-block cracking (Ref. 6). Based on the French experience, the NRC issued Information
Notice 96-09 (Ref. 7) and a later supplement, Information Notice 96-09, Supplement 1 (Ref. 8) to alert
U.S. licensees to these kinds of degradation in SG internals. During the Spring 1997 refueling outage
(RFO) at SONGS 3, the licensee identified the seventh type of degradation associated with SG internals.
This includes erosion-corrosion degradation of the eggcrate supports in the periphery region, and in the
untubed staywell region of the tube bundle. In response to both the foreign and U.S. experience, the
NRC issued the subject Generic Letter 97-06, "Degradation of Steam Generator Internals” (Ref. 1), to all
PWR licensees on December 30, 1997.

GL 97-06 required each PWR licensee to submit the following information:

(1) A discussion of any program in place to detect degradation of steam generator internals, and a
description of the inspection plans, including the inspection’s scope, frequency, methods, and the
equipment used.

The discussion should include the following information:

(a)  Whether inspection records at the facility have been reviewed for indications of signal
anomalies from tube support plates during eddy current testing of the steam generator tubes
that may suggest that the support plates are damaged or ligaments are cracking. If the
licnesee has made such a review, the findings should be discussed.

(b)  Whether visual or video camera inspections on the secondary side of the steam generators
have been done at the facility to gain information on the condition of the steam generator
internals (e.g., support plates, tube bundle wrappers, or other components). If such
inspections were made, they should be discussed.

(¢)  Whether degradation of steam generator internals was detected at the facility, and how it
was assessed and remedied.

(2) If the licensee currently has no program to detect degradation of steam generator internals, a

discussion and justification of the plans should be given along with a schedule for establishing such
a program; otherwise the reasons should be given why no program is needed.
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1.3 Industry Activities in Response to GL 97-06

The U.S. industry, coordinated through the NEI’s SG Internals Task Force in January 1997, developed a
program to address the NRC’s concerns about the French and SONGS experience. Participants on NEI’s
task force included the Electric Power Research Institute (EPRI), licensees, and representatives of the SG
owners groups for each domestic manufacturer and supplier (i.e., Westinghouse, Combustion
Engineering, and Babcock & Wilcox).

EPRYT’s topical report (GC-109558, December 1997), "Steam Generator Internals Degradation: Modes of
Degradation Detected in EDF Units," (Ref. 6) describes the seven modes of degradation detected in SG
internals and includes preliminary evaluations of their causal factors. This assessment was made by
meeting with EdF, Framatome, and representatives from US licensees, NEI, and EPRI on April 9 and 10,
1997, and by reviewing supporting information in EdF reports on their SG experience (Ref. 9). The
EPRI report corroborated the NRC staff’s understanding of the issues as they were related to them by the
foreign regulatory authorities.

Each owners group then initiated programs to assess safety concerns encompassing the susceptibility to
tube damage or loss of decay heat removal (DHR) capability due to degradation of SG internal
components on the secondary side. The groups used the EPRI report (Ref. 6) on the EdF causal factors
to gain insights into the applicability of the French experience to their SG designs and operating history.
In developing the susceptibility assessment, each owners group considered the following attributes of
their SGs: design elements, fabrication and manufacturing techniques used, and the plant’s operating
history. Additionally, through industry-wide surveys, the owners groups compiled and evaluated
information on eddy current testing, visual/video inspection of internals, and pertinent experience from
non-destructive examinations (NDE) for their SGs currently in service at U.S. nuclear power plants.

The safety and susceptibility assessments on the design and operating history of plants by the Babcock &
Wilcox Owners Group (B&WOG), the Combustion Engineering Owners Group (CEOG), and the
Westinghouse Owners Group (WOG) were used by respective members in their submittals. In addition
to the guidelines provided by the NEI 97-06, "Steam Generator Program Guidelines" (Ref. 10), each
owner’s group recommended inspection guidelines for SG internals degradation specific to their designs.
These latter guidelines are very comprehensive and are the only available documents identifying the SG
internal components vulnerable to degradation. ‘

1.4 Objectives and Scope

The primary objectives of this review are (1) to assess the adequacy of each licensee’s responses to GL
97-06, and (2) to identify the inspection programs that are in place to detect the degradation of steam
generator internals in each plant.

Westinghouse (W), Combustion Engineering (CE), and Babcock & Wilcox (B&W) are the three
domestic manufacturers who supply steam generators to all U.S. PWR nuclear power plants. At the time
of this review, B&W International (BWTI) of Canada fabricated the replacement SGs (RSGs) in nine
reactor units with its recirculating SGs, CE at one reactor system with its newer model, and
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Westinghouse in eighteen reactor units with its enhanced models during the last two decades. By the end
of 2007, owners of six reactor units plan to replace their SGs with BWI recirculating SGs, three reactor
units with enhanced Westinghouse SGs, one reactor system with ABB/Ansaldo-designed SGs, one
reactor system with Framatome-designed SGs, and two other reactor units had not decided their
replacement SG models. Thus, a total of thirteen additional reactor units are scheduled to replace their
original SGs. BNL received and reviewed 41 individual licensee submittals involving 69 PWR units,
and five sets of owners group’s reports for the Westinghouse 51-series and D-series SGs, B&W once-
through SGs and replacement RSGs, and the Combustion Engineering SGs. This report summarizes the
review of these licensee submittals and evaluates their adequacy in meeting the intent of GL 97-06.

At the time of this review, the steam generators currently operating in 69 PWR units were grouped by
their manufacturers or the owners groups, B & W, CE, and W. The B&W Owners Group is divided into
two groups: the B & W models with once-through SGs (OTSGs) supplied domestically by B & W, and
the B & W replacement SGs by B&W International (of Canada). The three types of CE Owner’s Group
SGs are considered in one group. The Westinghouse Owner’s Group SGs are divided in two groups
containing four types of SG models: Westinghouse feed ring models with carbon steel tube support
plates (TSPs), preheat models with carbon steel TSPs, feed ring models with stainless steel TSPs, and
preheat models with stainless steel TSPs. Indian Point 2 had the only model 44 SGs in service at the
time GL 97-06 was issued and in December 2000 they were replaced with model 44F units. Table 1.1
lists the number of plant units in each of these groups.

Table 1.1 Number of Plants for Different SG Owners Groups

. SGManufacturer ___ SG/Owiers Group Model Description __ No.of Plant Uaits__
Babcock & Wilcox B&W Owners Group - Once Through SGs 7
| B&W Owners Group - Replacement SGs 9
Combustion Engineering CE Owners Group - SGs with three different Tube 12%
' Support Plate designs
Westinghouse W Owners Group - Feed Ring SGs with Carbon 12
Steel Tube Support Plates
W Owners Group - Preheat SGs with Carbon Steel 4
Tube Support Plates
W Owners Group - Preheat SGs with Stainless 5

Steel Tube Support Plates

W Owners Group - Feed Ring SGs with Stainless 20
Steel Tube Support Plates

Total number of plants 69

* This includes ANO-2 that replaced its original CE SGs with W model D109 SGs in December 2000. Note that W
model D109 is not discussed as one of the W D-series SG models in this report.
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The total number of steam generators in each group depends on the number of primary loops in each
PWR unit, and varies from two to four per reactor unit.

Section 2 summarizes NEI’s guidelines to its member licensees and outlines recommendations by the
three SG Owners Groups to their member utilities for addressing the issues identified in the NRC’s GL.
Sections 3, 4, and 5 of this report respectively cover BNL’s evaluations of licensee responses to the GL
for plants with B&W, CE, and W steam generators. Section 6 summarizes the findings and conclusions
of this review. Appendix A contains the GL 97-06 and Appendix B provides a list of licensees whose
responses to GL 97-06 are evaluated in this report.
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2 INDUSTRY GUIDELINES FOR AN INSPECTION PROGRAM
FOR STEAM GENERATOR INTERNALS

In response to GL 97-06, the U.S. commercial nuclear power industry established guidelines for SG
internals inspection programs. NEI issued general program guidelines in NEI 97-06, and the various SG
owners groups have published specific technical information and guidelines related to their SG models.

NEI 97-06, "Steam Generator Program Guidelines," (Ref. 10) establishes a framework for structuring
and strengthening existing steam generator programs, and refers licensees to EPRI guidelines for the
detailed development of programmatic attributes. Section 3.9 of this document on the maintenance of
steam generator secondary-side integrity states the following:

"Secondary-side steam generator components shall be monitored if their failure could prevent
the steam generator from fulfilling its intended safety-related function. The monitoring shall
include design reviews, an assessment of potential degradation mechanisms, industry
experience for applicability, and inspection, as necessary, to insure degradation of these
components does not threaten the structural and leakage integrity or the ability of the plant to
achieve and maintain safe shutdown.”

The guidelines for an SG internals inspection program outlined by each SG owners group are
comprehensive and intended to assist utilities in addressing the potential concerns in GL 97-06 on
degradation. The guidelines are specific to each SG type and are targeted to inspect those portions of the
SG internals judged to be susceptible to deterioration. The B&WOG developed inspection
recommendations for their OTSGs for specific internal components and locations, while BWI of Canada
outlined a very comprehensive program for their replacement RSGs at the first refueling outage (RFO)
inspection. The CEOG presented recommendations for SG internals in their assessment reports. Finally,
WOG included inspection guidelines for all its models currently in service. With these guidelines and
findings from individual plants or industry-wide activities, licensees already have developed, or are
developing, the requisite inspection programs.

To meet the high-level performance criteria of NEI 97-06, each SG owners group has recommended
inspection programs for detecting and monitoring degradation in SG internals, in response to recent
findings in foreign PWRs and SONGS, as delineated in the GL. This section summarizes these
recommendations for the three SG manufacturers.

2.1 Plants with Babcock & Wilcox Steam Generators

Two groups of plants have steam generators manufactured by B&W. The first group contains five sites
and seven plants whose nuclear steam supply systems (NSSS) were designed and supplied by B&W. All
of them have two Reactor Coolant System loops, each with two Reactor Coolant Pumps and one once-
through steam generator (OTSG). At the time of this review, the second group includes eight sites and
nine plants. All have replaced their original steam generators with enhanced steam generators designed
and manufactured by B&W International (BWTI) of Canada. Unlike the first group, these replacement
steam generators are B&W recirculating steam generators. The RSGs include design features to mitigate
many problems experienced with the original steam generators.
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2 INDUSTRY GUIDELINES FOR SG INTERNALS

2.1.1 B&W Once-Through Steam Generators
Plants: Arkansas Nuclear One 1, Crystal River 1, Davis Besse 1, Oconee 1 ,2 , & 3, Three Mile Island 1

Review of data from secondary-side visual inspections and eddy current tests has shown no generic
degradation problems with SG internals in this group of B&W plants. The only internal degradation
found was related to the auxiliary feedwater (AFW) headers. At Davis Besse Unit 1 and Oconee Unit 3
these internal headers were stabilized and functionally replaced with external feedwater headers in the
early 80s. No further damage associated with the internal AFW header was detected during subsequent
tube inspections at these two plants.

3

For each of the seven modes of degradation described in the EPRI report (Ref. 6) at the foreign PWRs
and SONGS, the B« WOG concluded that the OTSGs are not significantly at risk for the same
degradation, in the near term. The future susceptibility of the OTSG to these or other forms of
degradation was evaluated as part of the B& WOG process to develop a formal SG internals program
(Ref. 11).

The B&W owners group, with technical assistance from Framatome Technologies Inc. (FTI), evaluated
all potential internal degradation to determine if a formal inspection program is necessary for these steam
generators. The FTI report on the OTSG Internals Degradation Evaluation (Report No. 77-5003013-00,
February 1999) summarizes the method and the findings of this review (Ref. 12). It discusses all areas of
the OTSG identified as being potentially susceptible to degradation, along with recommended inspection
procedures, frequencies, and disposition criteria. Each licensee committed to develop a formal
inspection program for the SG internals, as appropriate.

Based on the recommendations and conclusions given in the FTI report, the scope and methodology of
inspections in Table 2.1 to monitor possible secondary side degradation in the OTSGs are summarized.

This is followed by two plant-specific inspection recommendations.

Table 2.1 Recommended SG Internals Inspection Program for B&W OTSGs

-SG Components Degradation Inspection

Tube support plate ligament ECT to verify that the broached hole design TSPs are located properly. Pre-
erosion/corrosion and cracking | and Post-cleaning visual inspection, especially the 3 through the 6®, the Sth
and 10" TSPs. Fiberscopic inspections following tube-pull operations include
secondary side inspections for FAC on the top TSP. The open path left by the
pulled tube can be used to visually inspect the condition of the TSPs.
Inspections encompass the lower tubesheet through either the 7%, 8%, or 9®
TSPs.

Wrapper drop/cracking Visual inspection of shroud (wrapper or baffle plate) degradation, shift, or
drop
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2 INDUSTRY GUIDELINES FOR SG INTERNALS

‘SG-Components D'e radation __Inspection B | : . ]I

Upper wrapper welds Visually inspect upper wrapper welds from above, through the hand hole. If
the main FW nozzle is removed for some other reasons, these welds should be
visually inspected from below

Feedwater nozzle Except Davis Besse 1 and Oconee 3, all other plants have external AFW

headers requiring no SG internals inspections. At Davis Besse internal
headers are visually inspected every 10-years and at Oconee 3 should develop
an inspection schedule based on the results of the 3 10-year in-service
inspection.

Visual inspection of feedwater header/spray nozzles at each RFO

Other SG internal components

Visual inspection of AFW, MFW, and EFW nozzles, upper and lower
tubesheets, and all kinds of small pipes and pipe fittings

Plant-Specific Inspection Recommendations

Inspection of AFW Internal Headers Davis Besse 1 and Oconee 3

Steam generators at Davis Besse 1 and Oconee 3 are left with stabilized internal AFW headers which
were replaced with functional external AFW headers.

(a) At Davis Besse, eddy current examinations of peripheral tubes are performed at each RFO to
monitor the tube’s integrity. Following Technical Specifications, these headers are inspected every
10 years. Inspections in 1990 and 1998 showed no evidence of movement or degradation of the
AFW header nor deterioration of the AFW’s supply nozzles and thermal sleeves. One AFW nozzle
was stuck in 1998, and was to be inspected again in 2000. Thus, inspection every 10 years should

be adequate.

(b) At Oconee 3, eddy current examinations of the peripheral tubes are performed at each RFO to

monitor tube’s integrity. In 1982, as part of the commitment to the NRC, the internal AFW headers
were inspected. Visual inspections were made during the two subsequent RFOs and during the 2™
10-year ISI outage. Since 1995, 100% eddy current bobbin-coil inspections have been done in
peripheral areas that are susceptible to damage. Oconee should develop an inspection schedule for
the AFW internal header based on the results of the 3™ 10-year ISI; no specific problems associated
with them have been observed to date.

Inspection of Oconee 1 Tube Dings

Dented tubes should continue to be monitored during future outages to determine if either the number of
tubes affected is increasing or the severity of denting in those already affected. A suggested severity
threshold is to assess by inspecting the plate either visually or with ECT, whether the denting prevents
the passage of a 0.510 bobbin probe. Visual inspection could be made by pulling the main feedwater
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2 INDUSTRY GUIDELINES FOR SG INTERNALS

nozzle and looking at the 10® TSP from below through the aspirator port. Tube dings are monitored at
all other OTSG plants and included in the ECT data, so that the development of similar patterns could be
recognized and assessed.

2.1.2 B&W Replacement Steam Generators
Plants: Byron 1, Braidwood 1, Catawba 1, Cook 1, Ginna, McGuire 1&2, Millstone 2, and St. Lucie 1

At the time of this review eight plants had replaced their original steam generators with the enhanced
recirculating SGs manufactured and supplied by B&W International of Canada. Cook 1 replaced its
existing Westinghouse SGs with these SGs in the December 2000. The new RSGs were inspected at
various points during manufacture and installation, and after final positioning in each plant. In addition,
SGs at Millstone 2, Ginna, and Catawba 1 have completed their first fuel cycle and the tubes have been
inspected via eddy current examinations, and the upper bundle and tubesheet regions either visually or
with a video camera.

For each of the seven categories of degradation at the foreign PWRs and SONGS, the B&WOG
concluded that these RSGs are not significantly at risk for the same degradation in the near-term.
However, B&W RSGs are uniquely vulnerable to positioning problems with the U-bend components, in
which contact could be made between peripheral tubes. The assessment of this situation confirmed that
peripheral tubes in contact during SG operation may wear due to flow-induced vibration fretting at their
point of contact. Based on further assessment, B&W stated that fretting wear will not unacceptably
reduce the tube’s walls over a normal 40- or 60-year operating life. Another mechanism assessed due to
this situation is tube bundle deposition and the potential for bridging of deposits between tubes in close
proximity. Assuming a minimum gap and no vibratory contact, tubes could be bridged in approximately
10 years. However, based on corrosion studies on thermally treated alloy 690 tubing, the B& WOG
concluded that no other damage of the tubes will result from bridging in the U-bends.

The B&WOG stated that since these SGs are new, then, after the first outage inspection, each utility
should decide upon the need, frequency, timing, focus, and extent of individual inspections. The
recommended inspection program in the B&W document (Ref. 13) is comprehensive, covering most SG
internal components. Visual inspections are recommended for one SG (of the two to four) in each
reactor unit. Inspections are recommended at the first refueling outage (RFQ), and from "time to time"
thereafter on a rotating basis. All visual inspections include several sample points or a sample region.
Table 2.2 shows B&WOG’s recommended plan for an SG internals inspection program, and is the same
as that carried out at Millstone 2, Ginna, and Catawba 1.

Table 2.2 Recommended SG Internals Inspection Program for B& W RSGs

SG Internal Region Feature Inspection

Primary side Tubes for defects, secondary expansion transition, Eddy current/

(via Man-ways) confirmation of support location, sludge accumulation, Ultrasonic testing as
indication of support deposition, and proximity of peripheral per site program
tubes
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Secondary side
tubesheet region (via
tubesheet inspection
ports)

Tubes within bundle for surface deposits

Visual and swab
sampling

)
5|
|

Tubesheet within bundle for sludge-pile zone

Visual (Fiber optic)

Tubesheet within bundle for sludge deposits and tube/
tubesheet crevice region

Visual and sampling

Lattice grid (underside of #1) for tube contacts, flow passages,
and sludge deposits

Lattice grid rim for support blocks and span breaker ends
Lattice grid normal tube location

Tubesheet periphery for normal tube location, drain channel,
and blowdown entrance ports

Shroud lower end support blocks

Visual .

Secondary side (via
steam drum man-
way)

Steam drum head for venturi fixity and flow effects.
Secondary separators from above for integrity of seal skirt,
outlet ports, vent holes, skimmer vanes and gaps, inlet vanes,
drain tubes between primary and secondary, and internal man-
way/cover/fasteners

Primary separators for upper can vent holes and rim, flow
arms, secondary drain tubes (lower end), and riser tube to deck
joint area

Primary separator deck for deposition on upper surface,
internal man way/cover/fasteners, structural members,
deck/shell lugs, AFW header (as applicable)

Riser cone for cone/deck joint, slip ring joint, and recire.
nozzle exit

Feedwater header for goose neck, header pipe, header support
brackets, J-tubes, J-tube/header welds, J-tube entrance (header
inside diameter), flow impingement locations, shroud slip
joint, down comer entrance, and shroud pin assembly/weld

Visual

Secondary side
U-bend region (via
drum)

Tube deposition

Visual, swab sample

U-bend support structure, tube surface condition, J-tab
condition, tube/J-tab contact locations, flat bar U-bend support
bars, flat bar/tube contact locations, upper lattice rim, upper
lattice rim for visible ends of bars

Visual
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iSG InternalRegion_ | . _Fedture — _ Tnspéction.
Secondary side (via FW header outside diameter, J-tubes, J-tube/header weld, Visual
cone access port) impingement zones, FW header inside diameter (video probe)
Secondary side (via Lattice grid for normal tube locations, lattice grid rim Visual
inspection ports) structure, lattice bar ends at rim, tubes within bundle, lattice
bars tube contacts (from above), and lattice bars tube contacts
(from below with special tooling)

These are relatively new model steam generators. Visual inspections at Millstone 2, Ginna, and Catawba
1 after one fuel cycle of operation found no adverse trends.

2.2 Plants with Combustion Engineering Steam Generators

Plants: Type 1: Calvert Cliffs 1&2, Fort Calhoun; Type 2: St. Lucie 2, San Onofre 2 & 3, Waterford
3; Type 3: Palisades, Palo Verde 1, 2, & 3.

Based on the design differences in the tube supports of the 12 CE-designed plants, the CE-manufactured
steam generators are categorized into three different types: Type 1 - SGs with carbon steel eggerates and
drilled carbon steel plates at upper elevations; Type 2 - SGs with carbon steel eggcrates only; and
Type 3 - SGs with stainless steel eggcrates only.

All licensees with CE-designed SGs have agreed with the following conclusions reached by the CEOG
about the degradation identified in the GL (Refs. 14-20). All mechanisms recently found in the foreign
PWRs are generally not applicable to CE-designed steam generators; the only current applicable one that
could have safety significance is flow-assisted corrosion of the peripheral regions of eggcrates at
uppermost elevations as recently found at SONGS 3. Further, none of these degradation mechanisms
threaten the integrity of the reactor’s coolant system pressure boundary nor the heat removal function of
the steam generator. The FAC of the peripheral region is primarily the result of secondary fluid-flow
redistribution caused by severe bundle fouling of the tubes, exacerbated by using ammonia to control the
pH of secondary fluid. Based on operating experience, these steam generators, except those at SONGS,
have not encountered a significant amount of internal degradation. Appropriate mitigating action has
been taken to minimize the effect of any degradation that has occurred. Plants with stainless steel
eggcrates are judged not to be susceptible to FAC degradation.

Based on the licensee submittals, inspection plans for secondary side internal components at CE plants
are discussed here. The scope and frequency of inspection may be adjusted based on a site-specific
experience and evaluation of the results from other industry inspections. Table 2.3 summarizes the
inspection program plan included in licensee submittals as part of the responses to the GL. However,
CEOG recommended that owners of SGs with carbon steel eggcrates and severe tube-bundle fouling
should inspect peripheral eggcrate locations during each RFO. Preferentially, inspections should be to
the hot leg side and include, as 2 minimum, the uppermost full eggcrate and all tube supports above it. In
addition, owners of SGs with severe tube-bundle fouling should make a one-time inspection of the
peripheral eggcrate locations.
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Table 2.3 Recommended SG Internals Inspection Progranifor CE SGs

:SG Components Degradation | . Tuspection

Tube support plate ligament ECT for ligament cracking in carbon steel plates in Type 1 plants and for its

erosion/corrosion and cracking | presence in eggcrates. For Type 2 and 3 plants, perform ECT for the presence
of TSPs only

Wrapper drop/cracking ECT to detect potential tube deformation resulting from misalignment of

wrapper. If interference with the sludge lance equipment or deformation of
periphery tubes is detected, the lower wrapper support blocks will be visually
inspected

Transition cone girth weld Inspect according to ASME Section XI Inservice Inspection Program
requirements for the SG shell

Feedwater nozzle Inspect according to ASME Section XI Inservice Inspection Program
requirements. Loose parts monitoring to detect potential degradation of the
FW nozzle

Upper package Inspection of steam separators and feed-ring equipment. Secondary side
visual inspections of feed ring assembly (ring, attachments and nozzles), FW
distribution box and thermal liner, upper tube-bundle assembly, cyclone
separators, various drain lines and couplings, internal sample lines, internal
man-way, Chevron separators, deflection plate, and miscellaneous bolts.

NOTE: All visual inspections involve a Welch Allyn probe, remote camera, or fiber opti