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Agenda

* Opening Remarks
- Bill Borchardt, Eric Leeds

* Accident Analysis
- Chris Jackson

• Operating ExperiencelOversight
- Ken Karwoski
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Accident Analysis

Chris Jackson
Branch Chief

Reactor Systems Branch, NRR
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Typical PressudzedWater Reactor
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Safety Analyses

" Final Safety Analysis Report

" Anticipated Operational Occurrences
and Accidents

" Objectives for Design Basis Accidents
- Fuel Design Limits
- RCS Pressure Boundary
- Containment Design
- Dose Consequences
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Safety Analyses

* Steam generator tubes transfer
heat from the reactor to the
turbine

* Steam generators form a barrier
between the reactor coolant and
steam system
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Safety Analyses

* Steam generators provide an
input to many important accident
analyses

- RCS flow, heat removal, steam
pressure, core inlet and exit
temperature, power

* Failure of steam generator tube is
an accident (SGTR)
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Steam Generator Tube Rupture is
a Design Basis Accident

" SRP Section 15.6.3
- Dose Perspective

* Not limiting
- Fuel Design
- Containment
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Steam Generator Tube Rupture is
a Design Basis Accident

" Reactor Operators Play an
Important Role in plant Recovery

" Operators are Trained and Tested
on this event
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Ginna Event

• In 1982 a tube rupture occurred
at Ginna

- Steam side of steam generators
filled with water

- Water entered the steam lines
- Water was discharged through

steam relief valves into atmosphere
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Ginna Event

* NRC issued GLs 1982-07, 08, 11

* Licensees took action through
Owners Group initiative to
improve SGTR recovery capability

- WCAP-10698-P-A (ML071430455)
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Safety Analyses . Conclusion-

* SGTR is not a limiting event from
a fuel damage or containment
pressure perspective

* SGTR accident analysis
demonstrates that dose
consequence are within the

regulatory limit
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Steam Generator
Operating Experience

and Oversight

Ken Karwoski
Senior Level Advisor

Division of Engineering, NRR
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Steam Generator Designs

* 2 major types of steam generators
- Recirculating: "U-shaped" tubes
- Once-through: Straight tubes

* Steam generator tube materials
- Mill Annealed Alloy 600 (600MA)
- Thermally treated Alloy 600 (600TT)
- Thermally treated Alloy 690 (690TT)
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Recirculating and Once Through
Steam Generators
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Types of Tube
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Managing Tube Degradation

* Degradation has led to industry
proposals to implement various
tube repair criteria and methods

• Operating conditions and
maintenance can affect steam

generator lifetime

* Staff's focus is on tube integrity

17



Steam Generator Replacements

* 57 of 69 units have replaced

* Incorporated design
enhancements to address
degradation

* Replaced using 10 CFR 50w59
process since 1989

- Regional Inspections
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Units in Operation: 1968-2012
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Cracking in Alloy 600TT Tubing

" First instance of cracking
detected in 2002 (2nd generation
tube material)

* Since 2002, cracks detected at
several locations along tube
length

* Number and severity of cracks, to
date, has been minor
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Steam Generator Tube Wear

• Detected in both original and
replacement steam generators

" Number of indications of detected
wear varies from none to
thousands

* Severity of wear determines the
safety significance not the
number of indications
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Tube-to-Tube Wear - Replacement
Once Through Steam Generators

* Indications attributed to tube-to-

tube contact in Fall 2011

* Wear is shallow and slow growing

" Root cause evaluation underway
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Tube-to-Tube Wear - Once Through
Steam Generators

Tube-to-Tube
,-' Wear

: Support
Plate
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San Onofre Tube Wear

" Mitsubishi replacement
recirculating steam generators

" Unit 2 wear
- Loose partslforeign objects
- Tube supports and retainer bar
- Tube-to-tube wear

" Unit 2 operated full cycle and
maintained tube integrity
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San Onofre Tube Wear (cont.)

* Unit 3 shut down half way through
cycle due to primary-to-secondary
leakage

* Unit 3 wear
Tube supports and Retainer bar

- Tube-to-tube wear

* 8 tubes did not have adequate
tube integrity in Unit 3
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Regulatory Framework

* InspectionlRepair of tubes
governed by plant technical
specifications

* Original technical specifications
developed in 1970s

* Improved specifications are risk
informed, performance based

• All plants have adopted
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-NRC OversightlMonitoring

l Multi-Tiered approach
- Regional activities
- Headquarters activities
- Industry interactions

* Public Transparency
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NRC Research Activities

* Steam generator research
performed since 1970s

- Inspection

- Integrity

- Corrosion

* International Steam Generator
Tube Integrity Program
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Industry Program

• Industry responded to emerging
degradation

* Industry standardized programs
for addressing steam generator
issues

- Water Chemistry Guidelines

- Inspection and Integrity Guidelines
- Primary-to-Secondary Leakage

Guidelines
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Steam Generator Performance

• Performance has improved since
1970s

• Prior to 2012 last time a plant did
not have adequate tube integrity
was 2003
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Forced Outage Frequency:
Primarv-to-Secondarv Leakaae
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Steam Generator Tube Rupture
Frequency
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Defense-in-Depth

* Design

" Design Basis Accident

* Operator Training

* Tube Inspections and
Assessments

* Operational Programs

* Risk Significance
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Summary

" Steam generator tubes may
degrade

" Degradation can be managed

" Staff monitors steam generator
operating experience

• Staff's focus is on tube integrity

" Performance has improved
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Acronyms
* avg. - average
* CFR- Code of Federal Regulations
* cont. - continued
* GL - generic letter
* IGA - intergranular attack
* MA - mill annealed
* NRC - Nuclear Regulatory Commission
* NRR - Office of Nuclear Reactor Regulation
* ODSCC - outside diameter stress corrosion cracking
" PWR - pressurized water reactor
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i

Acronyms (cont.)
* PWSCC - primary water stress corrosion cracking
" RCS - reactor coolant system
* SG - steam generator
* SGTR - steam generator tube rupture
* SRP - standard review plan
* SS - stainless steel
* TT - thermally treated
* yr- year
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Overview and Analysis of
Historical Steam Generator
Degradation Mechanisms

James Benson
Program Manager

EPRI Steam Generator Management Program

Commission Meeting

February 7, 2013



Overview of EPRI
Steam Generator Management Program
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Overview of EPRI Steam Generator Management
Program

" EPRI was established in 1973 as an independent, nonprofit
organization to manage a broad public-private collaborative
to conduct research on key issues facing the electric power
industry on behalf of its members, energy stakeholders, and
society.

" In 1975 EPRI established a steam generator program to
proactively address and resolve existing and emerging
steam generator-related issues on a consistent, industry-
wide basis.

" The SGMP develops guidance and technological tools to
effectively manage steam generator tube degradation,
ensure steam generator tube integrity and operability, and
reduce maintenance and operating costs associated with
steam generators.

© 3 ciPErFeacIC POWER

C)2013 Electrc Power Research Institute, Inc. Al rihts reserved. 3 a rlI~ RESEAPC tI INSTITUTE



Overview of EPRI Steam Generator Management
Program

The specific objectives of the EPRI SGMP include:

* Identifying, prioritizing and conducting steam generator
research to address knowledge gaps as defined in the EPRI
Materials Degradation Matrix Issue Management Tables

* Performing long term R&D in areas such as water chemistry,
NDE, materials and thermal hydraulics that have significant
impact on steam generator operational issues.

" Developing necessary technology, processes, procedures,
and tools to support the assessment of steam generator tube
integrity.

E2ECTRIC POWI E

2013 Electric Power Research Institute, Inc. All rights reserved. 4a 1 1 1IRSAC NTTT©



Overview of EPRI Steam Generator Management
Program

" The EPRI SGMP develops guidelines and other technical
documents to maintain safe and reliable steam generator
operation

" The EPRI Guidelines that form the basis of steam generator
program requirements are:

- PWR Secondary Water Chemistry Guidelines

- PWR Primary Water Chemistry Guidelines

- PWR Steam Generator Examination Guidelines

- PWR Primary-to-Secondary Leak Guidelines

- Steam Generator Integrity Assessment Guidelines

- Steam Generator In Situ Pressure Test Guidelines

© 2013 Electric Power Research Institute, Inc. All rights reserved. 5R a2 R ESEARIC I 'TITU



Overview and Analysis of Historical Steam
Generator Degradation Mechanisms
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Tube Material by Year for Operating Steam Generators
(US Plants)

75

C

0

E

25:-

0
M~ D to o t- M0 M00 -; CI 03 10- W0 M 0 g~ M~ M M (0 t- M0 M 01 G 4 " M 0 a D M o - 10 M5 C
t- ;t -- 1-r- I-- f- W O CD W01 M0 1 W0 0M M5 0 M0&0&0R0M0 MCI0>00000000 00ý
Ms M5 05 M M M M C05 m m m m Rs m m m asc 8 5a s0 )0 50 50 )0 )0 30 s0 04= 0 C 0 0 0 0

- - - -- - - - - - - - - - - - - - - - N " " NIM4 4 ~ e "q " " N

Plot is based on data in SGDD.

© 2013 Electric Power Research Institute, Inc. All rights reserved.

Year

7
EI EECTRIC POWER
RE SEARCH tNST;TtJTE



Causes of Steam Generator Tube Repair
(US Plants)
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US Steam Generators (Alloy 600 MA)
Number of Tubes Repaired
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US Steam Generators (Alloy 600TT)
Number of Tubes Repaired
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US Steam Generators (Alloy 690TT)
Number of Tubes Repaired
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Wear Indications in Replacement SGs
Top 3 units with 2 ISI's, Top 2 units with 1 ISI
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SG Tube Leak Forced Outages (US)
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Conclusions

" SGMP provides the tools to develop technically strong
steam generator programs which focus on maintaining SG
tube integrity.

" The tools include results of EPRI research, guidance
documents and access to world-wide SG operating
experience.

" SG programs are continuously updated based on new
industry guidance, research results and industry operating
experience.

- For example, industry guidance has been flexible enough
to address emerging tube degradation issues ranging
from SCC to foreign object wear to tube-to-tube wear.

S ELECTRIC POWER
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MHI's Steam Generator
Operating Experience with
Tube Vibration and Wear

February 7, 2013

Dr. Hitoshi Kaguchi

Project Director

Nuclear Plant Production Division

Mitsubishi Heavy Industries, Ltd.



MHI's SG Operating Experience

* MHI fabricated 116 SGs
-94 SGs for Japanese PWR plants
-22 SGs for Overseas PWR plants

6 SGs for US PWR plants

• MHI's tube vibration and wear OE
(Pre-2012)
- Early Instances of tube wear at Anti-

Vibration Bar (AVB) ('80s - 590s)
- Tube Rupture at Mihama Unit 2 due to

Fluid-elastic Instability (FEI) (1991)
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Pre-2012 MHI's Tube Vibration
and Wear OE

Tube-to-AVB Wear

* Early fluid induced vibration wear at
AVBs

- Large tube-to-AVB gaps: over 10 mils
- Corrective Measures: Smaller design gaps

in later SGs (--3 mils)
* Replaced existing AVBs with expandable

AVBs in field for 13 plants (36 SGs) in
Japan
(also performed by other vendors on similar
SGs in the USA)
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Pre-2012 MHI's Tube Vibration
and Wear OE

Mihama-2 1991 Tube Rupture
* Tube rupture due to Out-of-Plane FEI

occurred after 19 years of operation
- Improper AVB insertion during fabrication
- Sludge accumulation at tube support plate

reduced damping
* Corrective measures:

- Tighter control of AVB design and
fabrication

- R&D with large scale tests
and development of advanced ECT

- Implemented new design guidelines to
prevent fluid induced vibration
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2012 In-Plane Fluid Elastic
Instability at SONGS RSGs

* SONGS RSGs are the largest SGs
fabricated by MHI

e Design based on established design
practices, applicable industry codes,
and customer design specifications

- Tightest gap control to minimize wear:
2 mils at cold (zero gap at operation)
Tube stability ratio demonstrated
acceptable via conservative evaluation
in accordance with industry practice
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2012 In-Plane Fluid Elastic
Instability at SONGS RSGs

" In-plane FEI at SONGS is the first
occurrence within the Industry

" First evidence that in-plane FEI
conditions could be achieved in
operating SGs

* Where in-plane FEI occurred, it was
caused by the combination of
- High Steam Quality (Dry steam)
- High Flow Velocity
- Low contact forces between AVBs and

tubes
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Differences in tube-to-tube
wear in Units 2 and 3

- Fabrication process
improvements in Unit 3
after Unit 2 RSGs

- More uniform AVB gap
control in Unit 3
resulted in half or less
of the contact forces at
Unit 2, based on
current 3-D analysis

- Unit 2 AVB supports are
more effective

Contact Force
Analysis including

all components 7



Potential Countermeasures for
In-plane FE! at SONGS Unit 2

Reduced power operation improves steam
quality (wetter steam)
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Potential Countermeasures for
In-plane FE! at SONGS Unit 2

Reduced power operation improves flow
velocity (lower velocity)
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Conclusions

* In-plane FEI at SONGS is the first
occurrence within the Industry

* MHI has identified the technical cause
of tube wear from in-plane FEI

* In-plane FEI can be prevented by
- reduced steam quality,

- reduced flow velocity, andlor
- greater contact forces between

AVBs and tubes
in susceptible tube bundle regions
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MHI's Steam Generator
Operating Experience with
Tube Vibration and Wear

END
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AREVA Experience with
Tube Wear and Vibration

Jeffrey Fleck
Manager, NSSS Mechanical Engineering
Engineering and Projects Organization
February 7, 2013
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Background

OAREVA has designed and
manufactured replacement steam
generators since 1989

OExperience includes international and
domestic plants

A
NRC Commission Meeting on Tube WearNibration - February 7, 2013 3/18 A R EVA



Background
01Different designs

Function of plant size and type

67 Recirculating Steam Generators (RSGs)

4 Enhanced Once Through Steam Generators (EOTSG)
Materials of construction are similar (alloy 690 tubes and
SS supports)

0.4 US plants have AREVA RSGs,
1 more will install in 2013

0-2 US plants have EOTSG designs

A
NRC Commission Meeting on Tube Wear/Vibration - February 7, 2013 4/18 AR EVA



US Component Experience

PoAII of the in service components
have had at least one inspection,
with most having two

Hlnspection methods ensure wear is
identified at low levels of percent
throughwall

A
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US Component Experience

lVarying degrees and types of wear
have been identified

AVB, TSP, peripheral bundle supports, as well as loose
parts

No tube-tube wear resulting from in-plane fluid elastic
instability has been identified in AREVA RSG designs

Tube-tube wear has been identified in the EOTSGs
" Root cause evaluation still in progress

* Tube instability is not a causal factor
" NDE results from multiple inspections indicate it is a manageable

mechanism

A
NRC Commission Meetina on Tube WearNibration - February 7 2013 6/18 A R EVAI



US Component Experience

OoSignificant efforts have been
undertaken to quantify and
understand causes of unexpected
wear mechanisms in our SGs

A
AREVA

I
NRC Commission Meeting on Tube WearNibration - February 7, 2013 7/18



Design Considerations

loDuring design phase, a specification
imposes requirements on the
designer/fabricator

loSGs are designed, fabricated, and
tested in accordance with the
requirements of the ASME Code and
best practices

A
NRC Commission Meeting on Tube WearNibration - February 7, 2013 8/18 A R EVA



Design Considerations

OPMinimization of tube vibration and
wear is optimized and considers:

Thermal hydraulic conditions

Support configuration

Tube bundle configuration

Materials selection

Flow induced vibration response

A
NRC Commission Meeting on Tube Wear/Vibration - February 7, 2013 9/18 AR EVA



Design Considerations

OpStability margins, turbulence
response and non-linear wear
analysis are performed and evaluated
against acceptance criteria

OoConservative inputs are used in all
design analyses to ensure margin is
maintained and the specification is
satisfied

A
NRC Commission Meeting on Tube WearNibration - February 7, 2013 10/18 A R EVA



Design Considerations

loAnalysis codes have been
benchmarked with laboratory and
mockup testing, as well as other
codes

NChanges or adaptation of existing
designs are challenged and vetted
for acceptability

A
NRC Commission Meetina on Tube Wear/Vibration - Februarv 7. 2013 11/18 AR EVAI



Design Considerations

OoPast lessons learned and experience
are evaluated for applicability

OoFinal design is validated as meeting
the specification by professional
engineer

POwner acceptance of the component
then occurs

A
NRC Commission Meeting on Tube WearNibration - February 7, 2013 12/18 A R EVA



Inspection/Repair Experience
OpExtensive experience with

assessments of all SG degradation
mechanisms

Hlndustry experience with wear
Easily detected using EPRI qualified techniques

Sizing uncertainties are well quantified

Structural relationships are well established and
conservative

Detected indications are well below tube integrity
performance criteria

A
NRC Commission Meeting on Tube WearNibration - February 7, 2013 13/18 A R EVA



Inspection/Repair Experience

Holndustry Framework for SGs
Establishes a firm basis for the SG program in testing
and qualification of people and techniques

Standardizes requirements and methods

Provides for Operating Experience (OE) sharing

Established conservative Technical Specifications for
effective and conservative management of SG
degradation

A
NRC Commission Meetina on Tube WearNibration - Februarv 7. 2013 14/18 A R EVAP



Support of San Onofre

PoAREVA provided SG inspection,
repair and engineering for both San
Onofre Units

OPTube-tube wear due to in-plane fluid-
elastic instability is a new
phenomena

Hln Unit 2, the majority of tube repairs
were "preventive" in nature

A
NRC Commission Meeting on Tube WearNibration - February 7, 2013 15/18 AR EVA



Support of San Onofre

IoAREVA's condition monitoring and
operational assessments have been
completed and submitted for NRC review

oEngineering analysis supports Unit 2
return to operation at 70% power

Improves thermal hydraulic conditions that affect tube
vibration

Provides for margin to the onset of in plane instability

Significantly reduces the probability for tube-tube wear to
occur

A
NRC Commission Meeting on Tube Wear/Vibration - February 7, 2013 16/18 A R EVA



Summary

PoTube wear is a manageable mechanism

PoEven in cases of large populations of
tubes with wear, plant cycle length and
tube integrity margins can be safely
maintained

Holnspection/repair strategies for wear
mechanisms result in conservative
tube integrity projections

A
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Summary

OCurrent industry practices/programs
and Plant Technical Specifications
provide a robust and sufficient
methodology and requirements for
managing all SG tube degradation

A
NRC Commission Meeting on Tube WearNibration - February 7, 2013 18/18 A R E VA



Experience with
Flow-Induced Vibration

February 7, 2013

Damian Testa, Product Manager
Steam Generator Management

& Modification Programs

Westinghouse Electric Company
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Design

* Westinghouse has designed and
manufactured steam generators
(SGs) for 40+ years

* Potential for flow-induced
vibration (FIV) is routinely
analyzed in every SG design

- Tubes

- Moisture SeparatorslDryers

2



Design

* Input parameters and
methodologies used in FIV
analysis are documented in the
technical literature

Extensive testing performed to
support, analytical methodology



Design

*-Improvements in analytical
methods have been made as
operating experience and test
data have evolved

-Replacement steam
generator (RSG) U-bend
assemblies have incorporated
design enhancements

4



Manufacturing

* Field modifications have been
effective in resolving original SG
FIV issues,

Complete anti-vibration bar
(AVB): assembly replacement

Pre-heater modifications

5.



Manufacturing

" Westinghouse manufacturing
processes have improved for RSGs
and new SGs

" Advanced AVB design since 1990s

- Tighter dimensional controls on
components

-Improved assembly, oversight
and documentation

6



Operating Experience

* Original SGs

Good performance with few
issues observed

* A limited amount of AVB wear has been
observed in different models

* Some short-term rapid wear in early life
due to manufacturing issues has been
observed

* Over the long term, with a few
exceptions, AVB wear has not
challenged pressure boundary integrity

7



Operating Experience

* AVB replacements in 19 original
SGs, implemented -1985 - 1993

Effectively minimized AVB wear
in Model 51 and one Model F
plant by incorporating an
expandable design
Other Westinghouse model SGs
did not have wear issues

3



Operating Experience

" Model D3 - FIV issues resulted in
tube leak in a Westinghouse
pre-heater SG design
-Field,,modifications to divert

flow in, pre-heater
* Model D41D5 - Pre-heater wear not

as severe as Model D3
(no tube leaks)
- Tube expansion
- Split feedwater flow

9



Operating Experience

* Replacement SGs

- No significant operational
issues have been observed

A fraction of 1% of tubes have
experienced AVB wear

-Many Westinghouse RSGs have
no AVB wear indications after
one or more cycles of operation

10



Chronology of Significant FIV
Issues
* AVB Wear Resulted in Tube Leak

(1983, Model 33)
-Related to manufacturing issue

" Pre-heater Wear
(1983, Model D3)

Caused by turbulence and out-
of-plane fluidelastic instability

- Resolved by flow control
modification and improved tube
support

11



Chronology of Significant FIV
Issues

Tube Rupture due to High Cycle
Fatigue (1987, Model 51)

Caused-by denting at top tube
support and variation in AVB
insertion depth

-Addressed by analysis, the
installation of sentinel plugs
and stabilizers in a few tubes at
some plants in response to
NRC Bulletin 88-02

12



Chronology of Significant FIV
Issues

* Rapid AVB Wear (1992, Model F)

-Related to manufacturing issue
in one SG

- Resolved by AVB replacement
(improved gap control)

13



Recent SONGS RSG Experience

Westinghouse performed an
evaluation for SONGS Unit 2
addressing tube wear at AVBs,
tube-to-tube wear (TTW) and the
potential for in-plane instability in
the U-bend

Westinghouse concludes that TTW
observed in two tubes in Unit 2 results
from proximity of the tubes and out-of-
plane vibration andlor in-plane turbulence
and not from in-plane instability

14



Recent SONGS RSG Experience

Eddy current data shows:
No extension of wear scars beyond the width
of the AVB, not only in these tubes, but other
tubes in Unit 2 as well

Vibration due to in-plane instability will cause
extension of the wear scars beyond the width
of the AVB, as observed in Unit 3

• The two Unit 2 tubes with TTW have no
indications of top tube support plate
wear as found with tubes with in-plane
instability in Unit 3

15



Recent SONGS RSG Experience

Westinghouse evaluation was
documented in an operational
assessment for the three
degradation mechanisms

16



Summary

* Westinghouse has observed
issues related to FIV in the past
in original SGs

* As a result of our experience with
tube wear and fatigue over the
past two decades, we have
incorporated enhanced design,manufacturing, and oversight into

our RSGs and recent new SGs

17



Summary

" Westinghouse strives for zero
wear through our design and
manufacturing; as a result,
minimum wear. has been observed

" Tube wear in original SGs in
service is managed in accordance
with NEI 97-06 SG performance
criteria

* SGs satisfy performance criteria
and are safe to operate

18



San Onofre Replacement Steam
Generator Tube Wear

February 7, 2013

Peter T. Dietrich, Senior Vice President and
Chief Nuclear Officer

San Onofre Nuclear Generating Station



Types of Tube Wear in SONGS
Units 2 and 3 Replacement Steam

Generators (RSG)

Tube-to-Tube Wear
(TTW)
* Wear in U-bend region

caused by contact with
adjacent tubes

Other Tube Wear
" Tube wear at Anti-Vibration

Bar (AVB) intersections
" Tube wear at Tube Support

Plate (TSP) intersections
" Tube wear caused by vibration

of adjacent retainer bar

2



SG89 Tube-To-Tube Wear
Unit 3

Operating Period 11 months

Maximum TTW Depth 100 %
Maximum TTW Length 41 inches

326 tubes (total in SG 88 and 89)

8 tubes failed In-Situ Pressure
Test

Unit 2

Operating Period 21 months

Maximum TTW Depth 14%
Maximum TTW Length 6 inches

2 tubes (total in SG 88 and 89)
No In-Situ Pressure Tests
Required for TTW

CU-0E

z

1

E

z

Column Number Column Number
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Contributors to In-plane
Fluid Elastic Instability (FEI)

Unit 3 Unit 2

High
Dryness

All three conditions required
for FEI existed concurrently for
many tubes

High
Dryness

AVB supports are more
effective in Unit 2, reducing
potential for in-plane FEI

4



Differences Between 'Unit 2 and Unit 3

* Deep TTW in multiple tubes only in Unit 3 - after
11 months (approximately 7,000 full power
.hours); AVB wear also more extensive in Unit 3
than Unit 2

* Fabrication differences during manufacture of
SONGS RSGs
- Unit 3 AVB have greater flatness due to greater

pressing force
* Confirmed by 20 times more signals indicative of

contact in Unit 2 in pre-service inspections
- Unit 3 tube roundness is more controlled

* Confirmed by pre-service measurements

5



Differences Between Unit 2 and Unit 3

* Detailed tube bundle model shows that
differences in fabrication result in substantially
increased contact forces (reduced looseness)
between tubes and AVBs for Unit 2

° More effective AVB support conditions allowed
Unit 2 to operate at 100% power for 21 months
(approximately 12,500 full power hours) with
minimal TTW and less extensive AVB wear

6



Resolution of In-plane FEI Concerns
Achievable with Multiple- Layers of Margin

* Assure adequate support
* Reduce velocity
* Increase damping by decreasing dryness

(insure adequate moisture levels in bundle)
" Demonstrate acceptable in-plane FEI stability

ratios based on conservative assumptions
* Compare and justify the operating conditions

based on those of satisfactory service in existing
steam generators

7



In-plane FEI can be Precluded

Lower
Dryness

Eliminating the concurrent combination of high velocities,
high dryness and inadequate support can preclude FEI

8



Insights from SONGS Experience
* In-plane FEI was unexpected but industry and

plant specific measures worked as designed to
detect the resulting tube leak and safely
shutdown the plant

* Existing Industry requirements and criteria are
strong and have been applied effectively to
address tube-to-tube wear and other wear
mechanisms

* Significant independent expert participation has
been instrumental in developing conclusions

* Operating experience is being shared

9
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EDISON MAKES TWO CLAIMS TO
SUPPORT ITS REQUEST FOR

RESTARTING UNIT 2Z



FIRST: "The wear in Unit 2 is
far less extensive than the
wear in Unit 3" and "Unit 3 had
more than 300 tubes with the
unexpected tube-to-tube wear;
Unit 2 only had two tubes
exhibiting minor tube-to-tube
wear."
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Damaged Steam Generator Tubes
at San Onofre
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Second SCE Assertion:
"The nature of the support

structure wear is not unusual
in new steam generators and
is part of the equipment
settling in."

Source: S. Cal. Edison
Press Release, July 13, 2012
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THE MEDIAN NUMBER OF STEAM
GENERATOR TUBES SHOWING
WEAR AFTER ONE CYCLE OF
OPERATION NATIONALLY IS-
FOURN



SAN ONOFRE UNIT 2
HAD 1595 DAMAGED
TUBES, APPROXIMATELY
400 TIMES THE MEDIA N
SAN ONOFRE UNIT 3
HAD 1806a



THE MEDIAN NUMBER OF WEAR-
INDICATIONS ON STEAM
GENERATOR TUBES AFTER ONE
CYCLE OF OPERATION IS-
FOUR.



SAN ONOFRE UNIT 2 HAD
4 721, GREATER THAN A
THOUSAND TIMES MORE. SAN
ONOFRE UNIT 3 HAD 10,284m



THE MEDIAN NUMBER OF
STEAM GENERATOR TUBES
THAT WERE PLUGGED AFTER
ONE CYCLE OF OPERATION IS-
ZERO.

SAN ONOFRE UNIT 2 HAD 510;
UNIT 3 HAD 807m



SCE's CAL Response States:
"The actions to operate at
reduced power and shut down
for a mid-cycle inspection
within 150 cumulative days of
operation are interim
compensatory actions.



"S CE will reevaluate these
actions during the mid-cycle
inspection based on the data
obtained during the
inspections.



"In addition, SCE has
established a project team to
develop and implement a long
term plan for repairing the
SGs."

(emphasis added)



Conclusion

It would be unwise to permit
restart of San Onofre Unit 2
with its crippled steam
generators that need repair or
replacement without in fact
repairing or replacing them.
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EXECUTIVE SUMMARY

Southern California Edison (SCE) and the Nuclear Regulatory Commission (NRC) have
suggested that the problems experienced in the steam generators of the two San Onofre reactors
are fundamentally different and that Unit 2's difficulties are merely "settling in" wear normal for
new replacement steam generators. No data have been provided to date by SCE or NRC to
support these claims, yet SCE has suggested that for these reasons it expects to request
permission to restart Unit 2 and run it at somewhat reduced power, without repairing or replacing
the damaged devices.

This report assembles national data from inspections of similar replacement steam
generators after one cycle of operation. The conclusion is that both San Onofre Unit 2 and Unit
3 have experienced damage greatly in excess of the typical reactor:

" The median number of steam generator tubes nationialy showing wear after one
cycle of operation is-FOUR. San Onofre Unit 2 had 1595 damaged tubes,
approximately 400 times the median; San Onofre Unit 3 had 1806.

* The median number of indications of wear on steam generator tubes nationally
after one cycle of operation is-FOUR. San Onofre Unit 2 had 4721, greater than a
thousand times more. San Onofre Unit 3 had 10,284.

* The median number of steam generator tubes that were plugged after one cycle of
operation is-ZERO. San Onofre Unit 2 had 510; Unit 3 had 807.

Additionally, the replacement steam generators at San Onofre Unit 2 and 3 suffer from the same
fundamental design errors. Indeed, the number of damaged tubes in each unit is approximately
the same.

The conclusion is Clear: San Onofre Unit 2 and Unit 3 are both very ill nuclear plants.
Unit 3's fever is slightly higher, but both are in serious trouble. What they are experiencing is
not just normal wear due to "settling in" purportedly experienced with similar replacement steam
generators. They are far, far outside the norm of national experience. And Unit 2 cannot be said
to be acceptable for restart, any more than Unit 3. Unit 2 has hundreds of times more bad tubes
and a thousand times more indications of wear on those tubes than the typical reactor in the
country with a new steam generator, and nearly five times as many plugged tubes as the rest of
the replacement steam generators, over a comparable operating period, in the country combined.
Restarting either San Onofre reactor with crippled steam generators that have not been repaired
or replaced would be a questionable undertaking at best.
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FOREWORD

SAN ONOFRE NUCLEAR GENERATING STATION
REPLACEMENT STEAM GENERATOR PROBLEMS

by
DALE BRIDENBAUGH

NUCLEAR ENGINEER, RETIRED

As a retired professional nuclear engineer and long time citizen of California, I have
followed the recent experience of the San Onofre Nuclear Generating Station with great interest.
I am particularly troubled by the extent and causes of the early failures of tubes in the
replacement steam generators at both of the San Onofre units (Units 2 and 3) that have not yet
been thoroughly explained and reported. As this report makes clear, the conflicting failure data
thus far made available by the San Onofre operating utility and the Nuclear Regulatory
Commission, along with the lack of specificity detailing the mode(s) of failure, lend little
credibility to Southern California Edison's claims that the large number of damaged steam
generator tubes and indications of wear on the tubes are in fact completely understood. The data
assembled in this report call into question assertions that the San Onofre damage is due primarily
to normal "settling in" found commonly in other new replacement steam generators and that no
immediate corrective action is needed before the restart of Unit 2.

As dramatically shown in Figures 3, 4, and 5 of this report, the San Onofre experience
after only two or less years of operation with replacement steam generators lies far outside the
bounds of normality when compared to the experience of other nuclear units with such replaced
components. Steam generators, and more specifically the tube boundaries, play a critical role in
assuring plant safety and the containment of possible radioactive releases. In spite of Edison's
attempt to assert a different level of risk between Units 2 and 3, it seems clear that similar design
and failure challenges are present in both units and that future operation of either unit has not
been technically justified. It is my opinion that measures necessary for the future safe operatiorn
of either of these unit have not been adequately put forth at this time, and that operation with or
without reduced power of Unit 2 should not be authorized.
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THE SAN ONOFRE NUCLEAR PLANT'S STEAM GENERATOR PROBLEMS
IN THE CONTEXT OF THE NATIONAL EXPERIENCE

WITH REPLACEMENT STEAM GENERATORS

Introduction

On January 31, 2012, a steam generator tube in Unit 3 of the San Onofre Nuclear
Generating Station burst, leading to a shutdown of the reactor. Shortly thereafter, it was revealed
that a previously scheduled inspection of Unit 2, which was down for refueling, had identified
hundreds of damaged tubes in that reactor. Subsequent inspections of both units revealed
approximately 3,400 tubes were showing indications of wear.

This was surprising because the steam generators in both units were virtually new. Unit
3's steam generators were about a year old, and Unit 2's were approximately two years old. Yet
they were showing extensive wear.

Since then, further inspections have revealed serious problems with the steam generators
in both units. 1317 tubes at San Onofre have been plugged to date, far more than have been
plugged over a similar period of operation in all replacement steam generators in the country
combined.

Southern California Edison, which operates San Onofre, has recently conceded that Unit
3 will not be operating anytime soon, if ever, and that the long-term viability of the plant as a
whole is now in question.1 However, the utility continues to suggest it may in the near future
request approval from the Nuclear Regulatory Commission to restart Unit 2, even though its
steam generators have been neither repaired nor replaced.

Underlying this anticipated action are two assertions: (1) that the problems in Unit 2 and
Unit 3 are dramatically different, and (2) that the extent of the wear seen in Unit 2 is nothing out
of the ordinary and commonly seen in similar new replacement steam generators, just a routine
"settling in" phenomenon that stops soon after installation. The analysis that follows examines
those two claims.

,What Steam Generators Do and Why Their Proper Functioning is Important

Steam generators are critical components of Pressurized Water Reactors (PWRs) and
their failure could lead to serious consequences. In a PWR, the primary coolant is kept under
high enough pressure that it remains liquid at temperatures above the normal boiling point. That
primary coolant, which picks up significant radioactivity from the nuclear fuel, must transfer its
heat to a secondary coolant, which then becomes steam to turn turbines to generate electricity.
The steam generators transfer heat from the primary to the secondary coolant and produce steam.

1



A steam generator is composed of a large number of very thin tubes through which the
hot (both thermally and radioactively) primary coolant flows, transferring its heat to secondary
coolant on the outside of the tubes. Significantly, while the steam generators are inside the
containment structure, the large concrete dome designed to contain radioactivity in case of an
accident, the secondary coolant loop/steam line travels outside the containment to run the
turbines and generate power.

Therefore, the steam generators are critical because they are the primary coolant
boundary that cannot be permitted to be breached significantly. Such a breach could both release
radioactivity via a pathway to the outside environment and result in a loss of cooling to the
reactor core, leading in some circumstances, if there are other failures, to a potential meltdown.
The steam generator tubes must be very thin, in order to effectively transfer heat, and
simultaneously very strong, so as to assure they do not burst and cause a loss of reactor cooling
and release of radioactivity. Damage to the tubes can thus be problematic. The NRC has
described their importance:"

The steam generator (SG) tubes in pressurized water reactors have a number of
important safety functions. These tubes are an integral part of the reactor coolant
pressure boundary (RCPB) and, as such, are relied upon to maintain the primary
system's pressure and inventory. As part of the RCPB, the SG tubes are unique in
that they are also relied upon as a heat transfer surface between the primary and
secondary systems such that residual heat can be removed from the primary
system; the SG tubes are also relied upon to isolate the radioactive fission
products in the primary coolant from the secondary system. In addition, the SG
tubes are relied upon to maintain their integrity, as necessary, to be consistent
with the containment objectives of preventing uncontrolled fission product release
under conditions resulting from core damage severe accidents.

2



Figure 1 below shows a schematic view of the San Onofre replacement steam generators.

Figure 1 San Onofre Replacement Steam Generator Schematic

E.d Cap Relate, Bar

Source: NRCIi

The tubes are in an inverted U shape: in the upper part of the steam generator, the tubes
bend to return downward again. There are four key parts of the steam generators for the present
discussion: the tube support plates, through which the tubes run; the anti-vibration bars (AVBs),
designed to reduce vibration; the retainer bars, which help retain the AVBs; and the U-Bend
Freespan, where the tubes bend near the top of the steam generator and have no immediate
support.

There thus are at least four locations where steam generator tubes can get damaged: they
can rub against the tube support plates, the AVBs, the retainer bars, or against each other in the
U-Bend Freespan.lv Damage has occurred in the new steam generators at San Onofre at all four
locations.
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What Happened at San Onofre

The original steam generators for San Onofre Units 2 and 3 were supposed to last for
forty years, the design life of the reactors. (Unit 1, a Westinghouse design system, was shut
down long ago due in part to extensive steam generator tube degradation.v) Therefore, the
containment structures were not built with a pre-engineered way to get the old steam generators
out and the replacement ones in. The original steam generators, manufactured by Combustion
Engineering, began failing earlier than anticipated, and within about twenty years of operation,
SCE began planning to replace them.

Mitsubishi Heavy Industries was chosen to construct the new steam generators. It took
nearly four years to fabricate the Unit 2 steam generators, and nearly six years for Unit 3's.vi

They then had to be shipped from Japan and installed. This required cutting large openings into
the containment structures, something generally to be avoided both from a cost standpoint and
because of the importance of not risking reducing the integrity of the structures designed to
prevent release of radioactivity into the environment in case of an accident.

At Edison's request, Mitsubishi made numerous changes to the design of the steam
generators compared to those originally at San Onofre, such as using a different tube alloy,
Inconel 690, and adding hundreds of more tubes. Yet, by asserting that it was making a "like for
like" change, SCE bypassed the normal requirement to apply for a license amendment, which
would have entailed a higher degree of scrutiny by the NRC and the opportunity for the public to
request an evidentiary hearing. This turned out to be a fateful decision, because it appears
possible that the greater degree of review that would have been required with a full license
amendment application might have detected the problems that the design changes caused and
that have since crippled San Onofre.

Regardless, the changes made from the original design resulted in the replacement steam
generators failing within a year or two of installation. Subsequent reviews by NRC and SCE
determined that computer modeling errors by Mitsubishi resulted in actual steam flows in parts
of the steam generators being four times higher than originally estimated by Mitsubishi, leading
to "fluid elastic instability," vibration, and damage to the tubes. Thisfundamental problem exists
for both Unit 2 and 3.

Extensive Damage In Units 2 and 3

It has taken considerable effort to get SCE and NRC to disclose fully the number of
damaged tubes and the magnitude of their wear. In early February, an NRC spokesman told the
news media that 80% of the 9727 tubes in one of the two steam generators in Unit 2 had been
inspected, with the following results: Two of the tubes showed more than 30% wall thinning, 69
had 20% thinning and more than 800 had 10% thinning.v"' Thus, as of early February, about
11% of the tubes inspected in Unit 2 had 10% or more through-wall wear, after just two years of
operation. This is significant because the full-power plugging limit is 8%, meaning that at the
end of forty years of operation of steam generators, one isn't supposed to plug more than 8% of
the tubes because of damage and still be able to run at full power. In just two years, therefore,
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San Onofre Unit 2 has suffered damage that normally takes decades.

Repeated requests for the complete data based on inspection of the remaining tubes in
Units 2 and 3 were denied for several months. Then, after being pressed for updated figures by
the author at a public meeting called by the NRC on June 18 to discuss its Augmented Inspection
Team (AIT) review, a senior SCE executive stated:viii

We will get you the specific numbers-I will share the percentages with you
tonight... On Unit 3, 9% of the tubes in the Unit 3 steam generators -- so 19,454
tubes in the steam generators, 9% of them showed wear of greater than 10%
through-wall indications, 9%. On Unit 2, 12% of the tubes showed wear greater
than 10% through-wall indication.

Note that the percentage provided by the SCE official for Unit 2 matches fairly closely
with the figures given by NRC in early February when 80% of the tubes in only one of the two
steam generators in that Unit had been inspected. After giving the above percentages, the SCE
spokesman stated, "Compared to other steam generators in the industry, those numbers by
themselves are not alarming. What is alarming and the reason we are here tonight is the
unexpected tube-to-tube wear." He went on to assert that problems are far worse in Unit 3 than
Unit 2, because there are hundreds of tubes in Unit 3 showing tube-to-tube wear but only two in
Unit 2.

Those statements, and others by SCE and NRC, assert that it is only the tube-to-tube wear
that is of concern and that the amount of wear other than tube-to-tube wear is comparable to
what is generally seen in other replacement steam generators in the industry. This report
evaluates those assertions and assesses whether the severity of the problems with the San Onofre
steam generators is in line with typical experience nationally.

Weeks passed without the actual tube wear numbers being provided for San Onofre. It
took intervention by staff of the Senate Committee on Environment and Public Works before the
data were finally posted on the NRC website. The data are critical and can be found below.
Table 1 provides data for both steam generators in Unit 2 of the San Onofre Nuclear Generating
Station (SONGS Unit 2). Table 2 provides the data for the two steam generators in Unit 3.
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Table I

SONGS Unit 2 Steam Generators

Wear Depths Summary

stea Genberator Tubes With
S2Ea Guert Anti-Vibration Tube Support Tube-to- Retainer Foreign Total mdkgions

wanl Wear) Bar Plate Tube Wear Bar Object WIhdations (omu of

>50% 0 0 0 1 0 1 1
35-49% 2 0 0 1 0 3 3

20-34% 86 0 0 0 2 86 74
10-19% 705 106 0 0 0 813 406
c 10% 964 117 0 0 0 1061 600

TOTAL 17I7 225 0 2 21 ""14 Me

* This value is the number of tubes with wear hidications of any depth and at any location. Since many tubes have

indications in more than one depth and location, the total number of tubes is less than the total number of indiations.

Source: NRCIX
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Table 2

SONGS Uniit 3 Steam Generators
Wear Depths Soaumaly

Steam Generator Tubes ait
5G3= (r1roug Ants-Vibntimo Tube Support Tube-4u-Tube etaer Formei Total fmltamui

Bar Plate Weor Bar Object Iudikctions fmat of 7V7Wall Wes)j r

a 50% a 117 48 0 0 165 74
35-49% 3 217 116 2 0 338 911
20-34% 156 506 M 1 0 797 197
10-19g 1380 542 92 0 0 2020 554

TOTAL 3357 1437 407 3 0 5204, 929;

tea.- Geerator Tubes vim
SGX.. enrugb" Anti-Vibrution Tube Suppait Tube-4t-Tube Retainer Foreign Total bmddir

5 am Wearh Bar PIute Wear Bur Object Indicutioes l 3toF727

2:50% 0 91 _ _ 0 0 117 90
35-49% 0 252 102 1 0 355 121
20-34% 45 417 215 0 0 747 175
10-19% 940 53 72 0 0 1602 450
-C 20% 2164 54, M a 0 MY.5 98
TOTAL 3149. 1514 4161 12 01 5000 8;7

* This value is the number of tubes with wear indicatins at my depth and at any locaton. Since many tubes have

indications in more than one depth and locafons, the total number oftubes is less than the tool number of indications.

Source: NRCX

Note that the data tables do not comport with either the numbers given by the either the
spokesman for NRC in early February or the spokesman for SCE in June. Whereas NRC
indicated in February that, with only 80% of the tubes inspected in one of the 2 steam generators
in Unit 2 as of that time, nearly 900 tubes with wear 10% or greater had been detected, the tables
NRC posted months thereafter show neither steam generator in Unit 2, after inspection of 100%
of the tubes, with more than 565 tubes with wear 10% or greater. And the NRC tables assert at
most about 5% of the tubes in Unit 2 had wear of 10% or greater, whereas SCE had said the
figure was 12%.
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Efforts to have NRC clarify which of the three sets of data-NRC's summary from early
February, SCE's from June, or the tables posted on NRC's website in July-is correct, and
describe what is the cause of the discrepancies, have been unsuccessful to date. NRC personnel
responsible for the San Onofre investigation indicated they do not know.xi For the purposes of
this analysis, the NRC data tables above are employed, resulting in the use of the smallest
estimate of damaged tubes. Should either the earlier NRC or SCE summaries be more accurate
than the data tables used here, the disparity with the national experience with replacement steam
generators would be even greater than shown in the discussion that follows.

Steam Generator Tube Damage is Not Dramatically Different Between San Onofre Units 2
and 3

The data tables posted by NRC show similar numbers of damaged tubes in the two units.

Unit 2 has 1,595 tubes with wear, Unit 3 has 1,806.

Figure 2

Damaged Steam Generator Tubes
at San Onofre
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Additionally, as will be seen in Table 3 and Figure 5, the number of steam generator
tubes that have had to be plugged in each reactor is in the same approximate range: 510 in Unit
2 and 807 in Unit 3. As this report shows, these numbers are dramatically higher than the
national experience. Each San Onofre unit has had to plug many times more tubes than all
reactors with new steam generators in the country, over a comparable operational period,
combined.
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Unit 3 has a somewhat greater number of wear indications than Unit 2 (i.e., tubes
showing wear on more than one location per tube) and more tubes in the higher ranges of
through-wall wear. And Unit 3 has hundreds of indications of through-wall wear due to tube-to-
tube rubbing whereas Unit 2 has only two.

However, tube-to-tube wear represents less than 10% of the wear indications in Unit 3.
The great majority of tubes that are in trouble in either unit are experiencing tube-to-AVB wear
or tube-to-tube-support-plate wear. And both reactors are faced with thousands of such wear
indications.

The focus by SCE and NRC on tube-to-tube wear and the effort to thus distinguish Unit 2
from Unit 3 is misplaced. By far, the majority of tubes showing wear are evidencing it from
other kinds of wear and exist in large numbers in both units.

Furthermore, and most critically, both Unit 2 and 3 suffer from the same fundamental
design defect. The computer model employed by Mitsubishi, coupled with the design changes
inherent in the steam generators in both San Onofre reactors, resulted in considerably higher
steam flows than predicted, causing vibrations resulting in rubbing and damage to the sensitive,
very thin tubes.x"' The same fundamental problem is crippling the steam generators in both
reactors.

The Steam Generator Tube Wear at San Onofre Is Far Worse Than the National
Experience

The NRC's AIT report dismissed all but the tube-to-tube wear (which is primarily in Unit
3) and four wear indications at retainer bars in Unit 2 as common in new steam generators. The
report stated that, with those exceptions, "the wear indications found are similar to those found
at other replacement steam generators after one cycle of operation "hii (emphasis added)

However, at other times NRC has stated the opposite. For example, the Los Angeles
Times quoted an NRC spokesman on July 14: "Other large steam generators have exhibited wear
after one cycle of operation which resulted in tube plugging.. .but not to the extent seen on San
Onofre steam generators." Another NRC spokesperson was quoted as saying, "It is accurate to
say San Onofre's demonstrated wear is unprecedented for the length of time the steam generators
were used.''xiv

Also, SCE has made assertions similar to the statement in the NRC AIT report. In a July
press statement about the release of the tube wear tables, for example, SCE stated, "The majority
of this wear is related to support structures. The nature of the support structure wear is not
unusual in new steam generators and is part of the equipment settling in.""XV (emphasis added)

So where does the truth lie? How does San Onofre compare to the national experience
with new replacement steam generators?
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Efforts to get NRC to provide data supporting the claim in its AIT report have not been
successful. NRC staff in Region IV responsible for the San Onofre steam generator investigation
stated that they believed the number of wear indications in Unit 2 was comparable to other
similar steam generators. When asked for the basis for that belief, they said they had no data but
had heard it anecdotally.xvl Obviously, a matter important for determining whether San Onofre
Unit 2 should be permitted to restart should be based on more than an anecdote.

NRC regional staff indicated they would attempt to get supporting data on the national
experience from NRC headquarters. NRC headquarters staff reported NRC had not compiled
any such data.x"Il This report, in the following sections, assembles and evaluates available data
on replacement steam generator tube wear and describes where San Onofre falls within that
national experience.

The Only Similar Replacement Steam Generators-at Fort Calhoun-Had NO Damaged
Tubes

The claim has been made that San Onofre experience is comparable to that of reactors
with similar replacement steam generators. However, the only similar steam generator in the
country is found at the Fort Calhoun reactor; it has the only Mitsubishi steam generators in the
U.S. outside of San Onofre. The number of steam generator tubes showing any wear at Fort
Calhoun after one cycle of operation: zero. The number of wear indications: zero. The number
of tubes that had to be plugged due to operation: zero.

San Onofre Unit 2, by contrast, has 1,595 damaged tubes, with 4,721 wear indications,
and 510 tubes plugged. That is obviously not anywhere in the range of what the only similar
steam generators in the country experienced. Furthermore, an assessment of the experience of
replacement steam generators of other designs yields a similar disparity, as shown below.

As of 2002, the Majority of Replacement Steam Generators Had NO Damaged Tubes

How does San Onofre compare with the experience with replacement steam generators
(RSGs) more generally? A January 2002 article in Nuclear Engineering International, entitled
"Replacement Steam Generators," answers that question:

Of the 30 RSGs now in operation, 26 have received 100% eddy current inspection
during in service inspection. Of these, 12 have experienced limited fretting wear.
The other 14 RSGs have no evidence of any wear. ECT [Eddy Current Testing]
indications have resulted in 23 plugged tubes out of a total population of 176,282
in the 26 inspected SGs.
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Thus, when the article was written, the majority of replacement steam generators showed
"no evidence of any wear." The remaining minority showed limited wear-so limited, that a
total of only 23 tubes had to be plugged out of 176,282 tubes in the 26 inspected steam
generators. Unit 2 of San Onofre, the reactor asserted to be far healthier than Unit 3, had
plugged more than twenty times as many tubes as the 26 replacement steam generators
considered in that 2002 review, combined.

Analysis of Most Current National Replacement Recirculating Steam Generator Tube
Wear Data Shows San Onofre Is Far Outside the Norm

Perhaps it could be argued that the data from the 2002 article are old and more recent
replacement steam generators are having more trouble than was identified a decade ago. NRC
staff, in stating that the agency has no compiled data on national experience with replacement
steam generators, indicated that data for each individual plant should be found in each plant's
first In-Service Inspection (ISI) report submitted to the NRC after installation of the replacement
steam generators. The analysis that follows is based on reviewing the data from those ISI reports
and numerous related documents for replacement recirculating steam generators that are
available to the public through NRC's Agencywide Documents Access and Management System
(ADAMS).

NRC staff provided a list of all replacement steam generators in the country and
identified which, like San Onofre, are of the recirculating type and use Inconel 690 alloy tubes,
and which few (a small minority) are once-through designs or use Inconel 600.'v.. This analysis
compiles the data for all recirculating replacement steam generators using Inconel 690 in the
U.S., going back to ones installed around 1998 (data for earlier years are not available in the
NRC's ADAMS database.) The results are striking, and are summarized in Table 3 and Figures
3 through 5 below. In short, the damage experienced by the replacement steam generators in
both San Onofre reactors is far out of the norm of other comparable nuclear plants, even when
taking into account the minor variation in the number of steam generator tubes at each plant.*

* SCE has attempted to compare its steam generator experience to St. Lucie 2, in order to assert
that what is happening at San Onofre is typical for new replacement steam generators and is
simply a "settling in" process common to them. These assertions are clearly misplaced. St.
Lucie 2's steam generators are having great trouble, and as the data show, not in any fashion the
norm. Indeed, St. Lucie 1 had only 17 damaged tubes at its first ISI. The serious problems at St.
Lucie 2 have resulted in its operators having to conduct a root cause analysis which concluded
that "the root cause was that the U-tubes were not effectively supported during SG [steam
generator] manufacture, which caused the tubes to sag into the AVBs and led to slight AVB
deformation that closed the tube-to-AVB gap at specific locations. This exacerbated tube wear
in those locations.''xix NRC's Advisory Committee on Reactor Safety concluded that the St.
Lucie 2 tube wear is "different than the form of degradation reported to have occurred at San
Onofre. There are a number of design differences between the SGs installed at San Onofre and
those at St Lucie 2."' Thus the problems at St. Lucie 2 are not standard "settling in" but due to a
serious manufacturing error and unrelated to San Onofre's problems. Even with all the troubles
St. Lucie 2 has, it had to plug only 14 tubes, compared to the hundreds plugged at San Onofre.
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Table 3

Nuclear Plant
South Texas 1
South Texas 2
Kewaunee
Shearon Harris
Ft. Calhoun
Farley 1
Farley 2
Diablo Canyon 1
Diablo Canyon 2
Comanche Peak 1
Braidwood 1
Beaver Valley 1
ANO 2
Palo Verde 1
Watts Bar 1
Sequoyah 1
St. Lucie 1
Palo Verde 2
Prairie Island
Palo Verde 3
Calvert Cliffs 1
Calvert Cliffs 2
Callaway
Salem 2

# of Wear
Indications

0
0
0
0
0
0
0
1
1
1
1
2
3

4
9

11
19
81

104
140
189

200
214

1.567

# of Damaged
Tubes

0
0
0
0
0
0
0
1
1
1
1
1
3
4
6

11
17
48
67
68

166
170

36
591

# of Tubes
Plugged

0
0
0
0
0
0
0
0
0
0
1

1
0
0

7
11
11

15
6
4
0

29
0

10

Total Tubes
31,540
30,340

7,184
18,921
10,400
10,776
10,776
17,776
17,776
22,128
26,532
10,776
21,274
25,160
20,512
19,932
17,046
25,160

9,736
25,160
16,942
16,942
22,144
20,192
19,454
17,998
19,454

St. Lucie 2 5,994 2,174 14
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Figure 3

Number of Indications of Wear on
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Figure 4

Number of Damaged
Steam Generator Tubes
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Figure 5
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The Damage at Both San Onofre Units Greatly Exceeds That at Typical Reactors

The data for replacement recirculating steam generators nationally indicate:

* The median number of steam generator tubes showing wear after one cycle of
operation nationally is-FOUR. San Onofre Unit 2 had 1595 damaged tubes,
approximately 400 times the median; San Onofre Unit 3 had 1806.

" The median number of wear indications on steam generator tubes after one cycle of
operation is-FOUR. San Onofre Unit 2 had 4721, greater than a thousand times
more. San Onofre Unit 3 had 10,284.

" The median number of steam generator tubes that were plugged after one cycle of
operation is-ZERO. San Onofre Unit 2 had 510; Unit 3 had 807."'

CONCLUSION

The conclusion is clear: San Onofre Unit 2 and Unit 3 are both very ill nuclear plants. Unit 3's
fever is slightly higher, but both are in serious trouble. What they are experiencing is not just
normal wear due to "settling in" purportedly experienced with similar replacement steam
generators. They are far, far outside the norm of national experience. And Unit 2 cannot be said
to be acceptable for restart, any more than Unit 3. Unit 2 has hundreds of times more bad tubes
and a thousand times more indications of wear on those tubes than the typical reactor in the
country with a new steam generator, and nearly five times as many plugged tubes as the rest of
the replacement steam generators, over a comparable operating period, in the country combined.
Restarting either San Onofre reactor with crippled steam generators that have not been repaired
or replaced would be a questionable undertaking at best.
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A) PLANT-BY-PLANT DESCRIPTIONS OF
REPLACEMENT RECIRCULATING STEAM GENERATOR

TUBE WEAR EXPERIENCE

Arkansas Nuclear One, Unit 2: 2 replacement steam generators installed in 2000.
0 tubes plugged during first InService Inspection (ISI) of the steam generator tubes after
installation, 1 tube plugged prior to service.

3 wear indications in 3 tubes identified during 1st ISI. Source: April 2002 ISI report,
NRC Agencywide Documents Access and Management System (ADAMS) Accession
Number ML031080421, pg 4 of PDF/pg 2 of attachment & pg 6 of PDF/pg 4 of
attachment. (Note, hereafter NRC ADAMS Accession numbers will be given just by
their ML #. Also note that the PDF page number is often different from the document's
page number due to how pages are numbered in the cited documents). See also
ML031820241, the 2003 NRC review of the licensee's ISI report.

The 2 replacement steam generators are Westinghouse model Delta 109,
pg 3 of PDF/pg 1 of attachment of April 2002 tube inspection ML031080421.

The total number of tubes is not explicitly stated in those reports but it is stated that 100%
of unplugged tubes were tested with the bobbin coil according to the 2003 NRC review
ML031820241, pg 3 of PDF/unnumbered in report. Pg 4 of PDF/pg 2 of the April 2002
tube inspection ML031080421 statesthat 10,637 tubes were inspected for SG A and
10,636 were tubes were tested in SG B, which had one tube plugged by the manufacturer
prior to installation, for a total of 21, 273 inspected, and 21,274 total when the pre-
installation plugged tube is included.

Beaver Valley, Unit 1 in Pennsylvania: 3 replacement steam generators 2006.
1 tube plugged during first ISI after installation.

1 tube with 1 wear indication of 29%, believed to have been caused by a burr left from
the manufacturing process. Source: 2007 ISI report ML080800448, see the table in pgs
4-6 of PDF, pgs 3-5 of the report, source for explanation is on pg 7 of PDF/pg 6 of
attachment 1

The 3 replacement SGs are Westinghouse Model 54s, manufactured by ENSA in Spain,
and containing 3,592 tubes each according to the preservice inspection report
ML061990398, pg 21 of the PDF/pg 1 of Appendix 2.

Braidwood, Unit 1: 4 replacement steam generators 1998.
1 tube plugged during first ISI, 3 tubes plugged prior to service.
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One tube with one wear indication as stated in the 2000 tube inspection report
ML010930262, pgs 8-10 of PDF/pg 7-9 of report. The single tube with one wear
indication, that was subsequently plugged, had less than 10% through wall (TW) wear
according to the 2000 steam generator inspection report ML010930262, pg 10 of PDF/pg
9 of report, this tube was preventively plugged (pgs 4-5 of PDF/pgs 3-4 of report).

The 4 replacement steam generators are Babcock and Wilcox models with 6,633 tubes
per generator, see pg 4 of PDF/pg 3 of report

Callaway, Unit 1 in Missouri: 4 replacement steam generators 2005
0 tubes plugged during first ISI, 1 tube plugged prior to service.

214 wear indications on 36 tubes. The greatest through wall wear was 1 indication of
13%, the least was 1%. See Table 2, Summary of Wear Indications, pg 5-11 of PDF/pg
2-8 of attachment lof the 2007 ISI, ML 073050323.

The steam generators have 5536 tubes each, SG A had one tube plugged prior to service
for a total of 5,535 inspected and operational tubes. (pg 5 of PDF/pg 2 of report).

Calvert Cliffs, Unit 1 in Maryland: 2 replacement steam generators in 2002.
0 tubes plugged.

189 wear indications on 166 tubes. The great majority had wear under 10% and only two
had wear equal or greater than 20%, at 20% and 22%, according to the 2004 tube
inspection report ML050610714, attachment 1, pgs 4-8 of PDF/pgs 1-5 of attachment.

Both Babcock & Wicox replacement steam generators have 8,471 tubes each. See 2005
NRC review ML051440076, pg 3 of PDF/unnumbered in document.

Calvert Cliffs, Unit 2 in Maryland: 2 replacement steam generators in 2003.
29 tubes plugged in first ISI, 3 tubes plugged prior to service.

Of the 29 tubes plugged due to the 2005 inspection, 5 had wear .indications and the other
24 were plugged as a precautionary measure due to a possible loose part in an area which
cannot be visually inspected. See 2005 memo of NRC-licensee conference call,
ML052410150, pgs 1-2 of PDF & memo.

All told, there were 200 wear indications on 170 tubes, with the majority having wear
under 10%. 8 tubes had wear 20% or greater, with the highest indication being one tube
with 25% wear. See 2005 tube inspection report ML060610081, pg 4-9 of PDF/1-6 of
attachment.
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The replacement steam generators have 8471 tubes each, with 3 plugged prior to service,
according to the cover letter to the tube inspection report ML060610081, pg 1 of PDF/pg
I of letter, and are described as Babcock & Wilcox design and manufacture in 2005
memo ML052410150, pg 1 of PDF & memo.

Comanche Peak, Unit 1 in Texas: 4 replacement steam generators in 2007.
0 tubes plugged during first ISI, 1 tube plugged during manufacture.

1 wear indication on 1 tube, depth, 10% TW. See ISI report 2008 pg 7 of PDF/pg 5 of
ISI report ML090300118, pg 9 of PDF/pg 7 of report.

The steam generators are Westinghouse Model Delta 76s with 5,532 tubes per steam
generator, reference steam generator tube inspection 2008 ML090300118, pg 3 of
PDF/pg 1 of report.

Diablo Canyon, Unit 1 in California: 4 replacement steam generators in 2009
0 tubes plugged.

1 wear indication on 1 tube, at 5% TW. See 2010 steam generator inspection report
ML1 11160101, pg 3,4, and 11 of PDF/pg 2,3, and 10 of enclosure. This one wear
indication was the first report of AVB wear in Westinghouse model 54s, leading PG&E
to inform the NRC on Oct 15,2010 (pg 4 of PDF/pg 3 of enclosure for ML1 11160101).

The replacement steam generators are Westinghouse Model Delta 54s and each one
contains 4,444 tubes, according to the 2012 Nuclear Regulatory Commission review
ML120740373, pg 2 of PDF & review and the 2010 steam generator inspection report
ML 111160101, pg 2 ofPDF/pg 1 of report.

Diablo Canyon, Unit 2 in California: 4 replacement steam generators in 2008
0 tubes plugged during first ISI, 3 tubes plugged prior to service.

1 wear indication on 1 tube, see 2009 steam generator inspection ML101330269, pg 3 of
PDF/pg 2 of enclosure.

The replacement steam generators are Westinghouse Model Delta 54s with 4,444 tubes
each, according to pg 2 of PDF/pg 1 of enclosure above.

Farley, Unit 1 in Alabama: 3 replacement steam generators in 2000.
0 tubes plugged.

A-3



NO wear indications, see Fall 2001 ISI report ML020300072, pg 12 of PDF/unnumbered
in report and 2002 supplemental information ML021960109, pg 4 of PDF/pg 2 of letter.

Westinghouse model 54F steam generators, 2001 inservice inspection ML020300072, pg
12 of PDF/unnumbered in report.

3,592 tubes in each of the 3 replacement steam generators, as stated in 2003 NRC review
ML031110259.

Farley, Unit 2 in Alabama: 3 replacement steam generators in 2001.
0 tubes plugged.

NO wear indications. See Fall 2002 ISI report ML030300235 pg 12 of PDF/unnumbered
in report, Sept/Oct 2002 inspection.

Westinghouse model 54F steam generators with 3,592 tubes per steam generator; see
2008 NRC Review ML083100232, pg 3 of PDF/unnumbered in enclosure.

Fort Calhoun in Nebraska: 2 replacement steam generators in 2006.
0 tubes plugged in first ISI, 1 tube plugged prior to service.

NO wear indications. See 2008 eddy current testML083440629, pg 3 of PDF/pg 2 of
attachment, pgs 9-11 of PDF/pgs 8-10.

Both Mitsubishi MHI-49TT- 1 steam generators have 5,200 tubes each. See steam
generator tube inspection review ML093000157, pg 2 of PDF/unnumbered in report.

Kewaunee in Wisconsin: 2 replacement steam generators in 2001.
0 tubes plugged.

NO wear indications. See 2003 annual report ML0460650370, pg 6 of PDF/pg 2 of
report, and 2003 ISI ML032250165 pgs 156 &157 of PDF.

Westinghouse model 54Fs with 3,592 tubes in each steam generator, from April 2003
steam generator inspection ML032250165, pg 155 of PDF/pg 1 of attachment 8.

Palo Verde, Unit 1 in Arizona: 2 replacement steam generators 2005.
0 tubes plugged during first ISI, 116 tubes plugged prior to service.
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4 wear indications on 4 tubes, <20% TW. See 2007 ISI report ML080090193, pg 9 of
PDF/unnumbered in report, pgs 14-17 of PDF/unnumbered in report, Appendices B & C.

Palo Verde Units 1, 2, and 3 have essentially the same design for their replacement steam
generators. They were all "designed by Asea Brown Boveri/Combustion Engineering
(ABB/CE) (now Westinghouse) and manufactured by Ansaldo, and are considered a
modified System 80 design (no specific model number)." There are 12,580 tubes for
each steam generator; see.ML082890538, pg 3 of PDF, pg 1 of enclosure.

Palo Verde, Unit 2 in Arizona: 2 replacement steam generators in 2003.
15 plugged during first ISI, 24 plugged prior to service.

81 wear indications on 48 tubes. See the data tables in 2005 tube ISI report
ML053130156, pg 11 of PDF/unnumbered in report, Table 2 Indication Summary, pgs.
29-38 of PDF, Appendices C & D of report.

[Dents found were pre-existing before operation and not due to operational wear.
According to the supplement to the steam generator report ML 060890657, pg 10 of
PDF/pg 8 of enclosure, the dents were present in the preservice inspection, 100% of the
dents > or equal to 0.5 volts were inspected in 2005 and none exhibited any change
between the preservice inspection and the 2005 inspection. Regarding the dents that were
plugged, these were plugged preventively though they hadn't changed any either,
reference pg 3 of PDF/pg 1 of enclosure.]

There are 12,580 tubes per steam generator.

Palo Verde, Unit 3 in Arizona: 2 replacement steam generators in 2007.
4 tubes plugged during first ISI, 118 plugged prior to service.

140 wear indications on 68 tubes, according to Palo Verde 3 ISI report ML093310442, pg
10 of PDF/ pg 8 of report, Appendices B & C, pgs 15-22 of PDF/pgs 13-20.

Steam generators have 12,580 tubes in each. NRC review ML 112060490, pg 2 of
PDF/unnumbered in review.

Prairie Island, Unit 1 in Minnesota: 2 replacement steam generators in 2004.
6 tubes plugged during first ISI.

104 wear indications in 67 tubes, 2006 teleconference re: tube inspection ML061680005,
pg 4 of PDF/pg 2 of report.
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Framatome Model 56/19s with 4,868 tubes each, according to revision to the ISI
ML1015301 11, pg 9 of PDF/pg 1 of enclosure 2.

Saint Lucie, Unit 1 in Florida: 2 replacement steam generators in 1997.
11 tubes plugged preventively during first ISI.

19 wear indications on 17 tubes, 1999 ISI, ML 003684169, pgs 4-6 of PDF/unnumbered
in report.

Each Babcock and Wilcox advanced series pressurized water reactor steam generator has
8,523 tubes, according to 2008 NRC review ML 100960626, p. 2 of PDF/unnumbered in
review.

Saint Lucie, Unit 2 in Florida: 2 replacement steam generators in 2008.
14 tubes plugged during first ISI.

5,994 wear indications on 2,174 tubes. See 2009"tube inspection ML093230226, pg 13-
115 of PDF/pgs 2-64 of attachment 1, pgs 2-40 of attachment 2.

Only 2 indications exceeded 30% wear, no indications over 35%; 2009 tube inspection
ML093230226, pg 14 of PDF/pg 3 of Attachment 1, pg 78 of PDF/pg 3 of Attachment 2

Steam generators are Areva-NP Model 86/19TIs, 2009 tube inspection ML093230226, pg
2 of PDF/pg 1 of enclosure and have 8999 tubes each, according to the NRC review of
2009 tube inspection ML03340040, pg 2 of PDF/pg 1 of enclosure.

Salem, Unit 2 in New Jersey: 4 replacement steam generators in 2008.
10 tubes plugged during first ISI.

1,567 wear indications on 591 tubes, see 2009 steam generator tube inspection report
ML101250176, pg 10 of PDF/pg 1 of attachment 3.

The steam generators are Areva Mod 61/19Ts with 5,048 tubes per steam generator, 2009
tube inspection ML101250176, pg 4 of PDF/pg 1 of attachment 1.

San Onofre 2 in California: 2 replacement steam generators in 2010.

510 tubes plugged during first ISI.

4721 wear indications on 1,595 tubes. See NRC tables in mainbody of report.
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Mitsubishi steam generators with 9,727 tubes per generator. See Southern California
Edison, "San Onofre Nuclear Generating Station Confirmatory Action Letter Fact Sheet,"
last updated on 6/13/2012

San Onofre 3 in California; 2 replacement steam generators in 2011.
807 tubes plugged within one year of installation (tube failure during operation led to
shutdown and inspection prior to normal ISI.)

10,284 wear indications on 1806 tubes.

Mitsubishi steam generators with 9,727 tubes per generator, same as Unit 2.

Sequoyah, Unit 1 in Tennessee: 4 replacement steam generators in 2003.
11 tubes plugged during first ISI, 20 plugged prior to service.

11 wear indications on 11 tubes; see 2004 ISI report ML050550413, pg 55 of
PDF/unnumbered Appendix A.

All 11 tubes plugged as a result of this inspection were preventively plugged with TW%
ranging from 8-17% according to Sequoyah 1 steam generator inspection ML053050386,
pg 3 of PDF/unnumbered in report.

Model 57AG steam generators by Doosan, 4,983 tubes per SG. 2006 NRC review
ML0609505 10, p. 4 of PDF/unnumbered in review.

Shearon Harris in North Carolina: 3 replacement steam generators in 2001
0 tubes plugged during first ISI, 2 tubes plugged during manufacture.

0 wear indications, 2003 ISI ML032680868, pg 7 of PDF/unnumbered report
supplemental information ML041120371 pg 4 of PDF/pg 2 of attachment, pg 7 of
PDF/pg 5 of attachment, 2003 tube test ML041320496 pg 5 of PDF/pg 2 of attachment 1.

Westinghouse Model Delta 75 replacement steam generators, 6,307 tubes in each steam
generator, 2003 tube test ML041320496, pg 4 of PDF/pg 1 of attachment 1, and pg 3 of
PDF, pg 1 of attachment,, ML042360545.

South Texas Project, Unit 1: 4 replacement steam generators in 2000.

0 tubes plugged during first ISI, 108 tubes pre-service.

0 wear indications, see 2001 ISI ML020390361, pg 12 of PDF/pg 7 of report.
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Steam generators are Westinghouse Model Delta 94s with 7,885 tubes per steam
generator, pg 6 of PDF/pg 1 of above report.

South Texas Project, Unit 2: 4 replacement steam generators in 2002.
0 tubes plugged during first ISI, 6 tubes plugged pre-service.

0 wear indications, 2004 ISI ML041730355, pg 13 of PDF/pg 8 of report, pg 14 of
PDF/pg-9 of report.

Steam generators are Westinghouse Delta 94s with 7,585 tubes each, see South Texas
Project 2 pre-service inspection ML030710429 pg 6 of PDF/pg 1 of report

Watts Bar, Unit 1 in Tennessee: 4 replacement steam generators in 2006.
7 tubes plugged during first ISI, 2 plugged prior to service.

9 wear indications on 6 tubes. All the tubes with any wear indications were plugged
preventively. One tube with a tube sheet bulge detected prior to service was also
preventively plugged which is why there were 7 tubes plugged and only 6 tubes with
wear indications. The TW% detected ranged from 7% to .13%, well under the plugging
limit of 40% TW. Source is 2008 tube inspection ML082600068, pg 5 of PDF/pg E-3 of
report, pg 6 of PDF/pg E-4 of report.

Westinghouse designed the replacement steam generators, and Doosan Heavy Industry
and Construction manufactured them. There are 5,128 tubes per steam generator,
supplemental information ML090960558, pgs 4 and 9 of PDF/pgs 2 and 7 of enclosure.
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NOTES ON SOURCES AND METHODS

Licensees are generally required to conduct, at the first shutdown for reactor refueling
after installation of replacement steam generators, inspection of 100% of the steam generator
tubes. That inspection is typically performed using eddy current testing (ECT). If signals from
the ECT suggest a potential problem, frequently follow-on tests are performed to ascertain if
indeed there is wear.

The licensee is required to submit to the NRC within a set period after completion a
report on the results of the steam generator inspection conducted during the In-Service
Inspection (ISI). NRC staff review the ISI report, and will occasionally submit requests for
additional information to the licensee. Thus, the primary records related to the number of wear
indications found during an ISI, the number of tubes experiencing wear, and the number of tubes
plugged during the ISI, are: the ISI report itself, requests for additional information by NRC and
responses thereto by the licensee, and correspondence by NRC concluding its review. When
there is a significant problem identified, NRC may initiate a meeting or conference call with the
licensee and a memorandum may result therefrom. Lastly, the pre-service inspection report-
after installation but before operation with replacement steam generators-may also provide
useful information about steam generator design and dings, dents, and manufacturing burnishing
marks that pre-date operation and thus, if noted thereafter, are not due to operational wear.

Unfortunately, the ISI reports are not always entirely consistent in form and content from
one licensee to another. Sometimes a summary is provided quantifying the total numbers of
tubes and indications of wear that observed; other times one has to tabulate the figures by hand.
Additionally, definitions are not always clear or consistent. For example, guidance from the
Electric Power Research Institute (EPRI) defines wear as "the loss of tube material caused by
excessive rubbing of the tube against its support structure, a loose part, or another tube," but also
uses the term "degradation" as wear of greater than 20% or greater through wall (TW). ML
ML080450582. NRC draft guidance on steam generator tube integrity, by contrast, defines a
degraded tube as a tube showing any wear below the applicable plugging limit. ML003739223.
To avoid any question, data for wear rather than degradation were relied upon for this report.

Furthermore, the raw data were reviewed to confirm, for example, that all measurable
wear was in fact reported, not just wear below a threshold such as 20% TW. This was readily
determinable for virtually all of the plants, as they reported wear down to a few % TW, and for
those that reported zero wear, statements in the ISI or NRC communications generally made
clear that this indeed meant no measurable wear.

In some cases, a few tubes were identified in the ISI reports as being involved with
possible loose parts in the steam generators. Where damage to the tubes was indicated by %TW
wear indications, they were generally included; where it appears that subsequent evaluation had
determined no TW damage, they were not.

In some cases, tubes were plugged by the manufacturer or otherwise prior to operation.
In Appendix A, tubes plugged prior to operation and tubes plugged thereafter at the time of the
first ISI are both identified. Table 3 and Figures 3-5 of the main body of the report, however, are
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worn tubes, i.e., those damaged by steam generator operation. The reports also generally
identified dents, dings, manufacturing burnishing marks and the like that pre-dated operation.
These also were not included here, as the analysis is on wear due to operations.

It is possible that ambiguities remain in the ISI reports that were not fully resolvable by
reviewing associated documents such as correspondence with NRC, but it appears that they
would not have any substantive effect on the fundamental conclusions of this report. One take-
away suggestion from this analysis, however, is that greater uniformity and clarity in ISI reports
would be helpful in analyzing national trends.
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