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ABSTRACT

The objectives of this project were to characterize defect mechanisms which could affect the
integrity of steam generator tubes, to review and critique state-of-the-art Canadian and
international steam generator tube fitness-for-service criteria and guidelines, and to obtain
recommendations for criteria that could be used to assess fitness-for service guidelines for
steam generator tubes containing defects in Canadian power plant service.

Degradation mechanisms, that could affect CANDU steam generator tubes in Canada, have
been characterized.

The design standards and safety criteria that apply to steam generator

tubing in nuclear power plant service in Canada and in Belgium, France, Japan, Spain,
Sweden, and the USA have been reviewed and described. The fitness-for-service guidelines
used for a variety of specific defect types in Canada and internationally have been evaluated
and described in detail in order to highlight the considerations involved in developing such
defect specific guidelines.

Existing procedures for defect assessment and disposition have

been identified, including inspection and examination practices.

The approaches used in

Canada and in Belgium, France, Japan, Spain, Sweden, and the USA for fitness-for-service
guidelines were compared and contrasted for a variety of defect mechanisms. The strengths
and weaknesses of the various approaches have been assessed.

The report presents

recommendations on approaches that may be adopted in the development of fitness-for-service
guidelines for use in the dispositioning of steam generator tubing defects in Canada.

IV

RÉSUMÉ

Les objectifs de ce projet étaient de caractériser les mécanismes de défectuosité qui pourraient
influer sur l'intégrité des tubes des générateurs de vapeur, d'examiner et de critiquer les plus
récents critères et principes directeurs canadiens et internationaux sur l'aptitude au service des
tubes des générateurs de vapeur et d'obtenir des recommandations au sujet des critères qui
pourraient servir à évaluer les lignes directrices sur l'aptitude au service de tubes de
générateurs de vapeur comprenant des défauts dans les centrales nucléaires canadiennes.

On a caractérisé les mécanismes de dégradation qui pourraient influer sur les tubes de
générateurs de vapeur des centrales CANDU au Canada.

Les normes de conception et les

critères de sûreté appliqués aux tubes des générateurs de vapeur dans des centrales nucléaires
au Canada, en Belgique, en France, au Japon, en Espagne, en Suède et aux États-Unis ont été
examinés et décrits. On a évalué les lignes directrices sur l'aptitude au service dont on se sert
au Canada et dans le monde relativement à une gamme de défauts particuliers et on les a
décrites en détail de façon à mettre en évidence les points à considérer dans l'élaboration de
lignes directrices semblables. Les modalités actuelles d'évaluation et d'élimination des défauts
ont été identifiées, y compris les méthodes d'inspection et d'examen. Les approches adoptées
par le Canada, la Belgique, la France, le Japon, l'Espagne, la Suède et les États-Unis quant
aux lignes directrices sur l'aptitude au service ont été comparées et mises en regard les unes
des autres relativement à divers mécanismes de défectuosité.

Les points forts et les points

faibles des diverses approches ont été évalués. Des approches ont été recommandées en vue
de les prendre en considération dans l'élaboration de lignes directrices sur l'aptitude au service
à utiliser dans l'élimination des défauts des tubes des générateurs de vapeur des centrales
canadiennes.

DISCLAIMER
The Atomic Energy Control Board is not responsible for the accuracy of the statements made
or opinions expressed in this publication and neither the Board nor the author assumes liability
with respect to any damage or loss incurred as a result of the use made of the information
contained in this publication.
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A.

INTRODUCTION AND SCOPE

1.

Background

After a period of good performance, steam generator tubes at several CANDU nuclear facilities
are showing signs of serious degradation. Tube leaks have occurred, at Bruce A, Pickering B, and
Point Lepreau, as a result of pitting or cracking. The licensees have responded with ad hoc
assessments of steam generator fitness-for-service because existing codes and standards offer little
detailed guidance.

2.

Objectives

The objectives of this project were as follows:

(1)

To characterize defect mechanisms which could affect the integrity of degraded

steam generator tubes.

(2)

To review and critique criteria for dispositioning degraded steam generator tubing

given in Canadian and international standards and codes of practice.
(3)

To review and critique other state-of-the-art national and international steam

generator fitness-for-service criteria and guidelines.

(4)

To obtain recommendations for criteria that could be used to assess fitness-for

service guidelines for steam generator tubes containing defects in Canadian power plant
service.
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3.

Tasks Performed

The tasks performed in carrying out this project included the following:

(1)

The degradation mechanisms that do or could affect CANDU steam generator tubes

in Canada were investigated and characterized. Significant examples of such mechanisms
were identified from Canadian and international experience, and were characterized in
detail.

(2)

The design standards and safety criteria, that apply to steam generator tubing in

nuclear power plant service in Canada and in Belgium, France, Japan, Spain, Sweden, and
the USA, were reviewed and described.

(3)

The fitness-for-service guidelines used for a variety of specific defect types in

Canada and internationally were evaluated and described in detail in order to highlight the
considerations involved in developing such defect specific guidelines. Existing procedures
for defect assessment and disposition were identified, including inspection and examination
practices.

(4)

The approaches used in Canada and in Belgium, France, Japan, Spain, Sweden, and

the USA, for fitness-for-service guidelines, were compared and contrasted for the defect
mechanisms identified in (1) above.

The strengths and weaknesses of the various

approaches were assessed.

(5)

Recommended

approaches,

for

consideration

during

development

of

fitness-for-service guidelines for use in the dispositioning of steam generator tubing defects
in Canadian plants, were developed.
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4.

Acronyms and Terminology

AECB

Atomic Energy Control Board

ARC

Alternate repair criteria. These are repair criteria used, for dispositioning steam
generator tubes, that supplement or supersede the commonly used "40% of wall"
criterion at the location of interest (the 40% of wall criterion, continues to apply
elsewhere). This term is synonymous with "fitness-for-service guidelines."

ASME

American Society of Mechanical Engineers. The ASME publishes the Boiler and
Pressure Vessel Code which contains rules for design, fabrication and inspection of
nuclear components such as steam generator tubes.

AVB

Antivibration bars. Antivibration bars are devices used in the U-bend area of steam
generator tube bundles to suppress vibration and thus minimize problems due to
vibration- induced wear or fatigue.

AVT

All volatile treatment. All volatile treatment is a secondary system water chemistry
practice that involves use of treatment chemicals that are volatile in steam, and
therefore do not concentrate solids in crevice areas of steam generators as a result of
boiling or dryout.

B&W

Babcock and Wilcox, a supplier of reactor equipment and services, including steam
generators.

CANDU

Canadian Deuterium Uranium Reactor Plant.

CE

Combustion Engineering, a supplier of reactor equipment and services, including steam
generators.
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CFR

Code of Federal Regulations. The Code of Federal Regulations contains rules and
regulations of the USA government, including those that apply to nuclear power.

ECT

Eddy Current Test.

EFPY

Effective Fu!l Power Years. The time at 100% power that would have produced the
same amount of energy as actually produced, usually at variable power levels.

EPRI

Electric Power Research Institute.

FIV

Flow Induced Vibration.

FFS

Fitness-for-Service.

FLB

Feedwater Line Break.

F* Criteria F* criteria are alternate repair criteria that apply to full tube sheet depth hard rolled
tubes that allow defects detected below a certain distance from the bottom of the roll
transition or top of tube sheet, whichever is lower, to remain without repair, regardless
of defect size. The F* distance is established by considering the length of roll
expansion needed to resist tube pull out forces. The F* distance for full depth rolled
steam generators is typically about 1.5 to 2 inches (38 to 51 mm).

HTMA

High Temperature Mill Anneal. High temperature mill anneal refers to a type of final
mill anneal used for Inconel 600 tubing in which the temperature is high enough to
solutionize carbides. The solutionizing of carbides during the anneal allows subsequent
precipitation of carbides at grain boundaries during cooldown, and thus results in a
microstructure with relatively high resistance to PWSCC.

ID

Inner Diameter.
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IGA

Intergranular Attack. Intergranular attack is corrosion attack at grain boundaries that
tends to occur at all grain boundaries in the affected area.

IGA/SCC Intergranular Attack/Stress Corrosion Cracking. Intergranular attack/stress corrosion
cracking is corrosion attack on the secondary side that involves both intergranular
attack and stress corrosion cracking.

The stress corrosion cracking is typically

intergranular, but is, in rare cases, transgranular.
IGSCC

Intergranular Stress Corrosion Cracking. Intergranular stress corrosion cracking is
corrosion attack involving isolated cracks at grain boundaries propagating in regions
with tensile stress.

KWU

Kraftwerk Union, a supplier of reactor equipment and services, including steam
generators.

LBB

Leak Before Break. This term generally refers to a situation where the leakage during
normal operation through a growing crack becomes detectable before the crack grows
to the size where it could cause rupture during normal operation. However, LBB is
also sometimes used by some workers and countries to mean the same thing as LBRB,
defined below; their usage is retained in this report while discussing their work.

LBRB

Leak Before Risk of Break. This term refers to a situation where the leakage during
normal operation through a growing crack becomes detectable before the crack grows
to a size where it could cause rupture under accident conditions. Since accident
pressures are typically higher than normal pressures, LBRB is more difficult to meet
than LBB.

LOCA

Loss of Coolant Accident.
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LTMA

Low Temperature Mill Anneal. Low temperature mill anneal refers to a type of final
mill anneal used for Inconel 600 tubing in which the temperature is not high enough
to solutionize carbides. Not solutionizing carbides during the anneal prevents the
subsequent precipitation of carbides at grain boundaries during cooldown, and thus
results in a microstructure with relatively high susceptibility to PWSCC. The material
typically has intragranular carbides, rather than intergranular carbides.

MRPC

Motorized rotating pancake coil. Since essentially all RPC currently used in steam
generators are motorized, the terms MRPC and RPC normally are equivalent.

NDE

Nondestructive examination.

NRC

Nuclear Regulatory Commission.

The NRC is the agency of the USA federal

government that is responsible for regulating nuclear power plants.

OD

Outer Diameter.

ODSCC

Stress corrosion cracking initiating from the outer diameter surface of a tube.

PASNY

Power Authority of the State of New York.

PHWR

Pressurized Heavy Water Reactor.

PPM

Parts per million.

PWR

Pressurized water reactor.

P* Criteria P* criteria are alternate repair criteria that apply to full depth hard rolled tubes and that
allow defects detected below a certain distance from the top of a tube sheet to remain
without repair, regardless of defect size. Except for peripheral tubes, the P* distance
is typically about 1.25 to 1.5 inches (32 to 38 mm). It is established by considering
the ability of other tubes to prevent tube pull out.
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PWSCC

Primary Water Stress Corrosion Cracking. Intergranular stress corrosion cracking that
occurs in alloy 600 on the primary side.

RG

Regulatory Guide. Regulatory Guides are documents issued by the NRC that provide
guidance as to how NRC regulations may be met.

RPC

Rotating Pancake Coil. This is a specialized eddy current test method often used to
obtain an improved characterization of tube degradation, especially crack length.

SCC

Stress Corrosion Cracking.

SG

Steam Generator.

SLB

Steam Line Break.

S SE

Safe Shutdown Earthquake. This is defined in 10CFR100 (USNRC regulations),
Appendix B, as "the vibratory ground motion for which certain structures, systems, and
components must be designed to remain functional."

ISP

Tube Support Plate.

TTS

Top of Tube Sheet.

TWD

Through Wall Depth. This term is normally used in conjunction with a percentage,
and shows the fraction of the tube wall that has been penetrated by a defect.

US

United States.

UT

Ultrasonic Test.

B.

STEAM GENERATOR TUBING DEGRADATION MECHANISMS

1.

Objective

The objectives of this review were to investigate and characterize the degradation mechanisms that
do or could affect CANDU steam generator tubes in Canada, and to describe and characterize
significant examples of these degradation mechanisms.

2.

Steam Generator and Plant Design and Operating Features

In order to provide background for the discussion of tube degradation mechanisms, some important
steam generator and plant design and operating features of CANDU plants in operation or under
construction are listed in Table B-l. A summary of similar information, for several types of
PWRs in use in other countries is provided in Table B-2.

3.

Degradation Mechanisms

The degradation modes that currently affect CANDU steam generators, or are judged to have the
potential to affect them, are described below and are illustrated in Figure B-l. The judgment that
a degradation mode has the potential for affecting CANDU steam generators is largely based on
experience with PWR steam generators, together with an assessment of the similarities and
differences in design and operation of CANDU steam generators and PWR steam generators. The
discussions focus primarily on modes affecting recirculating steam generators. However, problems
affecting once-through steam generators are covered for cases considered to be relevant to
recirculating steam generators. Examples of each degradation mode are described.

3.1

U-Bend Fatigue
(1)

Description. U-bend fatigue is the occurrence of fatigue cracks in tubes in the

U-bend area. The cracks normally occur at or close to the top TSP or at supports in the
U-bend area. The cracks are oriented in the circumferential direction and first propagate
through wall. The cracks then propagate around the circumference. The cracks typically
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are transgranular, and crack faces often exhibit striations typical of fatigue crack
propagation. Additional information on this degradation mode was provided in a previous
report and will not be repeated here.1

(2)

Causes. The driving force for propagation of the cracks is flow-induced vibration

(FIV), which results in cyclic stresses. The presence of corrosive conditions is typically
not important for most of the crack propagation history, which is predominantly
mechanically driven fatigue. However, the initiation of the cracks, and the growth of small
newly initiated cracks to the size where rapid fatigue growth can occur, can be caused or
accelerated by corrosive conditions, as noted in some of the examples of U-bend fatigue
discussed below.

(3)

Canadian Steam Generator Experience.

U-bend fatigue was first observed in

CANDU steam generators in a few tubes in Bruce A in 1978, and a few additional cases
occurred in the late 1970s and early 1980s.2 This fatigue was attributed to FIV, with
corrosion not playing a significant role. Since that time, up to about 1990, Bruce A was
essentially unaffected; the cessation of fatigue problems during this time period was
apparently due to measures taken to modify flows in the U-bend area3 or due to reductions
in flow rate due to deposit and scale build-up, or both. However, in the past few years
U-bend fatigue has occurred in the hot legs of Bruce A Units 1 and 2 at a significant rate.
Initiation of the fatigue cracks appears to be mainly the result of stress corrosion cracking
(SCC) at restraint locations acting as fatigue crack initiators, coupled with increases in flow
rates in the U-bend area associated with water jet cleaning of clogged tube support plates
in the 1989-1990 time period.4

Units 3 and 4, which were not cleaned, experienced no

tube failures in the same time period.

(4)

International Experience. Because the tube configuration and flow conditions in

once-through steam generators are quite different from those in recirculating steam
generators of the CANDU type, once-through cases of fatigue are only briefly mentioned
in this report, and only PWR recirculating steam generator fatigue cases are discussed in
detail. There have been three confirmed cases of U-bend fatigue in recirculating type PWR
steam generators. In two of the three PWR recirculating steam generator cases, North Anna

i
I
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1 (USA) and Mihama 2 (Japan), the fatigue was on the cold leg and was attributed to
improper support of the tube, leading to unexpectedly high flow-induced cyclic stresses,
with no confirmed evidence of intergranular attack (IGA) or SCC involvement in the crack

I
I
•

initiation.5-6 In the third case, at Indian Point 3 (USA), the crack occurred on the hot leg
in a properly supported U-bend. In this case, initiation of the fatigue crack was associated
with shallow IGA/SCC at a dented TSP of the drilled hole type.7

In two of the three PWR cases of U-bend fatigue, North Anna 1 and Indian Point 3, there
was denting at the drilled hole TSPs above which the crack occurred. At the third case,

I

Mihama 2, the supports were packed, but not dented. Denting of supports increases the risk
of fatigue cracking as a result of decreased damping, which leads to increased vibration

|

amplitudes and cyclic stresses, and also because it results in higher mean stresses that
reduce the endurance limit for crack initiation. Perhaps even more important, denting

I

develops stresses that increase the likelihood of initiation and growth of circumferentially
oriented IGA/SCC cracks that can act as fatigue crack initiators.

I
I
I
I

As described in an earlier report, corrosion fatigue cracks have been a significant problem
in once-through steam generators in the USA.8 These cracks are attributed to corrosive
conditions and high steam flow rates at the top of the steam generator associated with a
missing row of tubes (an "inspection lane"). The problem led to periodic tube leaks and
forced outages at several plants over a period of years. The problem has been addressed
by preventive plugging and sleeving of tubes in the susceptible areas of plants with
once-through steam generators. This problem is not considered to be directly applicable
to recirculating steam generators but illustrates that, where fatigue conditions are marginal
due to design problems, repeated fatigue failures can occur until permanent corrective
actions are taken (in the once-through steam generator case, mainly preventive sleeving).

(5)

Remedial Approaches. The main protective measures that can be taken against

occurrence of fatigue cracks are, first, avoidance of conditions conducive to crack initiation
and, second, minimizing the driving force for crack propagation. Avoiding conditions
conducive to crack initiation include:
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(a)

Avoiding or minimizing denting at supports. Denting increases risks of fatigue

since denting (i) increases chances of SCC crack initiators being present as a result of
imposed strains and stresses, (ii) increases mean stresses, thus reducing fatigue
endurance limits, and (iii) also reduces damping. Avoiding or minimizing denting is,
for operational plants, mainly a function of secondary water chemistry control —
avoiding ingress of impurities and oxidants, and use of boric acid. For new plants, use
of support designs with improved configurations and materials can greatly increase
resistance to denting.

(b) Minimizing development of aggressive chemical and electrochemical conditions
in support locations. Such aggressive conditions increase the chances of SCC induced
crack initiators and also reduce fatigue endurance limits. Avoiding such aggressive
conditions involves minimizing the ingress of impurities and keeping them in molar
balance, minimizing the ingress of oxidants, minimizing the build-up of deposits that
can lead to crevice conditions conducive to concentration of impurities, and use of
boric acid to reduce impurity aggressiveness.

(c) Minimizing fretting at support locations. Experience at Mahomet 2 indicated that
fretting at the support reduced the endurance limit for crack initiation.

(d) Preventive plugging of tubes judged to be highly susceptible.

Avoiding conditions conducive to crack propagation include:

(a) Ensuring that supports are per design. Improperly placed supports can result in
increased FIV as result of longer unsupported spans and higher flow rates.

(b) Avoiding denting or packing of supports.

Denting or packing of supports

decreases damping and thus increases the potential for development of large amplitude
vibrations.
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(c) Preventing excessive flow rates that can cause high amplitude FIV. This is mainly
a function of initial design. However, for older units, maintenance operations such as
removal of deposits by water jet lancing or chemical cleaning can increase flow rates
and result in problems (though opening of support crevices can also be beneficial by
increasing damping and reducing impurity concentrations). Similarly, changes to flow
restrictors in the downcomer, e.g., to increase recirculation and thus improve corrosion
conditions, have the potential of increasing risks of excessive FIV.

(6)

Probable Future Occurrence. For some susceptible units, avoidance of conditions which

are conducive to fatigue, especially the occurrence of IGA/SCC at supports in units with mill
annealed Inconel 600 tubes, appears to be difficult over the long term. These susceptible
units are those which require only small precursor cracks before fatigue crack growth can
occur. Pits, at supports of units with alloy 400 or alloy 800 tubing, may have the potential
to act as fatigue initiators, similar to the way that IGA/SCC acts in alloy 600 tubes. Thus,
it appears possible that occasional U-bend fatigue cracks will occur at some plants as they
age, if their steam generators have tube supports of a type that become packed or dented as
they age, i.e., if they have drilled hole or similar supports, or if they have broached hole
supports that are allowed to become packed.

(7)

Implications with Respect to Safety. Once cracks reach a size conducive to growth by

fatigue, they tend to grow rapidly. For example, the time for growth of a crack, from a size
detectable due to leakage at North Anna 1 to a full tube rupture, was about 24 hours. This
rapid growth means that it is unlikely that there will be, at any one time, a significant
population of cracks with sizes that would lead to tube rupture under steam or feed line
breaks. In addition, it means that leak rate monitoring, with low allowed leak rate limits and
rapid response high-sensitivity leak detect methods (e.g., N16 type monitors), can provide
leak-before-risk-of-break protection for plants with known or suspected susceptibility to
fatigue problems.
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3.2

IGA/SCC at Supports, in Sludge Piles, and at Top of Tube Sheet Crevices

(1)

Description.

IGA/SCC occurs on the secondary side of tubes where impurities

concentrate due to boiling under restricted flow conditions. The most typical locations are
at occluded areas at supports, in sludge piles, and at TTS crevices, though IGA/SCC can also
occur on free spans under the relatively thin deposits that build up on tube surfaces. Except
in cases where large amounts of lead contamination have occurred, IGA/SCC in Inconel 600
is mostly intergranular (while less experience has accumulated with Monel 400 and Incoloy
800, stress corrosion cracking has not been a significant problem in steam generators tubed
with these materials). In cases where significant amounts of lead are involved, the cracking
in Inconel 600 can be partly transgranular. However, even in cases with some transgranular
aspects, the general pattern of attack is controlled by the intergranular attack. The IGA/SCC
occurs in a variety of patterns, ranging from single stress corrosion cracks to general
intergranular corrosion.

One of the intermediate forms of attack involves intergranular

penetrations, where the IGA/SCC advances through-wall in a relatively broad front involving
many grain boundaries, rather than along isolated grain boundaries. Another intermediate
form of attack is called cellular corrosion. In this type of attack, the corrosion forms patterns
of cracks on the surface arranged in roughly hexagonal or rectangular cells. Typically,
cellular attack becomes mostly axial as the wall is penetrated.

(2)

Causes. The causes of IGA/SCC can be separated into three categories: environment,

stress and cold work, and material. With regard to environmental factors, tests and plant
experience indicate that there is a range of impurities that can cause IGA/SCC, including
caustics such as sodium and potassium, acid forming impurities such as resins and various
other sulfur containing materials, and lead. Tests indicate that IGA/SCC can grow even in
neutral concentrated solutions.9 IGA/SCC is strongly accelerated by the presence of oxidizing
conditions, which can be the result of ingress of dissolved oxygen or of oxidizing corrosion
products, especially copper oxides or ions. With regard to stress and cold work, it has been
found that the presence of residual tensile stresses and cold work on tube surfaces, such as
at expansion transitions at the TTS, due to tube straightening and polishing, and due to
manufacturing damage such as abrasions or dings, increase the risk and rate of IGA/SCC.
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With regard to material factors, for Inconel 600, it has been found that all mill annealed
material is susceptible to some degree, but that the degree of susceptibility varies to some
extent in some environments, depending on microstructures and compositions. However,
reliable correlations in this regard have not been developed.

(3)

Canadian Steam Generator Experience. IGA/SCC in CANDU units has been detected

at supports in the U-bend region of Bruce A steam generators. In these steam generators, the
U-bend supports consist of stacked scallop bars. The holes formed by the stacked scallop
bars are similar to holes in drilled TSPs but have tapers at each end, with the central constant
diameter cylindrical hole being 1/8 inches (3 mm) long.10 The tube to scallop bar holes
appear to have become packed with deposits, and the deposits extend from the scallop bars
a short distance along the tube.

The IGA/SCC occurs under the deposits, and is

circumferentially oriented. There is some deformation occurring at the scallop bar locations,
which may be playing a role in the initiation and growth of the IGA/SCC."

(4)

International Experience. IGA/SCC in PWR steam generators was first detected in tube

sheet sludge piles of early plants that operated with phosphate water chemistry. It was
hypothesized that, in these plants, strongly caustic conditions occurred in the sludge piles on
the tube sheets as a consequence of having a high sodium to phosphate molar ratio in the
steam generator bulk water.12 IGA/SCC was also detected in two early plants (Obrigheim
(Germany) and Beznau 1 (Switzerland)) that operated on AVT type water chemistries
(Beznau 1 experienced further cracking after switching to phosphates).13'14

In the years

following the switch of most PWR plants in the mid 1970s from phosphate to AVT water
chemistry, IGA/SCC has been an increasing problem. After the switch to AVT, attack was
first noted in the late 1970s, in the deep tube-to-tube-sheet crevices of units with part depth
rolled tubes, and most part depth rolled units eventually experienced the problem. The next
location of attack was in sludge piles on tube sheets. Since the mid 1980s, attack has been
increasing at tube supports, especially at plants with drilled hole TSPs but also at plants with
strip type supports and mill annealed Inconel 600 tubing (it has not been a problem at KWU
plants with stainless steel strip type supports and Alloy 800M tubing). In all of the above
locations, the main cracks associated with the IGA/SCC have been axially oriented.
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However, recently, circumferentially oriented IGA/SCC has been detected in increasing
amounts at the top of the tube sheet of plants with full depth expanded (hard rolled or
explosively expanded) tubes of both LTMA and HTMA Inconel 600, and at dented supports
at plants with drilled hole carbon steel TSPs.

(5)

Remedial Approaches. The main preventive measures against IGA/SCC being taken

for new units involve minimizing the presence of crevices, changing the material composition
and heat treatment of the tubes to increase corrosion resistance, and reducing stresses by
design and material processing changes. For units already built or in operation, the main
measures involve (i) limiting the development of aggressive impurities in occluded areas by
minimizing the ingress of impurities and by keeping the impurities in molar balance, and (ii)
lowering the oxidizing potential by minimizing ingress of oxygen and oxidizing corrosion
products by water chemistry practices (e.g., reducing air in leakage and use of high hydrazine
levels in the feedwater), and (iii) using on-line additions of boric acid in an attempt to inhibit
or slow the growth of defects.

For steam generators which have already experienced

IGA/SCC attack, preventing growth of the IGA/SCC has been found to be difficult, and no
certain remedial approaches, other than temperature reduction, have been identified. Many
affected plants have implemented boric acid addition programs, but field experience has
shown boric acid to provide only moderate benefits. EPRI is sponsoring development of
additional inhibitors intended to retard the growth of IGA/SCC; however, to date, no firm
data, showing that such inhibitors will be successful in actual plants, have been produced.

With regard to axial IGA/SCC at drilled hole TSPs, alternate repair criteria have been
developed that allow defects below certain sizes to remain in service. These alternate repair
criteria have resulted in significant reductions in the numbers of tubes requiring repair.

(6)

Probable Future Occurrence. The overall picture that one develops regarding IGA/SCC

in units with mill annealed Inconel 600 tubing is that (i) it almost inevitably occurs at
support, sludge pile, and top of tube sheet locations where impurities concentrate as a result
of boiling on the secondary side of steam generators and (ii) once it starts, its continued
growth cannot be prevented. Water chemistry practices initially used in Japan (low impurity
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"

I

and oxidant ingress, molar ratio control, high hydrazine, on-line boric acid) have resulted in
|

some slowing of the rate of attack, as compared to rates in other countries, but have not
stopped continued progression of the attack. The main exceptions to occurrence of detectable

I

IGA/SCC thus far are for plants where avoidance of aggressive conditions has been
continuous since initial startup, apparently as a result of a combination of molar ratio control,

I

high hydrazine, and very low impurity and oxidant ingress since initial startup (this is
believed to be the situation at Genkai 2 and Ikata 1 and 2 (Japan), or at plants where sea

I

water in-leakage has provided protection (e.g., Ohi 2 (Japan), Kori 1 (Korea) and Indian
Point 2 (USA)). However, there is no assurance that these units will continue to be free of

I

IGA/SCC and, in fact, it seems probable that they will eventually develop it.

|

(7)

Implications with Respect to Safety. The probability of defects developing due to

IGA/SCC that pose the risk of tube rupture under accident conditions varies strongly,
I

depending on the location and morphology of the IGA/SCC. The commonly observed axially
oriented IGA/SCC seen in support crevices is not likely to cause safety problems in drilled

I

hole TSPs since the TSP, as long as it is in place, provides mechanical support and makes
it unlikely that tube burst could occur, and since the length of the defects tends to be limited
to the TSP thickness. However, eggcrate supports provide little support, and burst due to
axial cracks in such supports is more of a concern. Axial cracks in broached hole supports
might also be of more concern though, as far as known to DEI, tests to determine leak and
burst properties of cracks in broached hole supports have not been performed. An additional
consideration is that displacement of TSPs by accident-developed pressure forces is a

i

possibility, thus removing the support provided by the TSP. Axially oriented IGA/SCC in
sludge pile areas or in other freespan areas is of concern, since the degraded area can extend
over larger areas of the tube, and since the sludge or freespan deposits provide no mechanical
support. IGA/SCC associated with dents or with expansion transitions is also of significant
concern since the stress patterns associated with dents and expansion transitions often lead
to circumferentially oriented cracks that pose risks of double ended tube ruptures.

In

addition, circumferentially oriented IGA/SCC cracks can, in some locations, act as initiators
of FIV driven fatigue cracks.

B-10
A safety issue which needs to be considered by plants experiencing significant IGA/SCC is
the potential for primary to secondary leakage, through small cracks, to increase during
postulated accidents. Accidents such as steam line breaks can impose high differential
pressures, flow forces, and thermal strains and stresses which have the potential for opening
up cracks and increasing leak rates.

Since several locations along each tube may be

susceptible to IGA/SCC, it may be possible that there is a large population of defects that
could contribute to the accident leak rate.

The general picture that develops at plants with steam generators with widespread IGA/SCC
is that extensive periodic inspections and repairs are required to keep the units in a safe
condition. The inspection frequency required to maintain safety is set by factors such as
defect detection limits of the NDE being used, crack growth rates, the size of the cracks that
can be tolerated from a structural reliability standpoint, and the number and size of cracks
that can be tolerated considering limits on accident leak rates imposed by site dose limits.

3.3

Pitting in Sludge Piles and at Supports

(1)

Description. Pits in steam generator tubes generally occur in occluded areas at sludge

piles and supports. In many cases the pits (especially in Inconel 600 tubes) have been small
in size, such that a relatively small area of the tube wall has been degraded. If pits of this
type are well spaced, their impact on structural integrity is small. However, sometimes pits
occur in closely spaced linear arrays, such as along a scratch. In addition, some pits in the
Monel 400 tubes in Pickering steam generators have been relatively broad. For example, the
through wall pit that led to a tube leak and plant shutdown at Pickering B in October 1991
had a maximum extent of 8 x 4 mm (0.31 x 0.16 in.) (but with the severely degraded area
being much smaller).15 In cases where linear arrays of closely spaced pits occur, or where
pits are broad, pits have the potential of significantly reducing tube burst strength.

(2)

Causes. Pitting is a corrosion phenomenon where chemical effects cause localized

penetration of the material.

The occurrence of pitting is generally attributed to the

development of acid oxidizing conditions due to concentration of impurities introduced with
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the feedvvater, and is often associated with the presence of copper ions or oxides together
with chlorides and/or sulfur species.
(3)

Canadian Steam Generator Experience.

In CANDU plants, the main occurrence of

pitting has been in the Pickering B, Unit 5, steam generators. However, other Pickering A
and B units, and Point Lepreau, are also affected. In the Pickering B steam generators,
which have Monel tubes, the pits have occurred primarily on the hot leg side, at support plate
intersections and in the tube sheet sludge pile. At Point Lepreau, which has Incoloy 800
tubes and uses phosphate water chemistry, the pits have also occurred on the hot leg side.
At both Pickering B, Unit 5, and Point Lepreau, through wall pits have occurred. The pitting
has been attributed to acid oxidizing conditions.

(4)

International Experience. In PWR steam generators, there have been several cases of

severe pitting, several cases of moderate pitting, and fairly frequent reports of minor amounts
of pitting being observed in tubes removed for other reasons.16 These cases are summarized
below:

(a)

Severe Pitting ("pitting resulting in over 10% tubes repaired). Large numbers of

tubes have required repair because of pitting at Indian Point 3 (USA), Millstone 2
(USA) and Kori 1 (Korea). All of these units have mill annealed Inconel 600 steam
generator tubes, salt water cooled condensers, and have only operated on AVT water
chemistry. The pitting has occurred primarily in sludge piles on the tube sheets, with
the cold leg being more severely affected than the hot leg. The pitting is attributed to
the presence of chlorides from cooling water inleakage, together with the presence of
oxidizing conditions, probably resulting from relatively high concentrations of oxygen
in the condensate and the ingress of copper oxides and copper ions into the steam
generators. Sulfur species are also believed to be an aggravating factor. As a result
of the pitting, large numbers of tubes were sleeved in all three plants. The pitting was
a factor in the decision to replace the Indian Point 3 and Millstone 2 units, and is also
believed to be a factor in ongoing replacement evaluations for Kori 1.
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(b)

Moderate Pitting (pitting resulting in 1 - 10% of tubes repaired"). Moderate

numbers of tubes have required repair due to pitting at several PWRs: Connecticut
Yankee (USA), Indian Point 2 (USA), Mihama 1 (Japan), and Yankee Rowe (USA).
All of these units have mill annealed Inconel 600 steam generator tubes, except for
Yankee Rowe, which has Type 304 stainless steel tubes. All of the units operated for
periods of time with phosphate water chemistry, and mainly have experienced pitting
during subsequent periods of operation on AVT. Indian Point 2 and Mihama 1 have
salt water cooling, while Connecticut Yankee and Yankee Rowe have fresh water
cooling.

(c)

Minor Pitting ("pitting resulting in <1% of tubes requiring repair). Several plants

have reported repairs of small numbers of tubes because of pitting, including Angra 1
(Brazil), Byron 1 (USA), Salem 2 (USA) and Trojan (USA). All of these units have
mill annealed Inconel 600 tubing, and have only operated on AVT. Angra 1 and Salem
2 are salt water cooled, while Byron 1 and Trojan are fresh water cooled. In addition
to the above plants, examinations of tubes removed for other reasons from plants such
as Doel 4 (Belgium) and Asco I and 2 (Spain) have occasionally shown the occurrence
of minor pits, especially in sludge pile and tube support plate locations.

(5)

Remedial Approaches. As noted earlier, the occurrence of pitting is generally associated

with acid oxidizing conditions. In newer plants, pitting has not been a serious problem. This
is attributed to the development and use of modern AVT water chemistry practices (including
leak tight condensers), which minimize the introduction of oxygen, oxidizing corrosion
products, and impurities such as chlorides and sulfur species. In the three older plants which
were severely affected by pitting, control of pitting has been attempted by making water
chemistry changes directed at reducing the ingress of impurities and oxidants and, in two
cases, by chemical cleaning. Significant reductions in the rate of attack by pitting were
achieved at Millstone 2 by the water chemistry changes and chemical cleaning. However,
this unit started to experience severe IGA/SCC at the top of the tube sheet a few years after
the chemical cleaning, and its steam generators were then replaced. At Indian Point 3, where
chemical cleaning was not performed, pitting continued until steam generator replacement,
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despite the application of water chemistry improvements. While the most recent inspection
results for Kori 1, which chemically cleaned in 1990, are not currently available, significant
numbers of tubes required repair due to pitting at the first inspection following chemical
cleaning.

(6)

Probable Future Occurrence.

It is believed that modern water chemistry control

practices, especially minimizing acid oxidizing conditions by means of (i) limiting ingress
of chlorides and sulfates, (ii) use of high levels of hydrazine, and (iii) limiting ingress of
oxidizing corrosion products, have the potential of largely eliminating pitting as a major
concern.

However, experience at Indian Point 3 and Millstone 2 was not especially

encouraging, since pitting continued to increase at Indian Point 3 subsequent to
implementation of many remedial measures, and since Millstone 2 developed severe
circumferential IGA/SCC at the TTS several years after chemical cleaning. This spotty
experience makes it difficult to develop a reliable prediction regarding the possibility of
continued pitting or other problems at Pickering B.

(7)

Implications with Respect to Safety. Because pits in Inconel 600 tubes tend to be

isolated and small, they have not in general presented significant risks of causing large leaks
during normal or accident conditions. For this reason, periodic monitoring by ECT, coupled
with appropriate repair criteria, has prevented serious problems from developing, with the
only continuing problem being occasional small leaks. However, the pits at Pickering have
tended to be broader in extent than pits in Inconel 600, and thus possibly pose more of a risk
to safety.

The contribution of pits to accident leak rates needs to be considered when setting repair
criteria. In this regard, the possible effects of the high differential pressures, flow forces and
thermal stresses and strains associated with accidents, on opening up defect sizes, need to be
considered for pits, just as for other defect types.
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Conceptually, it is possible that either large numbers of small pits in an area of a tube or a
few deep broad pits could weaken the tube such that large leaks could occur in service or
during an accident. However, such massive pitting would probably require the occurrence
of unusual upset chemistry conditions, and is considered to be an unlikely occurrence that can
be guarded against by normal inservice inspections and chemistry monitoring.

Another possible problem related to pitting that can be hypothesized is that pits could act as
a stress raiser and serve to initiate fatigue cracks. This could be a concern in locations where
tubes are subject to significant cyclic stresses. Possible locations could be at the top of the
tube sheet or at U-bend supports in locations where cross flows are significant. For this
reason, inspection requirements and acceptance criteria may need to be more stringent in such
locations, if potentials for pitting and fatigue are known to exist. A factor tending to reduce
concerns regarding this scenario, is that fatigue cracks grow rapidly, such that it is unlikely
that large part wall cracks can exist for more than a short period of time. This reduces
concerns that a population of cracks could be present that would go through wall under
accident conditions.

3.4

Denting and Distortions Induced by Support System Corrosion

(1)

Description. Denting refers to the inward deformation of the tube wall. The most

common causes of such deformation are initial manufacturing damage and service induced
deformation caused by corrosion of supports. Manufacturing induced dents are often crimps
at supports that apparently occurred as a result of bending during steam generator fabrication,
or "dings" where the tube wall was locally pushed inwards. Service induced dents caused
by corrosion of supports can occur in a variety of configurations, including axisymmetric
constriction of tubes at supports, non axisymmetric or lobed constrictions at supports, and
crimping, ovalization or flattening of tubes at supports or at the top of tube sheet as a result
of bending forces applied to the tubes by overall tube bundle and support system deformation
caused by corrosion product buildup. This last type of "denting" is more properly described
as distortion or stressing induced by corrosion of the support system.
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(2)

Causes.

The causes of manufacturing induced dents and dings have not been

investigated in the public literature, but are presumed to be the result of damage such as tube
bending or tool impact that inadvertently occurred during the tube or steam generator
manufacturing process. Essentially all service induced dents and overall bundle distortions
are believed to be the results of corrosion of carbon steel structural parts or of metal foreign
objects left in the steam generator during manufacture, or inadvertently introduced into the
steam generators during plant construction or operation. Corrosion of structural or foreign
materials can result in deformation because corrosion products typically have two or more
times the volume of the base metal consumed by the corrosion. The expansion caused by
the corrosion can locally deform the tube wall, such as in a support, at a location where a
foreign object is jammed between tubes, or where a layer of corrodible foreign material has
collected on top of the tube sheet. The expansion caused by corrosion can also cause
movement of supports and restraints, and thus cause long range bending and straining of
tubes, as well as local deformation.

(3)

Canadian Steam Generator Experience. Denting and tube bundle distortion in Canadian

steam generators has mainly been restricted to the Bruce A steam generators. These steam
generators have stacked scallop bars made of carbon steel that provide support to larger
radius U-bends. The tube holes in the scallop bar stack have the configuration of drilled
holes with tapers at each end of the hole. Deformation of the U-bend area of the tube bundle
has been observed. It appears to be a result of corrosion, between the scallop bars, which has
increased the height of the stack of bars. Some denting deformation of individual tubes, at
scallop bar supports, has also been observed. Recently, some minor denting has also been
detected at broached hole supports at Bruce A and at lattice bar supports at Pickering A. The
occurrence of IGA/SCC in the U-bend area at Bruce A is attributed in part to the distortions
that have occurred in those steam generators. The tube stresses developed by the distortions,
together with aggressive environments that developed in crevice and under-deposit areas, are
believed to have been responsible for this IGA/SCC.
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(4)

International Experience. There have been many cases of denting in PWR steam

generators. With the exception of a few plants, denting in currently operating PWR steam
generators does not present a serious problem. However, in the past, denting has resulted in
serious problems. A summary of denting experience is as follows:

•

The first major problem with denting occurred after the water chemistry in PWR steam
generators was switched from phosphate to AVT in the mid 1970s. Denting was
especially severe at salt water cooled plants, and led to tube leaks and forced outages
within about a year after changing to AVT. The tube leaks were attributed to PWSCC
caused by the straining of the tubes due to dent induced deformations. Numerous tubes
required plugging, and the steam generators at Surry 1 and 2 (USA) and Turkey Point
3 and 4 (USA) required replacement in the 1979-1983 time period because of this
problem. Less severe denting occurred at numerous other salt water cooled plants,
which resulted in numerous remedial actions being taken and, in some cases,
contributed to the need to eventually replace the steam generators. As a result of this
denting experience, the industry developed numerous remedial measures, including
greatly tightening water chemistry controls and upgrading of secondary system
equipment (e.g., replacement of condenser tubes, use of condensate polishers, upgrading
makeup water supplies, installation of better chemistry monitoring systems, etc.).

•

Denting at fresh water cooled plants has also occurred, but at a slower pace than at salt
water cooled plants. In some cases denting at fresh water plants resulted in PWSCC
and IGSCC at dented tube supports, in both sensitized and non sensitized mill annealed
Inconel 600 tubing. This type of cracking was the prime factor for steam generator
replacement at Palisades (USA) (sensitized tubing) and at North Anna 1 (USA) (non
sensitized tubing), and is an important factor in current replacement plans for North
Anna 2 (USA) (non sensitized tubing).

•

The presence of dented top supports was determined to be an important factor in a
U-bend fatigue failure that occurred at North Anna 1 in July 1987. The dent resulted
in higher mean stresses, reducing the endurance limit for fatigue crack initiation, and
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reduced damping in the support, resulting in higher tube vibration amplitudes and cyclic
stresses. Because of concerns arising from this incident, essentially all Westinghouse
PWRs have been inspected for denting at top TSPs in areas considered subject to FIV.17
Tubes with dents at this location, and thus considered susceptible to FIV fatigue, have
generally had wire cable stabilizers inserted and been plugged.
Dents probably played a similar role to that described above for North Anna 1 in a
U-bend fatigue failure that was experienced at Indian Point 3 in 1988. In the Indian
Point 3 case, denting may also have contributed to development of an IGA/SCC defect
that acted as a fatigue crack initiator.

Denting at the top of the tube sheet due to corrosion of foreign material (iron shot)
resulted in a leak and forced outage at Nogent 1 (France) in 1989. This problem was
found to also apply to several other French units. The cracks were determined to be
due to PWSCC, which occurred in deformed areas despite the thermal treatment of the
Inconel 600 tubes in the affected plants. Similar cracks occurred at Kori 2 (Korea),
which also has thermally treated Inconel 600 tubes. However, at Kori 2, IGSCC was
also observed at the tube OD, as well as PWSCC at the ID.

Denting of tubes at the top of the tube sheet, not associated with corrosion of foreign
material, has been reported at several plants. Denting at this location has been reported
for steam generators with full depth explosive and hydraulic expansions, and for units
with part depth rolls, but has not been reported for full depth hard roll expanded units.
This type of denting is believed to have been a factor in the top of the tube sheet
circumferential cracks observed at Millstone 2, which had full depth explosive
expansions.18 The denting mentioned above at Kori 2, which has full depth hydraulic
expansions, was apparently partly associated with corrosion of the tube sheet, as well
as with corrosion of iron particles in the sludge. Denting at the top of the tube sheet
at Tihange 1 (Belgium), which has part depth rolls, has been reported as being
associated with circumferential cracks in the TTS region.19
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•

Several CE steam generators have been found to experience cracks at what is known
as tie rod denting. One utility attributes this denting to corrosion of tie rods where they
pass through the sludge pile on top of the tube sheet.

(5)

Remedial Approaches. The main remedial approaches that have been taken in response

to denting have been as follows:

•

For severely affected plants, steam generators have been replaced with units of
improved design with stainless steel supports of either the broached hole type or of the
eggcrate/lattice bar type. Many secondary system upgrades have also been made either
before or at the time of steam generator replacement. These upgrades are the same
ones outlined below for plants which have not replaced steam generators for denting.

•

In order to reduce the driving forces for denting, namely ingress of oxidants and
impurities such as chlorides, plant systems and water chemistry practices have been
modified to reduce amounts of impurities, oxygen and oxidizing corrosion products that
are carried into the steam generators by the feedwater. These changes have included:

Replacement of condenser tubes, modification of condenser design features, and
use of improved leak detection methods so as to achieve leak tight condensers.

Modification of make up water systems to reduce oxygen and impurity levels in
the makeup water. Changes have included, for example, addition or improvement
of demineralizers, installation of oxygen exclusion and removal equipment such
as storage tank floating seals and vacuum degasifiers, and addition of reverse
osmosis equipment to remove non-ionic impurities such as organics and colloidal
clays.

Addition of new or expanded blowdown recovery systems in order to reduce the
amount of makeup water required, and to thus reduce the amount of impurities
and oxidants introduced by makeup water.
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Addition of upgraded sampling and chemistry monitoring equipment to allow
improved monitoring and control of feedwater quality.

Elimination of copper alloys from secondary system heat exchangers to reduce the
ingress of oxidizing copper corrosion products into the steam generators.

Use of on-line additions of boric acid to the feedwater so as to achieve about 5 to 10
ppm boric acid in the steam generator blowdown. Experience and tests indicate that
boric acid tends to reduce the rate of denting, apparently by improving the
protectiveness of the magnetite on the corroding carbon steel surfaces.

(6)

Probable Future Occurrence. Essentially all PWRs have succeeded in reducing the rate

of denting to small proportions relative to other degradation processes that are occurring.
However, at several units, denting that occurred early in life has strongly affected later
corrosion, even though active additional denting was or is minimal (e.g., North Anna 1 and
2). This corrosion has occurred at both inner and outer surfaces of the tubes at dented tube
support locations, and has in some cases been circumferential in orientation. As other units
age, and carbon steel tube support corrosion continues to occur at a slow rate, it is expected
that denting will begin to affect an increasing number of support intersections, despite the
application of many remedial measures. If steam generators are not replaced for other
reasons, this slow denting could result in significant numbers of tube defects.

(7)

Implications with Respect to Safety. The main concern with denting per se is its

interference with inspections of affected tubes. The normal practice is to plug tubes with
dents large enough to prevent suitable inspections from being performed. A more serious
concern is that tube stresses developed by denting are sometimes conducive to the growth of
circumferential cracks that have the potential of leading to tube severance, which, in turn, can
lead to damage to adjacent tubes. Another concern is that denting increases the risks of
corrosion fatigue by reducing damping, increasing mean stresses at possible crack locations,
and developing stresses that can result in intergranular attack or stress corrosion cracks that
can act as fatigue crack starters. For these reasons, when denting is observed, additional and
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more detailed inspections may be needed to ensure that unsafe conditions do not develop.
Additional considerations with regard to denting is that it makes use of sleeving more difficult
and that it could lead to tube leaks or rupture. The locking-in of tubes at supports due to
denting can result in high stresses being developed as part of the sleeve installation and stress
relief process. These stresses increase the probability of circumferential cracks developing
at the sleeve to tube weld.

3.5

Vibration Induced Wear/Fretting

(1)

Description. Vibration induced wear/fretting occurs when tubes experience significant

amplitudes of flow induced vibration (FIV), and the vibrating tube contacts structural parts
such as tube support plates, preheater baffles, or U-bend supports. Thinning of the tube
and/or the structural part can occur. The thinning can be mainly mechanical in nature, or can
be accelerated by corrosion at the contact location.

(2)

Causes. The main causes of FIV induced wear appear to be unexpectedly high flow

rates in local areas of tube bundles, and less than desired support of the tubes as a result of
manufacturing tolerances or variables.

(3)

Canadian Steam Generator Experience. Fretting at U-Bend supports affects 5% to 10%

of tubes in all Bruce B steam generators. Wear has reached a maximum depth of about 60%
in a few tubes and is continuing slowly.20

(4)

International Experience. International experience with tube wear/fretting associated

with FIV is described in an earlier report, and will not be repeated here.21 In summary, in
recirculating PWR steam generators, this type of wear/fretting has mainly occurred at
supports in bend regions and at feedwater inlet regions in preheater areas. A few cases of
severe wear have been experienced, and have required design changes to be made. Except
for these cases, the numbers of tubes affected, and the rates of tube damage, have been small.
The general picture is one of slow defect growth that allows leaks and ruptures to be
prevented by performance of periodic inspections and maintenance.
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(5)

Remedial Approaches. The main remedial approach for operating plants has been to

monitor degradation as it occurs and to plug tubes when wear depths become too large. In
a few cases, such as wear at U-bend antivibration bars in some early plants, and wear at
preheaters, design changes were required to reduce the rate of wear. For new plants, the
preventive approaches have involved tighter control of dimensions in U-bend support areas,
and performance of more refined thermal-hydraulic and FIV analyses to aid in design against
FIV wear.
(6)

Probable Future Occurrence. It is expected that wear will continue to slowly worsen

in many plants. However, wear defects generally progress slowly and affect limited numbers
of tubes.

(7)

Implications with Respect to Safety. FIV-induced wear defects typically do not present

serious safety implications since they are relatively easy to detect and size, using bobbin coil
ECT, and grow relatively slowly. Accordingly, FIV defects can be safely treated using a
periodic inspection and repair approach.

3.6

Phosphate Wastage

(1)

Description. Phosphate wastage is a thinning of tube walls that is commonly seen in

steam generators to which phosphates are added as part of secondary side water chemistry
control. The wastage typically is most severe in top of tube sheet sludge piles, but also is
observed at supports.

(2)

Causes. The main cause of phosphate wastage is believed to be the accumulation of

aggressive phosphate species in occluded areas due to non-flushed boiling and accumulation
of dissolved solids. These aggressive species slowly attack tubes of Inconel 600 or Incoloy
800 (presumably they would also attack Monel 400, but there is no service experience to
demonstrate this). The development of aggressive species that cause wastage is normally
attributed to low sodium to phosphate molar ratios in the bulk water that, after concentration
occurs in occluded areas, result in aggressive acidic conditions.
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(3)

Canadian Steam Generator Experience. One Canadian plant, Pt. Lepreau, is using

phosphates. It is believed that phosphates are being used at Pt. Lepreau because it is a sea
water cooled plant, and phosphates provide a means to buffer or neutralize chemistry
conditions in occluded areas that could become aggressive as a result of ingress of sea water.
Some relatively minor amounts of wastage have been reported as being observed at Pt.
Lepreau in conjunction with pitting damage.

(4)

International Experience. The US Navy has used phosphate water chemistry for many

years. Based in part on this experience, phosphate water chemistry was used in most PWRs
of Combustion Engineering and Westinghouse design until 1973 and 1974 respectively. As
a result of early problems with IGSCC, which were attributed to development of caustic
conditions in occluded areas due to the presence of excess sodium, the sodium to phosphate
molar ratio was specified to be below 2.6. However, in about 1973 - 1974, problems with
wastage were seen in several plants, despite control of sodium to phosphate molar ratios
within specified limits. As a result of not being able to find a sodium to phosphate molar
ratio control band that avoided both IGSCC and wastage, use of phosphates was largely
discontinued in CE and Westinghouse PWRs in the 1973 -1975 time period. Subsequent to
that time, three Westinghouse units continued to use phosphate water chemistry, San Onofre
1 (USA), Robinson 2 (USA), and Zorita (Spain). At San Onofre 1 and Robinson, some
wastage and some SCC continued to occur, and led to the need for massive sleeving at San
Onofre 1 (and was a factor in the early retirement of that plant, in 1992), and to steam
generator replacement at Robinson 2 in 1984 (at which time the plant switched to AVT). The
water chemistry specification in question, required maintaining phosphates in the range of 10
- 80 ppm sodium phosphates in the bulk water, and maintaining a sodium to phosphate molar
ratio of 2.3 to 2.6. Zorita has remained on phosphate water chemistry up to the present time,
with only minimal amounts of wastage or thinning experienced. Water chemistry at Zorita
was based on Kraftwerk Union (KWU) requirements, similar to those discussed below.

KWU plants mostly used phosphates up until the early 1980s. Their water chemistry differed
somewhat from USA practices in that lower phosphate concentrations were used, about 2 ppm
in the bulk water, and a lower sodium to phosphate molar ratio (about 2.0) was also used.
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Many KWU plants experienced small but increasing amounts of wastage in sludge pile areas
on top of the tube sheet. The rate of wastage was limited by aggressive sludge lancing.
Nevertheless, in the early 1980s KWU changed their recommended water chemistry from
phosphate based to AVT for units with high integrity condensers, and by the late 1980s had
converted all but one of their plants to AVT. A main reason for this change was the belief
that some amount of wastage would continue to occur. A second reason was that high
secondary system integrity had been achieved (e.g., by replacement of condenser tubes) at the
affected plants, removing the need for phosphates to be present to buffer impurities, and thus
allowing use of AVT.22

(5)

Remedial Approaches. The main remedial approach that has been taken against the

occurrence of phosphate induced wastage has been to discontinue use of phosphates and to
use AVT water chemistry control. Experience has shown that such a switch can lead to
severe problems, since impurities that collect in occluded areas are no longer buffered by
phosphates, and aggressive conditions can develop in these areas and attack either the tube
supports or the tubes, or both. Thus, switching from phosphates to AVT is now considered
to require that the secondary system design be upgraded as necessary to provide the high
purity required to minimize corrosion in occluded areas during operation with AVT. Even
if such an upgraded secondary system is available, corrosion may still occur at occluded areas
during operation with AVT, depending mainly on design features (presence of strongly
concentrating crevices) and plant temperatures.

For plants that remain on phosphates, the approaches taken to reduce wastage have been to
carefully control phosphate concentrations and molar ratios in the bulk water, and to minimize
the development of sludge piles in the steam generators by control of secondary system
chemistry and by sludge lancing. Reducing temperature may also provide a benefit, though
no quantitative data in this regard are known to be available.
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(6)

Probable Future Occurrence. It is anticipated that slow wastage will continue to occur

in sludge pile and support regions of Pt. Lepreau steam generators as long as phosphate water
chemistry is continued. While it is not known whether this wastage will be severe enough
to affect steam generator operability or lifetime, the majority of worldwide experience with
phosphates has been that wastage eventually becomes an increasing problem.
(7)

Implications with Respect to Safety. Tube wall thinning due to phosphate wastage is

generally a slow, easily detected and monitored process. For this reason, periodic monitoring
by ECT, coupled with appropriate repair criteria, should be able to prevent serious safety
problems from developing.

3.7

Freespan Cracking

(1)

Description. Freespan indications are occasionally detected during inspections of older

PWR steam generators with mill annealed Inconel 600 tubing, especially those with low
temperature mill annealed tubing and high operating temperatures. In a few cases, freespan
cracks have led to large leaks or ruptures. The cracks have all been found to be due to
IGSCC, and larger cracks are generally axially oriented.

(2)

Causes. Three probable causes of freespan cracks have been identified:

(a) Surface damage resulting from tube manufacture and installation. Surface damage
has been found to result in high cold work and residual stresses, making the material
susceptible to cracking even without chemical concentration effects.

(b) Insufficient spacing between tubes as a result of installation errors. Insufficient
spacing leads to dryout occurring between the tubes, causing deposition of corrosion
products, concentration of impurities, and corrosive attack.
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I
I

(c) Development of unusually aggressive water chemistry. In two plants (described
below), general freespan attack has been observed, apparently as the result of aggressive
water chemistry conditions that led to attack of freespan areas, without the need for the
many orders of magnitude impurity concentration that occurs in crevice areas.
(3)

Canadian Steam Generator Experience. The authors are not aware of any reports of

freespan attack in Canadian steam generators.
(4)

International Experience.

Most freespan defects are not described in the public

literature, but rather are identified during inspections and lead to tube plugging in a routine
fashion.

However, several cases of freespan defects have recently received significant

publicity, and are described below.

(a)
!

One tube rupture, one large leak, and several large cracks have been observed in

McGuire 1 and 2 (USA) due to IGSCC in cold leg areas. These cracks have been

i

associated with lines of abrasion on the tube OD, which apparently occurred as a result
of interferences that developed when the tubes were inserted through closely spaced
flow distribution baffles. Laboratory examination showed that there were severe cold
work and high residual stresses along the lines of abrasion, and that hundreds of cracks
initiated along the lines of abrasion.23
(b)

Laboratory examinations of tubes removed from Doel 4 (Belgium), for other

modes of degradation, have shown that all of the tubes from one steam generator have
experienced free span IGSCC, in some cases up to depths of about 25% of wall. The
IGSCC is attributed to aggressive conditions associated with lead having been
inadvertently left in the steam generator.24
(c)

Laboratory examination of tubes removed from Farley 1 (USA) for other modes

of degradation indicated that some freespan IGSCC had occurred. The attack was
generally less than 10% of wall in depth, with a maximum depth of 24%.25 No specific
cause of the attack was identified.
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(d)

A tube rupture occurred in March 1993, at Palo Verde Unit 2. Investigation

showed that the rupture occurred due to a long axial IGSCC crack in a freespan area
high in the tube bundle.26 The rupture was associated with heavy deposits that had built
up between closely spaced adjacent tubes, which were apparently touching, or nearly
touching, as a result of "bowing" or incorrect initial spacing. In addition to the rupture,
NDE and laboratory examination showed that many other tubes had experienced freespan
attack in the upper bundle area, with the worst attack associated with heavy deposits, but
with other areas, without heavy deposits, also experiencing attack, with crack depths up
to about 10% of wall or more. The general area attack is attributed to development of
aggressive conditions in the upper bundle area due to poor thermal-hydraulic conditions.
The most severe attack was associated with close tube spacing and buildup of deposits
between the tubes. Scratches on the tube surface are believed to have aggravated the
situation, by promoting initiation of cracks along a long length.
(5)

Remedial Approaches. The main remedial measures against freespan attack for new units

involve use of materials and manufacturing methods that reduce susceptibility of tubing to
IGSCC, and use of a design with lower potential for development of poor thermal-hydraulic
conditions. For operational units, one obvious remedial approach is to institute maintenance
procedures that minimize the potential for lead or other aggressive impurities from being left
in the steam generators. An additional approach, used at Palo Verde and at Doel 4, is to
chemically clean the steam generators. At Palo Verde, chemical cleaning was performed to
remove deposits from freespan areas and thereby reduce the likelihood of attack in these areas.
In Doel 4 steam generator B, chemical cleaning was performed to remove lead, which was
believed to have been instrumental in the freespan attack.

(6)

Probable Future Occurrence. Experience indicates that occasional freespan defects will

occur in PWR steam generators with mill annealed Inconel 600 tubes, and that freespan attack
may eventually be detected in Canadian units with Inconel 600 tubing (i.e., Bruce A and B),
despite their relatively low temperature. This is especially true for the unit with significant
lead contamination (Bruce A, Unit 2). Experience is not available upon which to judge the
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likelihood of freespan attack in the Monel tubes at Pickering. The absence of reports of
freespan attack in KWU units with Incoloy 800, after 20 years or more of service, makes it
seem likely that freespan attack will not be significant in CANDU units with Incoloy 800
tubes.

(7)

Implications with Respect to Safety. Experience indicates that freespan defects are

difficult to detect and that undetected defects can grow large enough to cause ruptures. The
main protection against such ruptures is the performance of inspections with sensitive methods
that can detect freespan defects before they become large enough to pose risks of ruptures.
If the possibility of freespan defects is determined to be significant in a steam generator (e.g.,
because of material type, water chemistry history, results of examinations, or tube leakage),
then the inspection extent, frequency, and sensitivity need to be established that will provide
the appropriate level of protection against undetected defects growing to an unacceptable size.

3.8

Primary Water Stress Corrosion Cracking CPWSCQ

(1)

Description. PWSCC is a form of IGSCC that initiates from the ID of Inconel 600 tubes.

(2)

Causes.

The causes of PWSCC include a susceptible material (Inconel 600 with

susceptible microstructure), aggressive environment (primary water, especially at higher
temperatures), and high tensile stresses.

(3)

Canadian Steam Generator Experience. As far as is known to the authors of this report,

no PWSCC has been detected in Canadian steam generators. However, one isolated case of
an ID initiated U-bend fatigue crack associated with ID intergranular penetrations was
experienced in 1981.27 No subsequent cases have been reported.

(4)

International Experience. PWSCC is very widespread in PWR steam generators, and is

a main reason for past and planned steam generator replacements. The PWSCC has mainly
occurred at (i) small radius U-bends, (ii) expansion transitions and irregularities in tube sheet
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areas, and (iii) dents and dings. The PWSCC has mainly been associated with areas with high
residual stresses from manufacture (e.g., at U-bends, expansion transitions, and manufacturing
dings and dents) and areas with similar high stresses from service induced denting.

(5)

Remedial Approaches. For new steam generators, the remedial approaches are to use a

resistant material, such as Incoloy 800 or thermally treated Inconel 690, and to use
manufacturing methods that result in low residual stresses. For operational steam generators,
remedial approaches have included local stress relief heat treatments for U-bends, shot peening
of expansion transitions to induce ID compressive stresses, and nickel plating to isolate tube
ID surfaces from the primary coolant.

With regard to axial PWSCC at roll transitions,

alternate repair criteria have been developed that allow short cracks to remain in service.
These alternate repair criteria have resulted in large reductions in numbers of tubes requiring
repair.

(6)

Probable Future Occurrence. PWSCC continues to increase in PWR steam generators

and remains a significant cause of tube repair and steam generator replacement. This situation
is likely to continue, with respect to PWR steam generators with mill annealed Inconel tubing,
until such time as affected units are replaced. With respect to Canadian steam generators, it
appears that the Bruce units could be susceptible, especially at hot leg roll transitions, since
they have mill annealed Inconel tubing. However, the low operating temperatures of the Bruce
steam generators, together with the relatively high mill anneal temperature associated with
tubing supplied to B&W specifications, makes it likely that PWSCC will not be severe.

(7)

Implications with Respect to Safety. PWSCC at roll transitions is the most likely mode

to be detected in Canadian (Bruce) steam generators. This type of degradation can be
effectively monitored by RPC methods. The main concern is that axial PWSCC cracks not
be allowed to develop in conjunction with circumferential ODSCC or IDSCC cracks, since
these could present a risk of large leaks. For this reason, if significant PWSCC is detected,
performance of RPC of top of tube sheet areas will probably be desirable.

Table B-1. Canadian PHWRs

Name
Pickering A

Pickering B

Bruce A

Bruce B

Darlington

Genlilly II
Pt. Lepreau

Tube
Number of Thot
Service No. ol
Material
Tubes per SG (°C)
Date
SG's
2,600 2 9 3
1971
12 Monel 400
1 515
1971
12 Monel 400
2,600 2 9 3
2 515
Monel
400
2,600 2 9 3
5
1
5
1972
12
3
2,600 2 9 3
4 515
1973
12 Monel 400
2,573 2 9 0
5
1
5
1983
12
Monel
400
5
1983
12 Monel 400
2,573 2 9 0
6 515
2,573 2 9 0
7 515
1985
12 Monel 400
1986
2,573 2 9 0
8 515
12 Monel 400
4,200 304
1 760
1976
8 Inconel 600
4,200 304
1977
8 Inconel 600
2 760
1978
4,200 3 0 4
3 760
8 Inconel 600
4,200 304
8 Inconel 600
4 760
1979
4,200 304
5 840
8 Inconel 600
1984
4,200 304
1983
8 Inconel 600
6 840
1986
4,200 3 0 4
7 840
8 Inconel 600
4,200 304
1987
8 Inconel 600
8 840
1989
4,663 3 0 9
1 880
4 Incoloy 800
1988
4,663 3 0 9
2 880
4 Incoloy 800
4.663 3 0 9
3 880
1991
4 Incoloy 800
4 880
1992
4 Incoloy 800
4,663 3 0 9
640
1982
4 Incoloy 800
3,542 3 1 0
645
1982
4 Incoloy 800
3,542 3 1 0
MWe

Tcold
(°C)
249
249
249
249
249
249
249
249
265
265
265
265
265
265
265
265
265
265

265
265
263
263

Primary
Press. (MPa)
8.83
8.83
8.83
8.83
8.83
8.83
8.83
8.83
9.18
9.18
9.18
9.18
9.31
9.31
9.31
9.31
10.40
10.40
10.40
10.40
9.89
9.89

Secondary
Press. (MPa)
4.09
4.09
4.09
4.09
4.09
4.09
4.09
4.09
4.23
4.23
4.23
4.23
4.23
4.23
4.23
4.23
5.07
5.07
5.07
5.07
4.59
4.59

Sleam Flow per SG
(10*6 kg/hr)
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
1.18
1.18
1.18
1.18
0.93
0.93

Table B-2. International PWRs
S3
Dosiqner
Weslinghouse

Combustion
Engineering
KWU
Framatome

Model
44
51
D3

Plant Name
Ginna
North Anna 1 (orig SG)
Calawba 1
e South Texas 1
F
Woll Creek
67
Millstone 2 (orig SG)
80
Palo Verde 1
Stade
54GT Trillo 1
6 8 / 1 9 St Alban 1

MWe
470
907
1145
1250
1170
870
1270
640
997
1335

Service No. ol
SG's
Date
1970
2
1978
3
4
1985
1968
4
1985
4
1975
2
1986
2
4
1972
1988
3
4
1986

Tube
Number ol Thol
Tubes per SG (C)
Material
Inconel 600MA
3.260 321
Inconel 600MA
3,388 327
Inconel 600MA
4.674 327
Inconel 600MA
4,864 330
Inconel 600TT
5,626 326
Inconel 600MA
8.519 318
Inconel 600MA
11.012 327
2,993 314
Incoloy 800NG
Incotoy 800NG
4,086 326
Inconel 600TT
5,342 328

Tcold

(° c )
289
289
294
293
293
288
296
284
294
293

Primary
Press. (MPa)
15.4
15.5
15.7
15.5
15.4
15.5
15.5
15.8
15.5
15.7

Secondary
Press. (MPa)
5.6
5.8
6.7*
7.4*
6.9
5.6
7.4
5.3
6.9
7.1

Steam Flow per SG
(10AB kq/hr)
1.50
1.93
1.72
1.92
1.72
2.54
3.90
0.90
1.97
1.94

NG — Nuclear Grade
MA — Mill Annealed
TT — Thermally Treated
' — data taken from Nuclear Engineering Inlernalional 1994 Handbook

W
o

Wear due to fretting
Denting, SCC, Fatigue cracks

Staggered scallop bars

In line scallop bars

Feedwater (Ingress of impurities)
Deposit Buildup /
Concentration of Impurities /
IGA/SCC, Pitting, and Denting
Wastage/thinning
due to phosphates
IGA/SCC

w
Pitting
Freespan crack-

Circumferential cracks at
expansion transition
To blowdown (removal of Impurities)

Roll Transition
Top of Tubesheet
Primary Inlet

Primary Outlet
Axial PWSCC crack

Figure B-1. Canadian Steam Generator with Actual and Potential Problems

C.

THE BASIS OF FITNESS-FOR-SERVICE GUIDELINES ADOPTED IN OTHER
COUNTRIES

1.

Objective

The objectives of this section are to review and evaluate the basis for fitness-for-service guidelines
in various countries, and to describe in a general way how they are applied. Detailed descriptions
of the application of fitness-for-service guidelines to specific defect types are contained in a later
section.

2.

Countries Included in Review

The countries included in this review are Belgium, France, Japan, Spain, Sweden, and the USA.
The main reason for choosing these countries is that they are the lead countries with PWRs of
western design, and thus have most of the experience with developing and applying
fitness-for-service guidelines for steam generator tubes.

3.

Regulatory Practices and Fitness-for-Service Guidelines in Belgium28.29

3.1

Regulatory Basis

All Belgian plants are of the Westinghouse PWR type, and the starting point for Belgian
fitness-for-service guidelines are USA requirements, i.e., 10CFR50, the ASME Code, Regulatory
Guides 1.8330 and 1.12131, and Standard Technical Specifications. The Belgians note that, according
to these documents, the normal requirement is to require plugging of tubes with defects exceeding
40% of tube wall thickness. However, this criterion is considered by the Belgians to be too
conservative for some locations and types of defects. In addition, the overall set of requirements
is considered to be too prescriptive and inflexible to be practical. The Belgians note that Article
IWB-3630 of Section XI of the ASME Code allows alternate repair criteria to be used as long as
they are acceptable to the regulatory authority. For these reasons, the Belgians have established
revised technical specifications that define the objectives to be met, but assign responsibility, for
meeting objectives, to the plant operator.
includes:

The content of the revised technical specifications
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•

Definition of Objectives:
Determination of whether tube degradation is occurring and identifying the specific
modes involved.
Assessment of the rate of defect growth and comparison of the rate with values
used in establishing repair criteria.
Identification of tubes that require repair.

•

Description of the Content of Inspection Programs
Definition of inspection techniques and procedures.
Selection of tubes and zones to be inspected.
Definition of repair criteria for each type of degradation.

•

General Requirements
Requirement that inspection methods be selected such that they can reliably detect
defects of concern.
Inspection sample sizes (starting at 3%), and requirements to increase sample size
based on numbers of defects found.

Based on the revised technical specifications, alternate repair criteria (ARC), i.e., defect-specific
fitness-for-service guidelines, have been developed by the plant operators to allow less stringent
plugging practices (than the 40% of wall criterion) but at the same time avoid, with adequate safety
margins, tube rupture under normal operation and during postulated accidents, and to limit the total
primary to secondary leakage during and following an accident to a value consistent with site dose
limits. The controlling accident is considered to be a steam line break.

With regard to safety factors, the Belgians have considered the safety factors required by the ASME
Code and RG 1.121 to be too conservative if compounded using a conservative selection of
parameters in each step of the calculation that sets the repair criterion, and have developed an
alternate approach. In this alternate approach, the allowable size of defects is determined two ways:
(1) a best estimate method with safety factors included, and (2) a pessimistic estimate without safety
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factors. The method that results in the more conservative plugging criterion is used. In essence,
this dual approach avoids applying safety factors to results of calculations that are already very
conservative as a result of each step having been done in a conservative manner.

3.2

Inspection Requirements

Original inspection requirements were as defined in USNRC Standard Technical Specification 4.4.5
for Westinghouse PWRs (NUREG-0452, November 1981). The Standard Technical Specification
requires a minimum of 3% of the tubes to be inspected every 40 months, with the number of tubes
inspected, and frequency of inspection, increasing as more defects are found. It requires tubes to
be plugged if defect depth exceeds the 40% of wall criterion, unless alternate criteria are justified
per RG 1.121. The original Belgian technical specifications were based on these requirements. As
described above, as a result of the emergence of new degradation mechanisms, the Belgian technical
specifications have been revised. With regard to inspections, the revised technical specifications:

•

Indicate that the objectives of inspections are to: (1) determine which degradation
processes are occurring, (2) assess the rate of growth of defects, and (3) identify tubes
requiring repair.

•

Define the content of the inspection program, which must include: (1) definition of
inspection techniques and procedures, (2) tubes and areas to be inspected, and (3) the
plugging criteria to be used for each type of degradation.

•

Require inspection methods to be able to detect and size defects in a reliable fashion.

•

Establish minimum sample size for inspection (3%), and require sample sizes to be
expanded, and additional inspection methods to be used, as degradation is detected.
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Improved inspection techniques have been developed to address specific types of defects. Rotating
pancake coil methods were developed and are used to monitor PWSCC at the top of the tube sheet
of full depth rolled units. Rapid ultrasonic methods have been developed to allow improved
monitoring of circumferential cracks, both OD and ID initiated, at the top of the tube sheet of full
depth rolled units.

Development and qualification of the new inspection techniques initially

employed EDM notches, but accuracy of the techniques was then assessed by destructive
examination of tubes removed from operating plants that had been inspected before removal.

3.3

Fitness-for-Service Guidelines

Fitness-for-service guidelines are developed by the utility in accordance with the technical
specifications described above and are submitted to the safety authority for approval. They are
reassessed before each inspection to take into account the latest degradation growth rates, latest
inspection techniques, and any changes in bases for acceptance criteria (e.g., additional burst test
data).

The fitness-for-service guidelines in Belgium are both defect specific and location specific. For
example, one type of fitness-for-service guidelines apply for axial PWSCC in roll transitions at the
top of the tube sheet of full depth rolled tubes. Other fitness-for-service guidelines have been
developed for axial IGA/SCC in TSP intersections, for IGA/SCC in sludge piles, and circumferential
SCC at roll transitions located at the top of the tube sheet. The fitness-for-service guidelines are
of two general types, deterministic and statistical. Deterministic guidelines are used when the
morphology of the defect is such that reliable sizing is possible using available NDE methods, and
the size of the defect can be reliably correlated with the tube's burst properties. In these cases, the
measured size is compared to an allowed defect size, which includes margins for sizing error and
growth until the next inspection, and required safety factors. Predicted primary to secondary leakage
during accidents is calculated on a combined deterministic - probabilistic basis, taking into account
measured crack sizes at the start of the operating interval, probable crack sizes at the end of the
operating interval, and probable leakage behavior based on tests of pulled tubes from operating
plants.
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Statistical fitness-for-service guidelines are used when accurate defect sizing by NDE techniques is
not possible. In this case, a statistical correlation is developed between a measured NDE parameter,
such as bobbin coil ECT voltage, and the burst strength of tubes with defects obtained from tubes
removed from operating plants or from model boilers.

The lower confidence limit of this

correlation, when combined with the required safety margin, is the maximum permissible value of
the NDE parameter at the next inspection, i.e., after allowing for growth.
Examples of Belgian fitness-for-service guidelines for specific defect types are given in a later
section.

3.4

Leakage Limits During Normal Operation

Original technical specification primary to secondary leakage limits (79 liters per hour (21 US gph)
per steam generator) have not been changed. Reducing the leakage limit has been considered
undesirable because the Belgians believe that lower limits could lead to requirements for unnecessary
plant shutdowns.

3.5

Summary

In summary, the Belgian approach is to utilize USA fitness-for-service guidelines unless defect
specific criteria are found to be necessary. In such cases, the Belgians develop defect-specific
fitness-for-service guidelines on an engineered basis. Their overall objective is to ensure that tube
rupture will not occur during either accident or normal conditions, and that primary to secondary
leak rates will be within acceptable limits following postulated accidents (especially a steam line
break). A unique aspect of the Belgian approach is that they have revised the method of applying
safety faccors in order to eliminate what they consider to be unnecessary levels of conservatism.
This aspect is further described in a later section, in connection with fitness-for-service guidelines
for PWSCC cracks at the top of the tube sheet.
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4.

Regulatory Practices and Fitness-for-Service Guidelines in France

4.1

Regulatory Basis""

Most French plants are PWRs of the Westinghouse type. The measures taken by Electricité de
France (EdF), the French utility that owns and operates the plants, and the requests regarding such
measures formulated by DSIN, the French regulatory authority, are directed at two objectives: (1)
avoiding the rupture of a tube in which degradation has previously been detected and (2) detecting,
as early as possible, any abnormal behavior of the tube. Achieving the first objective involves
detailed evaluation of each type of degradation, determining its harmful effects, and development
of appropriate plugging criteria, which are periodically revised. Thus, for such known defects, the
approach followed is a deterministic one.

Achieving the second objective mainly involves

measurement and detection of primary to secondary leakage during operation and during hydrostatic
tests.

For some defect types (e.g., wear at AVBs), the French have used plugging criteria of the "40% of
wall" type used in the USA. However, for some other types of defects, such as axial PWSCC at
roll transitions, the French use a leak before risk of break (LBRB) approach. LBRB is based on the
ability to "demonstrate that any risk of rupture of a tube under the most extreme operating
conditions is necessarily preceded by an allowable leak under normal operating conditions, whose
detection makes it possible to shut down the nuclear steam supply system as a preventive measure."33
Use of this guideline requires that the degradation mechanisms be understood well enough to predict
critical sizes for tube burst under accident conditions and their corresponding leak rates under
normal operating conditions. The leak rate prediction must be accurate, because if the defect does
not leak as predicted, defects which exceed the critical size could remain in operation and not be
detected.

The French have developed leak rate models for predicting the expected primary-to-secondary leak
rate during normal operation and faulted

conditions.

Furthermore, strict limits on

primary-to-secondary leak rates have been set with the objective of ensuring that the plant will be
shut down prior to a steam generator tube rupture. The models for predicting leak rates through a
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crack, however, are not conservative from a leak-before-break perspective for all tubes within the
steam generator since the models tend to over predict the leak rate for some cracks. This is
particularly true for tubes within the sludge pile region of the steam generator. As a result, reliance
on a leak rate limit to guard against tube failure may not be entirely effective, although all cracks
detected to date in French plants have been determined to be stable under postulated accident
conditions. However, to ensure, with a high degree of certainty, that the plant will be shut down
prior to the development of a critical size crack, very strict limits on the amount of
primary-to-secondary leakage have been set by EdF. To provide additional assurance that the leak
rate-based limits are conservative, EdF is continuing to develop new primary-to-secondary leak rate
models that better represent the characteristics of cracks.

There are several factors that can cause in the actual leak rate to be less than the predicted leak rate.
These factors include plugging or closing of the crack with borate salts or other debris and plugging
of the crack by sludge accumulations. However, EdF expects that the decrease in leak rate due to
plugging or closing of cracks would be expected only for small non-critical cracks that are of little
structural significance. Therefore, EdF continues to rely on the fact that the probability that a tube
will leak in excess of established leak rate limits is high at crack lengths of 16 mm (0.63 inch) or
more (i.e., for crack lengths less than the critical crack length).

No regulatory limits on the amount of primary-to-secondary leakage that would be allowed under
postulated accident conditions have been established since only very small amounts of leakage are
anticipated by the French with existing plugging criteria.34

For defects such as circumferential PWSCC at roll transitions, the LBRB approach is not considered
applicable. For such cases, plugging is required for any detected cracks.

4.2

Inspection Requirements

The basic in-service inspection guideline for French steam generators is that the inspection "be able
to evince, throughout its industrial operation, any alterations detrimental to the nuclear plant
safety."35 The only specific inspection requirements are that all of the tubes must be inspected prior
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to service to establish a baseline, periodic inspections should held at least every two years, and
complete inspections should be held every ten years except for the first complete inspection, which
should take place within thirty months after fuel loading. These requirements allow plant operators
leeway in determining what inspection requirements fit the characteristics of their plant, and permit
changes in inspection requirements as new types of degradation are found and new inspection
techniques are developed.36

The French utility, EdF, has set up inspection guidelines for their plants, for certain defect types,
to reduce the possibility of tube rupture. To find PWSCC defects in the roll transition, 100% of
the tubes are inspected in this area by RPC, during each outage, in steam generators that are
susceptible to PWSCC. To find IGA/SCC defects at the TSPs, 100% of the TSP locations are
inspected using bobbin coil ECT, during every other outage, in steam generators that are susceptible
to this mode of attack, and follow-up inspections of affected tubes are performed during the next
outage. All of the tubes in the sludge pile are inspected by bobbin coil ECT, every other outage,
with follow-up inspections of affected tubes during the next outage. In addition, RPC inspections
are performed if an indication has a bobbin coil voltage larger than a set threshold.37

4.3

Fitness-for-Service Guidelines

Fitness-for-service guidelines are developed by the utility and submitted to the regulatory authority
for approval. The latest available fitness-for-service guidelines are summarized in the following
paragraphs.
For PWSCC in the roll transition zone, axial cracks are limited to 13 mm (0.51 in.) length.
Circumferential cracks are not allowed. These limits are based on an analysis of crack growth
morphology to determine the critical crack length under steam line break conditions. Framatome
has determined a governing equation for these types of defects, and solved for the critical crack
length, at which the tube will rupture, using the maximum tube diameter and minimum thickness
at normal and steam line break differential pressures.38 The minimum crack length was found to
be controlled by steam line break conditions, and was set as the repair criterion. This includes an
allowance for crack growth during the next operating cycle based on defect growth behavior during
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previous operation, and an additional margin for NDE error. All circumferential cracks are required
to be plugged since (1) they sometimes occur in an approximately axisymmetric fashion (thus
precluding LBRB), (2) their detection limit by RPC is 50% of wall, which is not considered to
provide sufficient margin with respect to rupture under accident conditions, and (3) LBRB does not
apply since the cracks are not necessarily through wall.39

No detectable PWSCC is allowed to remain inservice in the inner row U-bends. Both bobbin coil
and RPC ECT inspection techniques are used for U-bends, and all tubes with indications detected
by either type of probe must be repaired. This is due to the fact that LBRB does not apply to these
defects (a few large leaks and ruptures have occurred in other countries with little prior leakage),
and the mechanisms involved in this type of cracking are not understood well enough to attempt to
establish critical crack lengths.40

Repair criteria for IGA/SCC indications at TSPs are based on a correlation between bobbin coil ECT
voltage and tube burst strength. The current repair limit is a bobbin coil voltage of 2 V, which
corresponds to 17 V using USA calibration techniques (an EPRI report prepared in support of
alternate repair criteria provides information on the French to USA voltage conversions41). This
rather large limit (as compared to typical USA repair criteria of 1 to 2 V) is based on the fact that
EdF considers that the TSP will reinforce tube integrity in the event of an accident. Until recently
there was no repair limit; it was assumed that these defects would not grow outside of the TSP and
burst, so only the leak rate resulting from these defects during normal operation was considered.42
The repair limit of 2 V is based on a calculated critical size of 6 V and a crack growth of 2 V
(leaving an allowance of 2 V for measurement error).43

Repair criteria for IGA in the sludge pile are also based on a correlation between bobbin coil ECT
voltage and tube integrity. The repair limit is a bobbin coil voltage of 500 mV without any
coinciding axial crack, 200 mV with an axial IGSCC crack of at least 10 mm (0.39 in.) length
present in the IGA area, or any IGA detectable by RPC.44 This is based on a calculated critical
defect size of 860 mV (corresponding to 70% of wall thickness), and an anticipated defect growth
of 230 mV between inspections (leaving an allowance of 130 mV for measurement error).45
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All indications which do not meet the above fitness-for-service guidelines, including AVB and
foreign object wear and defects in freespan straight tube regions, are judged against the normal 40%
of wall criterion.46

4.4 Leakage Limits During Normal Operation

The primary-to-secondary leak rate in EdF steam generators is measured by both manual methods
and N-16 monitors (it is believed that N-16 monitors are used at all French plants which have
experienced significant steam generator tube degradation). If the N-16 monitors detect a leak greater
than 72 1/hr (19 US gph) the plant must be immediately shut down. For the manual measurements,
the leak rate limits vary depending on the size of the plant. For 1300 MWe plants, if the manual
measurement detects a leak of 3 1/hr (0.8 US gph) or an increase greater than 1 1/hr (0.26 US gph)
in a 24 hour period, the plant must be shut down. For 900 MWe plants, if the manual measurement
detects a leak of 5 1/hr (1.3 US gph), an increase greater than 5 1/hr (1.3 US gph), or a difference
between steam generators of 3 1/hr (0.8 US gph), the plant must be shut down. These leak rate
limits are an essential part of French fitness-for-service guidelines due to their previous use of
LBRB guidelines which, although not presently used for most types of degradation, still form the
basis of the leakage limits.47

There are additional steps which contribute to the assessment of the risk of leakage, from the
primary circuit to the secondary circuit, in case of an accident:48

(1) Tubes are periodically removed from plants and subjected to an expert investigation. This
often includes burst tests, generally carried out with a tube support plate present. The results
of such tests on some of these tubes show that defects may lead to leaks at pressures close to
those of normal operation.

(2)

Despite the above observation, the global leak tightness of the primary circuit and in

particular of steam generators on French reactors is tested every ten years in accordance with
regulations relative to pressure vessels. During these tests, the pressure of the primary circuit
is progressively increased up to 207 bars (3000 psi (20.7 MPa)), a value higher than the values
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which could be reached in accident situations. The results of leak measurements during these
tests have never revealed important values of leakage from the primary circuit to the secondary
circuit. In any case, these leaks mainly result from primary corrosion cracks in the roll
transition zone.

Helium detection examinations performed after these tests are used to

determine which type of degradation was associated with the leaks.

4.5

Summary

In summary, the French approach for fitness-for-service guidelines was initially mainly based on
LBRB, but has now evolved to be mainly based on periodic inspections for specific defect types to
ensure that defects do not grow to a size that could result in tube burst under accident conditions.
Primary to secondary leakage during normal operation is carefully monitored using fast acting
detectors to take advantage of LBRB benefits, even though complete reliance is no longer placed
on LBRB.

5.

Regulatory Practices and Fitness-for-Service Guidelines in Japan

5.1

Regulatory Basis

The regulatory basis for Japanese fitness-for-service guidelines are described by the Japanese
regulatory organization (Ministry of International Trade and Industry) as "flaws are not allowed."49
The term "flaw" is understood to mean any detectable crack, intergranular penetration, or pit, and
general wall thinning exceeding 20% of wall. It is understood that, consistent with not allowing
flaws, no primary to secondary leakage is permitted.

There appear to be no requirements in Japanese regulations related to evaluation or disposition of
defects based on their effect on leak or burst properties. It is assumed that such requirements are
made unnecessary by the requirements that there be no tubes with flaws left in service and no
leakage. It should be noted that this stringent approach has been maintained even though significant
amounts of tube degradation have been detected in several Japanese plants.
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5.2

Inspection Requirements

In principle, in-service tube inspections are performed on a sampling basis.

If no

primary-to-secondary leakage has been detected and if no tube degradation has ever been detected,
inservice inspection can be limited to 30% of the tubes in each steam generator every other annual
inspection.50,51 If any tube defects are detected, or if any primary-to-secondary leakage has been
detected, 100% of all tubes have to be inspected each year.52'53 Thus, for most older plants, the full
length of all in-service tubes is required to be inspected using ECT on an annual basis.54 The details
of how the inspection is carried out at each plant are required to be described in a manual prepared
by the utility and approved by Japanese safety authorities. As new defect types have been detected,
inspection probes and practices appropriate to the type of defect involved are required to be used.
Similarly, as repairs such as sleeves are used, special inspection practices adapted to the specific
conditions involved are used.55

A unique inspection practice in Japan is that the tubes are subjected to a 13.8 MPa(2000 psi)
differential pressure test from the ID before NDE is performed. The purpose of the pressure test
is to open up tight defects to make them more easily detectable.56

5.3

Fitness-for-Service Guidelines,57

The fitness-for-service guidelines in Japan are:

•

No detectable defects are allowed, as interpreted below.

•

General thinning, such as thinning due to wastage, is limited in depth to 20% of wall. In other
words, general thinning of up to 20% is not considered to be a defect.

•

Indications of degradation with cannot be assigned a depth are considered acceptable if the
ECT signal shows no change from the previous inspection.
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Detectable cracks, intergranular penetrations or pits are not allowed to remain in service. In
practice, this means that any defects over ECT noise levels require tube plugging or sleeving.
This is interpreted to mean that signals over the following levels require repair:

IGA/SCC at TSPs - 1.5 volts
PWSCC in expanded areas - 0.5 volts
ODSCC in tube sheet crevices of part depth rolled tubes - signals over 2 times noise
level
PWSCC at U-bends - 0.75 volts

It is believed that the above voltage values should be divided by about two to place them on
a comparable voltage scale to that used for ECT inspections in the USA.

5.4

Leakage Limits During Normal Operation

As noted in earlier sections, no primary to secondary leakage is allowed in Japan. Accordingly,
plant shutdown is required if such leakage is detected. As a response to the Mihama 2 tube rupture,
detection methods are being improved and the definition of what constitutes a leak is being
tightened.

5.5

Summary

The Japanese regulatory approach to steam generator tube degradation is to require that tube
integrity be maintained at or close to the original design condition. The declared intent is that any
clearly detectable degradation, other than general wall thinning of less than 20%, requires tube
repair.
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6.

Regulatory Practices and Fitness-for-Service Guidelines in Spain

6.1

Regulatory Basis

Six of the seven Spanish PWR nuclear power plants use steam generators manufactured by
Westinghouse, and one uses steam generators made by KWU. The design basis used in Spain for
fitness-for-service guidelines for the Westinghouse design steam generators are the normal U. S.
requirements, e.g., Regulatory Guides 1.121 and 1.83, the ASME Code, Technical Specifications,
etc. Essentially no degradation has been observed in the KWU steam generators, and details
regarding fitness-for-service guidelines for these units have not been published.

For the

Westinghouse design units, the 40% of wall criterion mandated by the U. S. guidelines was used
until the early 1980's. However, as different types of degradation began appearing in Spanish steam
generators, such as PWSCC in the roll transition zone and IGA/SCC at the TSPs, alternate
guidelines were developed to allow axial through wall cracks to remain in service while maintaining
adequate safety margins against tube rupture under both normal and accident conditions.

The alternate fitness-for-service guidelines are both defect and location specific, covering PWSCC
in the roll transition zone and IGA/SCC at the TSPs, and both use deterministic-type criteria. The
"deterministic" aspects involve correlating tube burst behavior with crack length or depth and
utilizing margins for sizing error and defect growth. For the PWSCC guidelines, crack length is
also correlated with primary-to-secondary leak rate in order to develop a leak before break (LBB)
relationship for this type of defect. French analyses of LBRB behavior were used to develop the
Spanish LBB repair limits by comparing the French results with data obtained from Spanish steam
generators. The fundamental objective of the Spanish LBB criteria are to assure that, in normal
operation, cracks do not exceed the critical length for accident conditions (without safety factor).
This ensures that tube rupture will not occur under accident conditions. Similar to the French LBRB
approach, primary to secondary leak rates under accident conditions do not appear to be explicitly
addressed by the Spanish LBB approach.
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6.2

Inspection Requirements

The original in-service inspection guidelines for Spanish steam generators were based on Regulatory
Guide 1.83. They required that 3% of tubes be inspected full length during each refueling outage,
with additional tubes to be inspected as necessary if reportable (> 20% of wall) indications were
found. However, due to the large number of defects discovered in the Model D3 generators in
Almaraz and Asco in the mid 1980's, the scope of the inspections had to be increased by the utilities
in order to maintain the safety of the steam generators.

Currently, all Spanish steam generators, except for the newer plants, Vandellôs 2 (Westinghouse
Model F steam generators, with stainless steel broached hole TSPs, thermally treated Alloy 600
tubing, and hydraulic expansions) and Trillo 1 (KWU steam generators with stainless steel strip
supports and Alloy 800M tubing), are inspected during each refueling outage. All of the tubes are
inspected from the hot leg tube sheet to the uppermost hot leg TSP using a bobbin coil ECT probe.
Additionally, 60% of the tubes are inspected through the U-bend to the uppermost cold leg TSP,
and 30% of the tubes are inspected full length during a typical inspection of a model D3 steam
generator. To supplement the bobbin coil ECT inspections, on the average 25% of the tubes are
inspected in the hot leg roll transition area by MRPC, depending on the previously demonstrated
plant susceptibility to PWSCC. Any SCC indication which remains in service based on use of
alternate repair criteria must also be inspected during the next outage.

6.3

Fitness-for-Service Guidelines

The fitness-for-service guidelines for Spanish steam generators were originally based on Standard
Technical Specifications.58 These specify an indication limit of 40% of wall for a tube to remain
in service. However, since this limit was developed for general wall thinning defects, and not
SCC-type defects, for which a 40% of wall criterion was considered to be unnecessarily
conservative, alternate fitness-for-service guidelines were developed for these types of indications.
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Two alternate guidelines are used for PWSCC indications in the tube sheet and roll transition area.
The first is the P* criterion, which allows axial indications in the Model D3 generator tubes to
remain in service if they are lower than 1.5 inches (38 mm) below the top of the tube sheet and the
potential for motion of the tube (i.e., pullout) is restricted in the vertical direction by a non-defective
tube. The second alternate guideline was implemented several years after the P* approach, when
it was determined that additional repair margin was needed. The revised approach is based on the
leak before break concept, which was developed by Framatome for French steam generators and
then modified to reflect Spanish steam generator conditions. Leak before break is based on the ideas
that (1) cracks have a critical length at which they will rupture under design basis conditions (steam
line break accident), (2) the primary-to-secondary leak rate through the crack during normal
operation is predictable as a function of crack length, and (3) monitoring of the leak rate during
normal operation will detect the crack before it grows to the critical length. In other words, if the
leak rate becomes larger than a maximum allowable value developed on this basis, the plant must
be shut down and the defective tube repaired. The leak rate must be continuously measured using
sensitive rapid acting detectors, while the plant is in operation, in order to use this approach.

Leak before break applies only to certain types of cracks which have morphologies and crack growth
characteristics which are well understood. For PWSCC in the roll transition region, only axial
cracks are permitted by LBB; all circumferential cracks must be repaired. The maximum number
of parallel axial cracks in a tube is 20, and they must be located in the region between the bottom
of the roll transition and 18 mm (0.7 in.) above the top of the tube sheet. The largest allowable
crack length is based on a computed critical crack length of 13 mm (0.51 in.), which is derived from
experimentally validated calculations, minus an average crack growth of 4 mm (0.16 in.) per fuel
cycle and an RPC length measurement uncertainty of 1 mm (0.04 in.). This gives an allowable
crack length of 8 mm (0.31 in.); all cracks longer than this must be repaired.

An additional alternate fitness-for-service guideline has been proposed by the Spanish utilities for
ODSCC at TSP defects, but it has not yet been approved by the regulatory agency Consejo de
Seguridad Nuclear (CSN). The proposed guideline would specify a repair limit of 78% of wall for
these defects. This is based on burst tests which have shown that 100% through wall defects
contained within the bounds of the TSP do not reduce the burst pressure of the tube to the
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differential pressures which occur during postulated accident conditions. To avoid significant
primary-to-secondary leakage during operation, allowances of 7% for average defect growth and
15% for NDE uncertainty, which is based on pulled tube data, are subtracted from 100% to calculate
the repair limit.59 CSN has not yet accepted this limit on the basis that many of the effects of this
defect type are not yet completely understood, such as leak rates due to denting effects and under
accident conditions. Furthermore, CSN considers that additional data are required to calculate a
reliable growth ; .te (as of June 1992). It is understood that, because of the difficulty of obtaining
approval of thiï . .-pth-based approach, the Spanish utilities are currently considering use of bobbin
coil voltage based alternate fitness-for-service guidelines of the type developed by EPRI (see Section
8.0 below).
All indications which are not covered by the above alternate fitness-for-service guidelines are judged
against the original 40% of wall criterion.

6.4

Leakage Limits During Normal Operation

The primary-to-secondary leak rates in the Model D3 steam generators in Almaraz and Asco are
measured by N-16 monitors. The maximum leak rate allowed in a single steam generator is based
on the predicted leak rate for a crack with the critical crack length under design basis conditions.
It is then reduced by an allowance for actual leak rates to be lower than predicted leak rates (greater
than a factor of 10), allowances for uncertainties, and additional safety factors. This gives a
maximum value of about 15 1/hr (4 US gph) per steam generator. This limit is applied in the
following manner: the plant must be shut down if the maximum stabilized leak rate Qo is exceeded
by 5 1/hr (1.3 US gph). Qo is obtained during the first 15 days of the operating cycle and shall not
exceed 5 1/hr (1.3 US gph).

6.5

Summary

In summary, defect-specific alternate fitness-for-service guidelines have been developed in Spain for
cases where the 40% of wall criterion is considered to be unnecessarily conservative. In one case,
for axial PWSCC cracks at the top of the tube sheet, the criteria are based on the French LBRB
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approach. In the other case, for axial 1GA/SCC at TSPs, the approach being developed by EPRJ
for USA plants is being pursued, which is based on maintaining margins required by RG 1J21 on
burst under accident and normal conditions. For the axial PWSCC at the top of the tube sheet, it
appears that post accident leak rates are not addressed. With the EPRI approach for handling
IGA/SCC at TSPs, the post accident leak rate must be shown to be consistent with site dose limits.

7.

Regulatory Practices and Fitness-for-Service Guidelines in Sweden

7.1

Regulatory Basis

The three Swedish PWR reactors at Ringhals have Westinghouse type steam generators designed
to U. S. guidelines. The basic criterion for all fitness-for-service guidelines is that "the primary
pressure boundary shall remain intact".60

The starting point for Swedish fitness-for-service

guidelines are U. S. requirements, e.g. 10CFR50, the ASME Code, and Regulatory Guide 1.121,
with the difference that tubes require repair based on a 50% of wall criterion instead of the 40% of
wall used by most U. S. plants. However, these initial guidelines gave rise to requirements that
could have resulted in large numbers of tubes being repaired due to PWSCC in the tube sheet
region. In addition, the inspection methods used were not able to detect defects before they were
through wall. Therefore, less restrictive fitness-for-service guidelines were developed for this defect
type, as well as for ODSCC at TSPs, to allow less stringent repair practices but at the same time
avoid tube rupture, with adequate safety margins, under accident and normal conditions.

The alternate fitness-for-service guidelines are both defect and location specific, encompassing
PWSCC in the tube sheet region and ODSCC at the TSPs. The PWSCC guideline contains both
deterministic and probabilistic aspects.61 The "deterministic" aspects involve correlating tube burst
pressure to crack length and material properties, based on test data. The "probabilistic" aspects
involve using the distribution of burst pressure vs. crack length data to find the probability of tube
rupture and subsequent core damage under steam line break conditions, considering uncertainties in
measured length, material properties, and tube dimensions.

The guidelines are based on

plant-specific defect growth rates. The guideline for ODSCC at TSPs is solely deterministic in that
it relies on correlations between defect depth and burst behavior, utilizes margins for sizing error
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and defect growth, incorporates a determination of whether the TSP will deflect under accident
conditions, uncovering previously contained defects, and does not involve evaluating the probability
of tube burst or core damage.

7.2

Inspection Requirements

The inspection requirements in Sweden are as follows:62

(1) A random sample of 15 to 17% of all tubes must be inspected full length using bobbin
coil ECT each year.

(2) An augmented inspection of 20 to 100% of all tubes should be performed at specific
regions to find specific degradation defects:

Region

Degradation Mechanism

Inspection Methods

AVB
Inner row U-bends
Preheater
TSP region
Tube sheet region
Sleeves
Ni-plating

wear

BC, MRPC
BC 63

sec

wear
IGA/SCC

sec
-

BC
BC, MRPC
MRPC
BC, UT
BC, UT

BC: bobbin coil
UT: ultrasonic testing
(3) 100% of the hot leg side of the tube sheet area shall be inspected each year.

(4) The qualification testing must be approved by a third party inspection body.

(5) Inspection requirements are updated as the behavior of existing degradation changes
or new mechanisms are identified.
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7.3

Fitness-for-Service Guidelines

Fitness-for-service guidelines are developed by the utility and submitted to the regulatory authority
for approval. They are reassessed before each inspection to take into account any changes in the
basis for acceptance criteria, including updated defect growth rates and burst test data, and are
plant specific. The guidelines for PWSCC at the top of the tube sheet are discussed in Section D
and, as noted earlier, are based on limiting the probability of tube rupture during a steam line break
to a specified low level. The guidelines for ODSCC at TSPs are deterministic in nature and are
similar to nature to those used in Canada and the USA.

In order to establish alternate guidelines for ODSCC at TSPs, testing was performed to determine
whether the TSP could prevent tube burst. It was found that the TSP would reinforce the tube and
prevent tube burst in the defected area as long as the crack was completely within the bounds of
the depth of the TSP. A database was developed to keep track of the through wall growth rate of
these types of defects over several outage cycles. Testing was performed to determine the ECT
measurement error associated with this type of defect.

Finally, analyses were performed to

determine whether the TSP would deflect during accident conditions to the extent that cracks
would be uncovered by the TSP; it was found that the TSPs up to the fifth TSP would not deform
sufficiently to uncover defects. These conditions were combined to develop the fitness-for-service
guideline which allows tubes to remain in service with measured defect depths of up to 70%
through wall provided that the indication is located within the bounds of the plate depth at one of
the lower 5 TSPs. Any defect within the TSP bounds is allowed to remain in service as long as
its inspection signal voltage is less than 1.5 V, based on the fact that depth measurements for low
voltage indications are very imprecise (the 1.5 V is not based on a burst pressure correlation, as
it is for the EPRI criteria).64

All indications, which do not meet the above defect-specific alternate fitness-for-service guidelines,
are judged against the normal 50% through wall depth criterion used for free span and volumetric
type defects.
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7.4

Leakage Limits During Normal Operation

All primary-to-secondary leaks exceeding 300 kg/day (661 lb/day) must be reported to the Swedish
regulatory authority. Continuous monitoring is performed in Ringhals 3 and 4 with Nitrogen-16
monitors in the steam line.

7.5

Summary

The Swedish approach for treating PWSCC at the top of the tube sheet appears to be unique, in
that it is based on keeping the risk of core damage below a quantified probability limit. For
defects at TSPs, the Swedish approach is to use a combination of a fraction of wall based criterion
in conjunction with a bobbin coil voltage limit similar to that being developed by EPRI. The
Swedish approach does not appear to explicitly address limiting leakage during accidents associated
with cracks below the critical length.

8.

Regulatory Practices and Fitness-for-Service Guidelines in USA

8.1

Regulatory Basis

There are several different requirements which apply to steam generator tubing in the USA. The
basic requirements are contained in 10CFR50, which has broad requirements directed at
maintaining pressure boundary integrity. 10CFR50 also invokes the ASME Code, including Section
XI, which has requirements pertaining to inspection and fitness-for-service guidelines, and Section
III, which also contains requirements pertaining to fitness-for-service guidelines. Detailed
requirements are contained in each plant's Technical Specifications, which are part of the plant's
license from the federal government, and are generally patterned on NRC developed Standard
Technical Specifications (e.g., NUREG 0452 for Westinghouse plants). Detailed guidance on
meeting NRC requirements is provided in U. S. NRC Regulatory Guide (RG) 1.83, which covers
inspection requirements, and in RG 1.121, which covers some aspects of establishing
fitness-for-service guidelines (it does not address accident leak rates).
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8.2

Inspection Requirements

ASME Section XI contains limited requirements concerning steam generator inspections. In
Article IWB-2413 it requires that a nuclear plant's inspection plan follow its technical
specifications, which means that it has to be approved by the NRC. The NRC's guidelines, which
are explained in RG 1.83, specify the type of program that is required for in-service inspection of
PWR steam generator tubes. However, it should be understood that RG 1.83 is not mandatory,
and that the legal requirements applicable to a plant are those in its Technical Specifications.

First, RG 1.83 describes the type of equipment necessary to perform in-service inspections. It
specifies that eddy current or an equivalent NDE technique should be used. The equipment should
be able to find SCC cracks or thinning caused by chemical wastage, mechanical damage, or other
causes. It should be able to detect imperfections, of depth 20% or more, through wall (it should
be understood that this objective has, in many cases, not been met, since existing sensors are not
capable of reliable detection of such shallow indications for many defect types in steam generator
tubes). It should also be able to examine the entire length of a tube. For a U-bend, the ability to
inspect from the entry of the hot leg around the U-bend to the top of the cold leg is considered
sufficient. The equipment should also be calibrated using standards with reference flaws simulating
the length, depth, and shape of imperfections characteristic of past experience with the generator,
and should be performed according to written procedures.

Second, RG 1.83 discusses when to perform baseline inspections. It states that all tubes in the
steam generators should be inspected by ECT or approved alternate techniques prior to the
generator going into service to establish a baseline condition of the tubing. For plants which
institute a major change in their secondary water chemistry, it specifies that a new baseline
inspection should be performed prior to the plant returning to service.

Next, RG 1.83 specifies how the in-service inspections are to be carried out. It requires that a
sample of tubes, in all steam generators, be inspected during the first inspection. After that, one
steam generator can be inspected on a rotating schedule, with the number of tubes equal to 3% of
the total tubes of all of the steam generators in the plant if, according to the previous inspection
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results, all of the steam generators are behaving in a like manner. The tubes should be chosen at
random except in the case where similar plants are having problems which indicate critical areas
to be inspected. All in-service tubes with previously detectable (>20% of wall) indications and all
tubes where deleterious conditions are known to exist should be inspected at each outage.

Supplementary inspection requirements are also specified in RG 1.83. If any new detectable
(>20% of wall) indications are identified, or if any old indication exhibits growth more than 10%
of wall, then additional steam generators should be inspected. If more than 10% of the inspected
tubes exhibit indications of depth greater than 20% of wall or growth of existing indications more
than 10% of wall, or if one or more tubes have repairable indications, an additional 3% of tubes
should be inspected, concentrating on those tubes which are similar to those with the indications.
Additionally, all other steam generators should be inspected. If this additional inspection finds that
more than 10% of the newly inspected tubes meet the same criteria as the previous condition, then
another 6% of the tubes in the steam generator should be inspected in the area of the indications.
In effect, these requirements mean that, if there are more than a few defective tubes, 100% of the
tubes require inspection.

RG 1.83 also outlines the frequency of in-service inspections. It states that the first inspection
shall be performed after 6 effective full power months but before 24 calendar months. Then,
subsequent inspections should be performed between 12 and 24 calendar months after the previous
inspection. If two consecutive inspections, not including the baseline, result in less than 10% of
the tubes having anl indication of depth more than 20% of wall and no indications with growth
more than 10% of wall, the inspection frequency can be extended to 40 calendar month intervals.
Also, unscheduled inspections should be performed after primary-to-secondary leaks exceeding
technical specification limits, seismic occurrences greater than the operating basis earthquake, a
loss-of-coolant accident which trips engineered safeguards, or a major steam or feedwater line
break.
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Lastly, RG 1.83 specifies acceptance limits of tube degradation for a plant's return to service. If
an inspection finds that less than 10% of the tubes have detectable (>20% TWD) indications and
3 or less tubes are repaired, plant operations may be resumed after repairing the necessary tubes.
If this condition is not met, then results of the inspection must be reported to the NRC for
resolution and approval of proposed remedial action.

8.3

Fitness-for-Service Guidelines

The conditions necessary to repair a tube are defined primarily by the Section XI of the ASME
Code. Article IWB-3521.1 states that, for U-tube steam generators, allowable OD flaws shall not
exceed 40% of wall. This is the criterion that most plants have in their technical specifications as
their fitness-for-service guidelines. IWB-3630 allows alternate criteria to be used, if acceptable
to the regulatory authority. RG 1.121 also allows use of different criteria to evaluate indications,
and can allow through-wall cracks to remain in service, subject to approval by the NRC. With
regard to RG 1.121, it should be understood that it is not mandatory, but rather is a guidance
document.

However, in practice, it serves as the starting point for development of

fitness-for-service guidelines in the USA.

RG 1.121 states that licensees may submit alternate fitness-for-service guidelines to the NRC for
approval. Analytical and experimental justifications are required when proposing fitness-for-service
guidelines.

Unacceptable defects are defined by RG 1.121 as (1) through-wall defects which do not have
adequate margins of safety against rupture under normal and accident conditions, (2) part
through-wall defects where the remaining wall thickness is less than the minimum acceptable (see
below), or (3) through-wall and part through-wall defects, and combinations of these, that exceed
the "operational limit" (the intent of this requirement is not clear — probably the correct
interpretation is that the operational limit is the leak rate limits in the technical specification, and
that these should not be exceeded). Tubes with unacceptable defects are required to repaired.
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The minimum acceptable wall thickness is defined such that:

(1)

Tubes with part through-wall degradation should not be stressed out of the elastic

range of the tube under normal operating conditions;

(2)

There is a margin of safety of 3 against tube rupture or bursting under normal

operating conditions;

(3)

There is a margin of safety pursuant to ASME Code, Section III, Article NB-3225 for

accident conditions (discussed later); and

(4)

Increases in primary to secondary leak rates must be gradual enough to allow

corrective actions to be taken prior to tube failure.

An additional thickness allowance should be added to the minimum acceptable wall thickness to
establish a minimum operational thickness. Any defect larger than the operational thickness should
be repaired before service is resumed.

The method for calculating the additional thickness allowance should be provided in applications
for alternate repair criteria. It should include the maximum number of tubes allowed to have wall
thicknesses less than the minimum, the method and data used to predict the continuing degradation
rate, and a consideration of measurement error and other ECT parameters.

RG 1.121 is specific about the types of analyses which need to be performed to establish alternate
fitness-for-service guidelines. It states that conservative analytical models should be used to
establish the minimum acceptable wall thickness. The thickness must meet the design limits of
ASME Code, Section III, for Class 1 items as well as several other loading conditions. The stress
calculation for thinned tubes should consider all stresses and deformations occurring during
accident conditions, with several examples listed, as well as fatigue. There are also several
examples of accident loads to be considered.
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Through-wall cracks are permitted to remain in service if they meet certain conditions. The
maximum length of the largest single crack must be such that the pressure required to cause tube
rupture is a minimum of three times normal operating pressure. The burst pressure should be
calculated considering several factors, including crack geometry, material stress-strain flow
properties, and others. An adequate factor of safety must also be provided for loadings during a
large steam line break or LOCA accident per NB-3225 of Section III of the ASME Code.
Finally, a summary of analyses performed must be provided to the NRC when applying for
alternate fitness-for-service guidelines. The RG lists the type of information that must be included
in the analyses.

ASME Code, Section III, Article NB-3225 is referenced by RG 1.121 to determine the factor of
safety under accident conditions. This article says that the rules contained in Appendix F of the
Code may be used to evaluate specific loadings, independently of all other design and service
loadings. Article F-1341.4, Appendix F, Plastic Instability Load, is usually chosen as the limiting
load since it represents a reasonable approximation of a tube rupture condition. The Plastic
Instability Load is defined in Article NB-3213.26 as the load at which unbounded plastic
deformation can occur without an increase in load for members under predominantly tensile or
compressive loading. According to Article F-1341.4, the applied load shall not exceed 0.7 times
the Plastic Instability Load, which is determined from either plastic or experimental analysis. This
corresponds to a factor of safety of 1/0.7 = 1.43 for accident loads.

If the steam generator tubing is assumed to behave like austenitic piping, which is a reasonable
approximation, Article IWB-3642 of Section XI of the ASME Code can be used to determine the
factors of safety. It specifies a safety factor of 3 for normal loads and 1.5 for accident loads.
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8.4

Leakage Limits

Per RG 1.121, the primary-to-secondary leak rate under normal pressure should be less than the
leakage rate, from the largest permissible axial crack, so that remedial action can be taken if the
crack length exceeds the limit during service. It should always be less than the leak rate which
may be tolerated based on acceptable radiation doses at the site boundary.

Even though not required by RG 1.121, practice in the USA is to ensure that the total primary to
secondary leak rate from all in-service tube defects, of all defect types and from all steam
generators, will not lead to infrigement of site dose limits set by 10CFR100 during accidents,
especially the steam line break and feed line break. The methodology to be used in determining
the total leakage is not spelled out in design basis documents, but rather has evolved as a matter
of practice, and is summarized in EPRI prepared resource documents.65-66

8.5

Summary

Requirements and guidance in the USA regarding maintaining margins against tube burst under
normal and accident conditions are reasonably well documented in the ASME Code and RG 1.121.
Requirements for meeting site dose limits also impact on fitness-for-service guidelines and, while
the methodology and criteria to be used are not formally specified by the NRC, approaches that
can be used have been developed by EPRI.

9.

Summary of Bases for Fitness-for-Service Guidelines

A brief summary of the main bases for fitness-for-service guidelines is given in Figure C-l.

Figure C-1.

International Hitness-For-Service Bases

Bases

How Implemented

Where Used

I

NO DETECTABLE FLAWS OR LEAKAGE

No wall thinning > 20%, no defects over noise level

Japan

I

USE SAFETY FACTORS OF 3 AGAINST FAILURE FOR NORMAL OPERATION
ANDt.4 and 1.5 FOR ACCIDENTS

Use safely factors and conservative analysis methods

ASME Code, Canada, USA

J USE MORE CONSERVATIVE OF (1) SAFETY FACTORS WITH BEST ESTIMATE
OR (2) CONSERVATIVE ANALYSIS METHODS W/O SAFETY FACTORS

Use safety factor of 3 for normal opération and 1.4 - 1.5
for accidents with best estimate; or conservative methods
with no safety lactor; use most conservative result

Belgium

4 ASSURE NO BURST UNDER ACCIDENT CONDITIONS

Use conservative analysis methods - no explicit salety
factor

France

5 RELY ON LEAK BEFORE RISK OF BREAK, SUPPLEMENTED BY
CONSERVATIVE INSPECTIONS (FOR AXIAL PWSCC AT TTS)

Perform 100% inspections of affected area and establish
tight leak rale limits

Spain

6 SET DEFECT SIZE BASED ON ALLOWABLE RISK OF RUPTURE
DURING STEAM LINE BREAK

Estimate probability of rupture for each defect, and require
sum for all defects to be < allowed limit (e.g., 1%)

Sweden, USA
as cross check

7 ENSURE TOTAL LEAKAGE FOR ALL DEFECTS MEETS DOSE LIMITS

Estimate leakage for all defects present al end of interval,
make sure total leakage is consistent with dose limits

Canada, USA,
Belgium, Sweden

9
to
00

D.

FITNESS-FOR-SERVICE GUIDELINES FOR SPECIFIC DEFECT TYPES

1.

Objective

The objectives of this section are to show how fitness-for-service guidelines have been applied to
specific defect types in various countries, in order to illustrate the various approaches that have
been developed.

The intent has been to cover those specific examples of fitness-for-service

guidelines that serve to illustrate different approaches or ideas.

2.

Fitness-for-Service Guidelines for Axial PWSCC Cracks at the Top of the Tube Sheet

The occurrence of axial PWSCC cracks at the top of the tube sheet of full depth rolled tubes was
the first wide spread degradation mode that led to development of alternate defect-specific
fitness-for-service guidelines (often called alternate plugging or repair criteria). This problem was
first addressed in France and Belgium. Subsequently, fitness-for-service guidelines for this defect
mode have been developed and accepted by regulatory authorities in Sweden, Spain, Yugoslavia,
and Brazil. Substantial work on developing technical bases for such guidelines has also been
performed in the USA but, thus far, they have not been used. The fitness-for-service guidelines
developed in several countries for this type of degradation are summarized below to illustrate the
variety of approaches used.

2.1

France

As discussed in the previous section, the original French approach for handling PWSCC at the top
of the tube sheet was to use LBRB. As experience was gained, showing that LBRB was not
always met by actual cracks in tubes, emphasis on LBRB had to be decreased and increased
reliance placed on periodic inspections to protect against defects developing that could lead to tube
rupture under accident conditions. The essential features of the current French approach for
PWSCC at the top of tube sheet include:
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•

The top of the tube sheet regions of all tubes in susceptible steam generators are inspected
at each refueling outage using RPC.

Areas which experience indicates ma}' have

circumferential defects are inspected by RPC each refueling outage.

•

In order to make the protection provided by LBRB as effective as possible, allowable primary
to secondary leak rates are kept low (e.g., 5 1/h (1.3 US gph)), and rapid acting and sensitive
N16 leak detectors are used.

•

The allowable crack length is based on the critical length for rupture under steam line break
conditions, with allowances removed for inspection error and defect growth between
inspections.

•

Conservatism is introduced into the calculation of allowable crack size by the following:

The critical size is determined using the most adverse tube dimensions (outer diameter
and wall thickness) and mechanical properties (yield and ultimate strength at
temperature).

In addition, upper bound temperatures and pressures are used for

postulated accident conditions.

Conservative allowances are provided for defect growth and length measurement error.

In summary, the French approach is now mainly an inspection approach, though LBRB is relied
upon to provide additional protection. The inspection approach incorporates margin by using
adverse tube dimensions, adverse tube material properties, adverse accident conditions of pressure
and temperature, and conservative (but not upper bound) allowances for crack growth and
inspection error.
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2.2

Belgium

As discussed in Section C.3, Belgian safety criteria were based initially on requirements for USA
PWRs, e.g., 10CFR50, ASME Code, Regulatory Guides, and Technical Specifications. As also
discussed in Section C.3, literal compliance with these requirements is considered by the Belgians
to be too conservative and inflexible for some specific defect types.

They have therefore

developed modified approaches for specific defect types. The first defect type addressed by the
Belgians, in this manner, was axial PWSCC deep in the tube sheet of part depth rolled tubes. For
these defects, it was concluded that the cracks could not propagate in an unstable manner because
of the support provided by the tube sheet. As a result, repairs are made of axial cracks deep in
the tube sheet of Belgian units with part depth rolled tubes only as needed to limit primary to
secondary leak rates.67

The second defect type addressed in Belgium using defect-specific

fitness-for-service guidelines was axial PWSCC at roll transitions at the top of the tube sheet of
full depth rolled tubes. These guidelines are discussed below.

Belgian fitness-for-service guidelines for axial PWSCC at the top of the tube sheet are directed at
two main objectives: Ensuring that the tubes (1) have adequate structural strength, i.e., will not
burst under normal or accident conditions, and (2) have primary to secondary leak rates under
postulated steam line break accidents that meet limits imposed by radiation dose limits at site
boundaries.68 The approach taken to ensure that tubes will not burst as a result of axial cracks at
the top of the tube sheet is as follows:69'70

•

For plants known to be subject to axial PWSCC cracks at the top of the tube sheet,
inspections are performed of the top of the tube sheet region of 100% of the tubes using
methods known to be able to reliably detect cracks. The method used has generally been
automated RPC ECT of tubes from 2 inches (51 mm) above to 4 inches (102 mm) below the
top of the tube sheet. The inspections are typically performed each annual refueling outage,
though in one case inspections were limited to a sample of tubes (with larger defects) on the
basis that predicted crack growth for shorter cracks was compatible with a two year
inspection interval.
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An allowable measured crack length is established for each tube OD and wall thickness
combination (e.g., 14 mm (0.55 in.) for 22.2 mm (7/8 inch) OD tubes), taking into account
the critical length under accident and normal conditions (this length is increased to account
for reinforcement by the tube sheet), allowance for defect growth during the inspection
interval, and allowance for measurement error. This approach is similar to that required by
Regulatory Guide 1.121. However, the safety factors called for by Regulatory Guide 1.121
are modified, as described below.

Plugging criteria are developed by using the more conservative of the two following
approaches:

Best Estimate (best estimate parameters, with factors of safety). The RG 1.121 safety
factors of 3 for normal conditions and R(2) for accident conditions are applied to crack
length, rather than to pressure loads, and are applied to the best estimate values of
critical crack length, reduced by best estimate crack growth and measurement error.

Most Conservative (worst case parameters, no safety factors). The critical crack length
is determined for the worst combination of tube dimensions and material properties, and
then reduced by upper limit growth rates and measurement errors. No additional safety
factor is applied.

The relationship used to determine critical crack length as a function of crack length, tube
sheet reinforcement, and material properties was developed based on extensive review of the
technical literature and on tests performed by the Belgians and others. The work involved
selection of an appropriate mathematical relationship, and determination of best estimate and
bounding values for the key parameters in the relationship.

The critical crack length was determined for both best estimate and most conservative cases,
using safety factors on length for the best estimate case and no safety factor for the most
conservative case. The more conservative, and hence controlling, case was determined to be
the "most conservative" case.
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The method used by the Belgians to ensure that adequate protection against primary to secondary
leakage, following a steam line break, is maintained involves predicting, for each defect that is left
in service, the leakage that would occur during a steam line break at the end of the operating cycle,
and showing that the sum of these leaks, together with leakage from any other types of defects left
in service, meets the acceptance value. The size of the defects at the end of the operating cycle
is determined based on the distribution of crack sizes at the start of the cycle, and a probabilistic
treatment of defect growth behavior.

In summary, the objective of the Belgian approach appears to be to maintain the spirit of RG 1.121
but to utilize a realistic model when making repair decisions so that conservatisms are not
unnecessarily compounded, i.e., so that reasonable, but not excessive, safety factors are used. This
is believed to be the reason for the two prong approach described above where, in one case, safety
factors are used but best estimates of input parameters are used, and in the other case, conservative
inputs are used in each step of the evaluation, and thus are compounded, but no additional safety
factor is used.

2.3

Sweden

In Sweden, the approach taken for handling PWSCC cracks in the top of tube sheet region is
probabilistic or risk-based in nature.71 The objective is to limit the probability of core damage due
to a steam line or feedwater line break. Based on PRA type evaluations, the utility (Vattenfall)
determined that the conditional probability of steam generator tube burst under steam line break
conditions should not be larger than 1% for all three steam generators in a unit. On this basis, the
probability of tube burst during a steam line break, considering all cracks left in service, is required
to meet the limit set by the following expression:

2 nx Px
where nx is the number of cracks with the length of x and px is the probability for a crack with the
length x to become critical,72 where "critical" means that the crack has reached a length where it
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will propagate rapidly due to plastic instability under accident differentia] pressures.

The

probability of a crack becoming critical is based on burst testing, takes into account measured
defect growth rates using data obtained in yearly inspections since 1987 and length measurement
error, and varies as a function of crack length and distance above the top of the tube sheet.

Vattenfall calculated that a single crack among all three steam generators with a length of 12.4 mm
(0.5 in.) would have a probability of burst of 1%.73 To provide for multiple cracks remaining in
service in a unit, the maximum allowed length was selected to have a probability of burst well
below the guideline of 1%. Specifically, a length of 9 mm (0.35 in.), with a calculated probability
of burst of 0.034%, was selected as the upper limit. An example of an allowable set of cracks of
different lengths that satisfies the 1% total probability limit is given below: 74

Crack Length (mm ("in."))

p.. (%)

nx

nxp_x

9(0.35)
8 (0.31)
7 (0.28)
6(0.24)

0.034
0.007
0.001
0.0001

10
50
200
1000

0.34
0.35
0.2
0.1
Sum < 1%

Only the length of a crack above the top of the tube sheet is considered. All axial cracks below
the tube sheet are allowed to remain in service. Circumferential cracks are permissible only if they
are below the P* distance (see Terminology in Section A) from the top of the tube sheet; in all
other locations they must be repaired.

In summary, the Swedish approach for PWSCC at the top of the tube sheet is to use an inspection
based approach, with allowed crack sizes based on keeping the risk of core damage due to tube
burst during a steam line break to a low specified amount. In this approach, each crack contributes
an amount to this risk depending on its predicted length at the end of the operating interval.
Conservative values are used for defect growth rate and inspection error. Specific consideration
does not appear to be given to meeting site dose limits following a steam line break.
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2.4

Spain

The Spanish approach to fitness-for-service guidelines for PWSCC at the TTS is covered in
conjunction with their overall approach to fitness-for-service guidelines in Section C6.

In

summary, they use a LBRB approach, which is made quite conservative by using a large allowance
of 4 mm (0.16 in.) for defect growth during the operating cycle. Specific consideration does not
appear to be given to meeting site dose limits following a steam line break.

2.5

USA - EPRI Alternate Fitness-for-Service Guidelines for PWSCC in the Roll Transition
Region75

2.5.1

Background

Primary water stress corrosion cracking (PWSCC) has been identified in the roll transition area of
full and part-depth rolled PWR steam generators worldwide. Use of the repair limit of 40% of
wall for these cracks can result in a large number of tubes requiring repair, and may be
unnecessarily conservative. Therefore, EPRI commissioned a committee of U. S. and foreign
experts in steam generator tube repair issues to recommend an alternate approach to
fitness-for-service guidelines for tubes with these types of cracks. Their approach follows NRC
Regulatory Guides 1.83 and 1.121, ASME Code Section III, and applicable 10 CFR 50 general
design criteria. It allows tubes with axial through-wall cracks of limited length to remain in
service without compromising the safe operation of the plant.

The starting points for EPRI's alternate approach were the current requirements for tube
fitness-for-service guidelines for plants in the USA. The NRC's Standard Technical Specification
fitness-for-service guidelines for steam generator tubes are used at most U. S. plants (e.g.,
NUREG-0452, November 1981, for Westinghouse plants). These are based on NRC Regulatory
Guides 1.83 and 1.121 and Section XI of the ASME Code which specify that any defect deeper
than 40% through wall must be repaired. This is normally interpreted to mean that any PWSCC
indications at the TTS which can be identified by RPC should be repaired, since the normal
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detection limit of RPC is about 40% of wall. Many plants in the USA also use the F* criterion,
which allows indications with any through-wall depth located a sliort distance below the bottom
of the roll transition or top of the tube sheet, which ever is lower, to remain in service.

2.5.2

Description of Guidelines

The alternate fitness-for-service guidelines developed by EPRI for PWSCC in the roll transition
area at the top of the tube sheet would be applied as follows. The following equation would be
used to find the largest allowable axial crack length which can remain in service:

' °CC ~ °NDE

where:

A

=

allowable crack length,

=

tube rupture equation reference crack length

=

correction for tube sheet constaint,

=

allowance for crack growth, and

=

allowance for NDE uncertainty

a

a

cc

a

NDE

All defects with an axial crack length larger than the allowable crack length would have to be
repaired. This guideline is based on test data which indicates that tube burst behavior is dependent
solely upon the length of the largest crack in the roll transition region. Any defect with a
circumferential length greater than the axial length would not be covered by these guidelines, and
would probably have to be repaired. Multiple axial cracks with spacing between adjacent axial
cracks greater than 10 mm (0.39 mm) must meet the allowable crack length limit; multiple axial
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cracks with spacing less than 10 mm (0.39 mm) must comply with a limit of 1/2 the allowable
crack length. While EPRI has compiled data which can be used for this calculation, it is expected
that each utility will perform calculations using plant-specific data and parameters when qualifying
these guidelines with the NRC.
For all tubes left in service, an accident leakage evaluation has to be performed to ensure that the
predicted leak rate under accident conditions is less than the maximum allowable leak rate based
on acceptable radiation doses at the site boundary. If the evaluation shows potentially unacceptable
leakage, additional tubes would have to repaired until the limit was met.

The EPRI alternate fitness-for-service guidelines give utilities a blueprint for submitting their own
fitness-for-service guidelines for PWSCC in the roll transition to the NRC so that they can be
quickly reviewed and approved. This involves utilizing specific methods for evaluating the four
terms in the allowable crack length equations based on EPRI's model.

These methods are

described in the following paragraphs.

2.5.3

Calculation of Parameters

The reference crack length must be shown to be in compliance with Regulatory Guide 1.121. This
is done by correlating the crack length with the burst pressure of the tube. EPRI compiled results
from tests performed on 3/4-inch (19.1 mm) and 7/8-inch (22.2 mm) tubing by BELGATOM,
Framatome and EdF, Westinghouse, and CEGB in Great Britain. All of the available data were
normalized and plotted, and a bounding equation calculated. The equation is then corrected to
steam generator operating temperature using the relationships that operating temperature yield
strength is 88% of room temperature yield strength and operating temperature ultimate strength is
95% of room temperature ultimate strength. The crack lengths corresponding to three times normal
operating pressure and pressure times steam line break pressure can be determined using this
equation, and the lower of the two values is used as the reference crack length.
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A correction for tube sheet constraint is also computed. The tubesheet reinforces the tube, so for
a given crack length the presence of the tubesheet will give a higher tube burst pressure. This is
especially true for short cracks which are close to the tubesheet. Longer cracks do not receive the
same benefit since the crack tip is farther away from the tubesheet. Also, cracks which do not
extend to the bottom of the roll transition are not as restrained by the tube sheet. For this type of
crack, the distance from the bottom of the crack to the bottom of the roll transition has to be added
to the crack length when calculating the tube sheet restraint correction, or else the term should be
neglected. BELGATOM has developed a linear correction based on the following equations, where
is the reference crack length. For 3/4 -inch (19.1 mm) tubing:
if 0 < a < 4.5 mm;

if 4.5 mm <

if 18 mm <

< 18 mm;

a

"75

6.0 -

a

/3 mm

"75

;

a

4.5 mm

For 7/8-inch (22.2 mm) tubing:

if 0 < â < 8.5 mm;

if 8.5 mm <

a

if 22 mm < â ',

< 22 mm;

"75

A

TS

4.5 mm

7.33 - a /3 mm

"75

The allowance for crack growth during the next operating cycle must also be computed. EPRI
commissioned BELGATOM to analyze three successive RPC inspections at Doel 2 to determine
the growth rate of axial cracks in the roll transition region for standard rolled tubes. Doel 2 has
partial-depth roll tubes with the roll transition occurring well below the top of the tube sheet. The
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most recent inspection showed a growth rate of 0.76 mm (0.030 in.)/EFPY for cracks with
beginning-of-cycle lengths from 3 to 11 mm (0.12 to 0.43 in.). After analyzing older data this
value was determined to be the appropriate allowance for crack growth. However, EPRI cautions
that this value was used for demonstration purposes only, and that plant specific data should be
used to obtain an accurate result. It should be noted that the growth value of 0.76 mm (0.030
in.)/EFPY is an average value, and not an upper bound value.

The uncertainty associated with nondestructive examination must also be taken into account. EPRI
compiled results from experiments performed comparing true crack length with crack length as
measured by MRPC inspections performed on tubes from France, Belgium, Sweden, Spain, and
the U. S. The 201 data points were plotted and a linear correlation and upper 95% confidence
interval were computed. For the compiled data the following relationship was found:

True Crack Length = Measured Crack Length - 0.39 mm (0.015 in.).

The upper 95% error of the relationship was determined to be 2.12 mm (0.083 in.). The allowance
for NDE uncertainty is computed by subtracting the measured crack length from the true crack
length, which for this relationship is -0.39 mm (-0.015 in.), and adding the upper 95% error of
2.12 mm (0.083 in.) for a net NDE error of 1.73 mm (0.068 in.). However, EPRI again advises
utilities to use plant specific relationships based on their own inspection results to produce more
accurate results.

Having computed all of the terms, the allowable crack length can be found. All terms in the
equation are computed based on the reference crack length since it is the maximum crack length
which can be left in service. Using EPRI's values, the calculation is performed in the following
manner.
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The equation for the normalized tube differential burst pressure versus normalized crack length is:
• 0.44628-?.
0Aim

A. = 10

where:
X is the normalized crack length =

P

is the normalized differential burst pressure = PR/(Sy + Su)t

a is the crack length
R is the nominal tube radius
t is the nominal tube thickness
P is the tube differential burst pressure including the factor of safety
Sy is the yield strength of the tube material
Su is the ultimate strength of the tube material

For 7/8-inch (22.2 mm) tubing, typical values are as follows: the tube radius is 10.48 mm (0.41
in.), the tube thickness is 1.27 mm (0.050 in.), and the sum of the yield and ultimate strengths is
869 MPa (126 ksi). Under normal operating conditions the differential pressure from the primary
side to the secondary side is 10 MPa (1450 psi). Applying a factor of safety of three as specified
previously gives 30 MPa (4350 psi). The normalized differential burst pressure is then found by:
•p_

PR
.(30AfPfl)(10.48inifi)_ 02BS
(Sy+Su)t (869AfPa)(1.27mm)

The normalized crack length is found next.
• 0,44628-?)

.0,44628-0,285.

X = 10 °-41881 = 10

°-41881

= 2.429

This is then used to find the corresponding crack length for tube burst:

= Av^=2.429v'(10.48»inj)(1.27mm)=8.86mm (0.35inch)
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Next, the crack length corresponding to steam-line break conditions is found. The differential
pressure for this accident is about 18.3 MPa (2650 psi), and with a factor of safety of \/2

the

pressure is 25.88 MPa 3750 psi). Solving for each term as before, the crack length is found to be
10.99 mm (0.43 in.). Therefore, the reference crack length a

is the lower of the two calculated

crack lengths, which is 8.86 mm (0.35 in.).

The tube sheet constraint is calculated next. Since the reference crack length is between 8.5 and
22 mm (0.33 and 0.87 in.) long, the equation

are = 7.33-0/3mm (0.29-a/3 inch)
is used. For an 8.86 mm (0.35 in.) crack the correction for tube sheet constraintan

is 4.38 mm

(0.17 in.).

The allowance for crack growth and NDE uncertainty are calculated as described previously, and
for this case equal 0.76 and 1.73 mm (0.030 and 0.068 in.) respectively, assuming the next
operating cycle will equal 1 EFPY. Taking all of these values, the allowable crack length A can
be calculated to be 8.86 + 4.38 - 0.76 - 1.73 mm = 10.7 mm (0.35 + 0.17 - 0.030 - 0.068 = 0.42
in.).

2.5.4

Inspection and Accident Analysis Implications

Use of the EPRI fitness-for-service guidelines requires that a 100% RPC inspection of all in-service
hot leg tube expansion zones be performed at each scheduled inspection outage.
To qualify EPRI's alternate fitness-for-service guidelines, accident conditions which could result
in primary-to-secondary leakage have to be considered. These include steam line break (SLB),
locked reactor coolant pump rotor, steam generator tube rupture, control rod ejection, loss of
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load/loss of off-site power, etc. For many plants, the limiting event will be SLB, but this is not
always the case. To ensure that the event which results in the largest primary-to-secondary leakage
is addressed, all accidents, which could result in loss of radioactivity to the environment, need to
be considered.
An elastic-plastic fracture mechanics analysis which estimates the crack opening for pressure
loading was developed to predict the leak rate under accident conditions. The formula is shown
in Figure D-l.

The flow discharge coefficient K was determined experimentally based on

correlations of leak rate and crack opening area, and was bench marked using experimental data
correlating crack length and leak rate. For each crack left in service, the corresponding predicted
leak rate must be calculated, and then all of the predicted leak rates must be added up to determine
the total predicted leak rate for an accident which occurs during the next operating cycle. This
value is then compared to the maximum leak rate allowed due to acceptable radiation doses at the
site boundary per 10 CFR 100. If the total predicted leak rate is larger than the maximum
acceptable leak rate, then additional cracks must be repaired to ensure compliance with the limit.
The EPRI guidelines indicate that their method of calculating leak rates provides a conservative
estimate of the leak rate when a large number of cracks are considered, though the leakage for any
one individual crack may be under predicted.

2.5.5

Leak Rate Limit and Monitoring Implications

To provide an increased probability of LBB protecting against tube rupture during accident
conditions, the use of the EPRI guidelines requires that the operating leak limit under normal
conditions be reduced to 150 US gpd (23.7 1/h) per steam generator. Based on experimental data
compiled by EPRI, the tube burst pressure corresponding to this leak rate is close to the pressure
differential at accident conditions.

2.5.6

Material Properties

There are three different sources of material properties which can be used for calculation of the
allowable crack length. If the properties of the actual tube have been measured, then they should
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be used for that tube, and can easily be corrected to operating temperature based on accepted
ratios. If the tube heats used in the steam generator are known, then the 95% lower bound of the
properties of the heats present can be used and corrected to operating temperature, if necessary.
Thirdly, if steam generator specific data are not available, properties compiled by Westinghouse
can be used at the 95% lower bound estimate, and corrected to operating temperature, as necessary.

2.5.7

Summary of EPRI Approach

With regard to protecting against tube burst, the EPRI approach provides safety factors and
conservatisms, by use of the following:

•

Safety factors of RG 1.121, on normal and accident pressure, are used (factors of 3 and
R(2) respectively), when establishing critical crack length.

•

A "lower bound" equation for tube burst as a function of crack length is used. This
"lower bound" is the lower bound of several best estimate fits to experimental data.
Thus, it is a conservative "best estimate" rather than a statistically based lower bound,
though the degree of conservatism introduced is not well defined.

•

95% tolerance limit values in the conservative direction are used for measurement error
and material properties.

Best estimate values of tube dimensions and crack growth rate are used, and corrections for tube
sheet restraint and temperature effects are also performed on a best estimate basis. With regard
to leakage during accidents, most of the calculation is performed on a best estimate basis, but some
degree of conservatism is introduced by use of a conservative correlation for flow coefficient as
a function of crack length.
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3.

Fitness-for-Service Guidelines for Axial IGA/SCC at TSPs

The occurrence of axial IGA/SCC, at TSP intersections of steam generators with mill annealed
Inconel 600 tubing and drilled hole TSPs, was the second type of tube degradation that resulted
in development of alternate fitness-for-service guidelines.

The fitness-for-service guidelines

developed in several countries for this type of degradation are summarized below to illustrate the
variety of approaches used.

3.1

France76

The French use a bobbin coil ECT voltage criterion to judge the acceptability of tubes with defect
indications at TSPs. The criterion is that the bobbin coil ECT signal voltage shall not exceed 2
V (French calibration) (This voltages compare to about 17 volts following US-ASME practice for
ECT.77). This criterion was developed by the operator (EdF) and accepted provisionally by the
safety authority on the basis of:78

(1)

A 6 V value (French calibration) obtained in laboratory tests on a tube with 600 mm

(0.024 in.) deep IGA around the full circumference. The concern is that, for such a depth
of IGA, circumferential cracks could develop.

(2)

The kinetics for this type of degradation, as determined through periodic inspections.

(3)

Laboratory examinations of tubes. To date, no large circumferential defects have been

discovered in tubes with bobbin coil voltages less than 2 V (French calibration). However,
at this voltage, the laboratory examinations show that longitudinal IGSCC cracks often
penetrate through wall.

In order to improve the guidance for this type of degradation, the French safety authority has asked
EdF to continue to remove tubes for examination and to use a rotating probe. Studies of the
mechanical strength of removed tubes with degradation are performed.
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In conclusion, the provisions taken by the operator (EdF) are aimed at excluding the risk of tube
rupture and are based on the one hand on the results of inservice monitoring, and on the other hand
on studies of the mechanical strength of steam generator tubes under accident conditions.

In addition, it should be noted that:

(1 )

In French steam generators, the number of tubes affected by ODSCC at the tube support

plates is considerably less than the number of tubes affected by PWSCC in the roll transition
area.

(2)

The 2 volt (French calibration) plugging criterion is applied only to the lower tube

support plates where defects are at present observed, and for which displacement of the tube
support plate is predicted to be negligible under accident conditions.

3.2

Belgium

The Belgians use a bobbin coil ECT voltage criterion to judge the acceptability of tubes with
IGA/SCC defect indications at TSPs, based on correlations between the burst and leakage
properties of tubes and the bobbin coil voltage. Allowances are included for growth of cracks (on
increase of voltage) during operating intervals and for NDE uncertainty. The criteria are more
stringent for higher TSPs, which analyses indicate may deflect during a steam line break, while
they are less stringent for lower TSPs, which analyses indicate will remain in place and support
the degraded area during the accident. The Belgians estimate the leakage that may occur during
a steam line break from defects at TSPs, as well as at other defects, and require that the leakage
be compatible with site dose limits. They indicate that this, in practice, may require tubes to be
repaired that do not require repair to prevent rupture.79
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3.3

Sweden

The Swedes use a combination of a defect depth based limit and a bobbin coil voltage limit for
IGA/SCC at TSPs. Tubes are required to be repaired for defects determined to be deeper than
70% of wall. This limit is based on the desire to ensure no leakage, and includes an allowance
of 10% of wall growth per operating cycle and 20% of wall depth measurement uncertainty. Tube
flaws, which yield bobbin coil voltages less than 1.5 volts, are not required to meet the depth limit.

This prevents excessive conservatism due to defect depth sizing uncertainties, which can be very
large for low voltage signals (which indicate that the defect has low structural significance).

3.4

Spain

The Spanish currently are required to meet the 40% of wall criterion, but are pursuing EPRI type
criteria, similar to those discussed below.
3.5

3.5.1

USA - Trojan Alternate Fitness-for-Service Guidelines

Background

The degradation experienced at Trojan, and the inspections and repair criteria developed in
response to this degradation, have had great visibility in the industry. Accordingly, the Trojan
criteria were selected for inclusion in this section. It should be understood that the alternate repair
criteria developed for Trojan, and the inspection practices used with them, differ to some extent
from those used at several other plants in the USA, and from those developed by EPRI. The EPRI
criteria, which are similar to those used at other plants, are described later.

The Trojan Nuclear Plant was a four loop PWR of Westinghouse design, with Model 51 steam
generators, that was operated by Portland General Electric (PGE). The steam generators had mill
annealed Alloy 600 tubing and drilled hole TSPs, and the plant operated at a relatively high hot
leg temperature of 615°F (324°C). The plant always operated on AVT water chemistry. In the
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spring of 1991, Trojan shut down for its End of Cycle (EOC) 13 refueling outage. Extensive NDE
was performed on the steam generator tubes in order to identify defects at TSPs requiring repair,
and tube pulls were performed to confirm the inspection results. The tube pulls indicated that the
then-current inspection practices were unable to identify all repairable indications, and also that
compliance with the fitness-for-service guidelines in place at the time would lead to excessive
repairs.

As a result, alternate inspection approaches and fitness-for-service guidelines were

developed and implemented by the utility and Westinghouse, after being reviewed and accepted
by the regulatory authority.

For the initial 1991 tube inspections, the Standard Technical Specifications type of
fitness-for-service guidelines were used. These were the standard guidelines used for most PWRs
in the USA, which are based on the NRC Regulatory Guides 1.83 and 1.121 and Section XI of the
ASME Code. These regulations specify that a tube containing any defect deeper than 40% through
wall must be repaired.

3.5.2

Type of Degradation Found and Reason for Alternate FFS Guidelines

During the first of several inspections performed during the 1991 outage, PGE used an accepted
interpretation of their fitness-for-service guidelines. They performed bobbin coil ECT to identify
and determine the through-wall depth of indications, and RPC ECT was used to confirm each
bobbin coil "possible indication." All axial or circumferential IGA/SCC defects at TSPs confirmed
by RPC inspection were repaired (296 tubes). One tube was pulled to confirm the inspection
results. Destructive analysis of the tube showed IGA/SCC at the first three TSPs with through wall
depths of 92, 48, and 55%, of which the 48 and 55% indications had not been identified during
the inspection. Since these defects exceeded the allowable 40% of wall limit, PGE decided to
re-analyze the bobbin coil data using more conservative criteria to find additional "possible
indications" at TSPs and to inspect these by RPC for confirmation. All confirmed RPC IGA/SCC
indications were repaired on the basis that the tube pull exams indicated a detection threshold of
about 40% of wall by RPC. An additional 1,824 tubes were repaired as a result of these changes.
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Two additional tubes were pulled to analyze the effectiveness of the bobbin coil data re-evaluation.
Destructive examination revealed three cracks at TSPs with repairable through wall depths which
had been identified as nonspecific RPC indications (or marginal probable flaw detections80 ) due
to a low signal to noise ratio, and thus had not been repaired. Because of the large number of
tubes with similar suspect indications, PGE decided to develop alternate fitness-for-service
guidelines based on bobbin coil voltage to limit the number of tubes that required repair. Based
on correlations of voltage with burst and leakage, and allowances for growth and NDE uncertainty,
a lower limit of 1.0 V for bobbin coil signals was established below which no repairs would be
required, and all remaining hot leg TSPs were examined using RPC. All nonspecific RPC
indications found during the outage were identified and their bobbin coil voltages checked versus
the new repair criteria. Tubes, which yeilded bobbin coil voltages greater than 1.0 V, were
considered repairable. An additional 388 tubes were repaired per these requirements.

3.5.3

Trojan Alternate Fitness-for-Service Guidelines

The alternate fitness-for-service guidelines used for 1GA/SCC at TSPs in the Trojan steam
generator tubes are as described above. All bobbin coil "possible indications" at TSPs which
appeared to be IGA/SCC indications were required to be inspected by RPC. If the RPC confirmed
a defect indication to be present at amplitudes above the noise level, the tube was repaired. If RPC
identified a nonspecific (uninterpretable) indication with a low signal to noise ratio, the bobbin coil
voltage for that indication was checked. If the voltage was greater than 1.0 V, the tube was
repaired.

The alternate fitness-for-service guidelines were qualified with the NRC, following the guidance
of Regulatory Guide 1.121 (additional work, beyond that required by Regulatory Guide 1.121, was
performed, especially in regard to verifying that appropriate leak rate limits would be met). This
first involved correlating bobbin coil voltage with burst pressures. This testing was done by
Westinghouse, and involved tubes pulled from Trojan and other operating plants as well as model
boiler tubes. The tests were done at room temperature under freespan cracking conditions, i.e.,
without simulating possible tube reinforcement by the TSPs. Fifty five different data points were
taken, and a lower 95% prediction interval was established for the curve fit. An approximate curve
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is shown in Figure D-2 (The actual curve is proprietary, but it is assumed that it looks similar to
that shown in the figure). This curve was then corrected to the operating temperature of the
generator using established relationships for temperature-dependent mechanical properties of Alloy
600. The voltages corresponding to three times the normal operating pressure and the steam line
break pressure were computed to find the maximum allowable value of voltage based on RG 1.121.

The expected defect growth rate during the next operating cycle was also computed. This was
based on comparing indications found during the 1986 to 1989 outages, with 1989 considered the
baseline inspection. Indications found in more than one outage were analyzed to determine their
bobbin coil voltage growth rate. Once the rate among all pre-existing defects was found for the
previous operating cycle to a 95% cumulative probability (confidence), it was multiplied by the
expected length of the next cycle to compute the expected growth in that cycle. An approximate
curve is shown in Figure D-3 (The actual curve is proprietary, but it is assumed that it looks
similar to that shown in the figure). An additional amount of growth per cycle was allowed to
account for the increase in primary side temperature of about 2.2°F (1.2°C) expected as a result
of reduced flow rates due to the large numbers of tube repairs.

The uncertainties associated with ECT were also taken into account. Westinghouse performed tests
to determine the uncertainty associated with different analyses and for probe wear. Both of these
values were computed at 90% cumulative probability (confidence). In addition, there was an
uncertainty added to account for the different calibration standards employed by Westinghouse and
PGE so that Westinghouse burst test data could be related to PGE inspection results. These three
uncertainties were combined to find the total ECT uncertainty.

Per the alternate fitness-for-service guidelines, the largest flaw left in-service gave a bobbin coil
voltage of 1.0 V. Therefore, the growth rate and uncertainties were added to this value to compute
the largest voltage expected at the end of the next operating cycle. The corresponding burst
pressure was found from the 95% prediction curve, and compared to three times the normal
operating pressure and to the steam line break pressure, evaluated at the lower 95% prediction
limit, to verify that the largest expected cracks would meet RG 1.121 structural requirements with
appropriate margin.
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3.5.4

Inspection Implications

The Trojan alternate fitness-for-service guidelines require an extensive inspection program for each
steam generator during an outage. All tubes must be inspected by bobbin coil in order to find
possible indications. All possible bobbin coil indications must be inspected by RPC to determine
if they have confirmable indications. Conservatism has to be applied to both sets of inspections,
i.e., when determining if a bobbin coil signal is a "possible indication," and when determining if
an RPC signal is a nonspecific indication or just background noise.

3.5.5

Accident Analysis Implications

Several accidents scenarios were considered to qualify the Trojan alternate fitness-for-service
guidelines. The guidance of RG 1.121 was followed, which requires that combined accident
conditions meet factors of safety described in the ASME Code. Simulations were performed to
model tube deformation, effects on burst pressure, tube/TSP relative displacement, and leak rate
during an accident. It was found that the most limiting accident conditions were LOCA + S SE
for tube deformation and steam line break for tube burst and leak rate. Tube/TSP relative
displacement was modeled to see how much possible reinforcement the TSP would have on
IGA/SCC cracks during steam line/feedwater line break conditions. Based on these analyses, it
was concluded that no significant tube deformation would occur during LOCA + S SE accidents,
and that there was no potential for significant leakage to occur during such accidents. Analyses
of the steam line break accident indicated that the estimated total leak rate from all defects left in
service was 0.16 US gpm (0.61 1/m), while the allowable leak rate, based on site dose limits, was
determined to be 100 US gpm (379 1/m). The leak rate was determined by first establishing a
correlation between defect bobbin coil voltage and leak rate in the laboratory using model boiler
and Trojan pulled tubes tested at steam line break pressure and under freespan conditions (without
TSP reinforcement). A simulation was performed to determine the distribution of bobbin coil
voltages at the end of the next cycle, and then the data was integrated to find the total
primary-to-secondary leak rate during the postulated accident. This analysis assumed that TSPs
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would deflect and not support the area with IGA/SCC; if the TSP does not actually deflect relative
to the tubes, it would reinforce the tube at the defect location, thus making the predictions
conservative.

3.5.6

Leak Rate Limit and Monitoring Implications

To provide additional assurance that significant IGA/SCC defects would be detected before
impacting on safety, the allowable primary-to-secondary leak rate was decreased from 500 US gpd
(79 1/h) to 130 US gpd (21 1/h) per steam generator, and from 144 O, US gpd OPI US gpm, (227
1/h) to 400 US gpd (63 1/h) for all four steam generators. First, this leak rate was shown to be less
than the maximum leak rate allowed based on acceptable radiation doses at the site boundary.
Next, the new rate was shown to be in compliance with RG 1.121 by using previously established
correlations between leak rate and through-wall crack length and between through-wall crack length
and burst pressure.

Assuming that one crack provided the 130 US gpd (21 1/h) leak, the

corresponding crack length was determined; this was compared to the crack lengths resulting in
tube burst at normal and steam-line break accident pressures. The factors of safety were calculated
to show compliance with RG 1.121 guidance (the NRC position is that it is not possible to infer
crack sizes based on leak rates because of clogging of cracks by deposits, but that it was
nevertheless useful to use lower leakage limits81).

To help monitor primary-to-secondary leaks, PGE installed N-16 monitors in the secondary system.
The monitors can rapidly identify leaks of 1 US gpd (0.16 1/h) continuously, a substantial
improvement as compared to the sampling methods previously used. These monitors help ensure
compliance with RG 1.121 because they give plant operators increased time to identify leaks and
shut down the plant before defects grow large enough to cause large leaks or tube ruptures.

3.5.7

Material Properties

Tube material properties, used in the various analyses for alternate fitness-for-service guidelines
at Trojan, were taken as nominal values at room temperature and corrected to operating
temperature using nominal changes in properties as a function of temperature. For the burst and
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leak correlations, laboratory data were used at a 95% lower bound estimate, which reflects
variations in burst pressure due to material property variations, as well as due to dimensional
variations.

3.6

USA - EPRI Alternate Fitness-for-Service Guidelines for ODSCC at TSPs82

3.6.1

Background

ODSCC in Inconel 600 tubes has been identified at TSPs in many PWR steam generators
worldwide.

Use of the 40% of wall criterion for these cracks in considered unnecessarily

conservative due to the morphology of the degradation, and could result in an unnecessarily large
number of tubes requiring repair. Therefore, EPRI commissioned a committee of U. S. and foreign
experts in steam generator tube repair issues to recommend an alternate approach to
fitness-for-service guidelines for tubes with these types of defects. Their approach follows NRC
Regulatory Guides 1.83 and 1.121, ASME Code Section III, and applicable 10 CFR 50 general
design criteria. It allows tubes with axial through-wall cracks to remain in service without
compromising the safe operation of the plant.

3.6.2

Description of EPRI Alternate Fitness-for-Service Guidelines

The alternate fitness-for-service guidelines developed by EPRI for ODSCC at TSPs are applied as
follows. The following equation is used to find the voltage limit for tube repair:

vRL +vNDE +vCG = vSL
where:
=

voltage limit for tube repair,

=

NDE voltage measurement error,

VCG

=

voltage growth anticipated between inspections, and

VSL

= voltage structural limit from the burst pressure versus bobbin coil voltage

VRL
VNDE

correlation.
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All indications with a bobbin coil voltage larger than the repair limit require repair. The values
for NDE error and the burst pressure vs. bobbin coil voltage correlation are taken from an EPRI
database of test results developed by the utility industry, and the anticipated growth is based on
either plant specific data (if available) or on conservative values developed by EPRI.

For all indications left in service, an accident leakage evaluation must be performed to ensure that
the predicted total leak rate under accident conditions due to all defects present at the end of
operating interval is less than the maximum allowable leak rate based on acceptable radiation doses
at the site boundary. If the evaluations indicate potentially unacceptable leakage, additional tubes
must be repaired until the limit is met (i.e., some tubes with defects below the repair limit must
be repaired in order reduce the predicted total leak rate).

3.6.3

Qualification of Alternate Fitness-for-Service Guidelines

The EPRI alternate fitness-for-service guidelines give utilities a blueprint for submitting their own
fitness-for-service guidelines for ODSCC at TSPs to the NRC so that they can quickly be reviewed
and approved. This involves utilizing a defined method for evaluating plant specific values for the
three terms in the bobbin coil voltage limit part of the tube repair equation, or using the
conservative values calculated by EPRI. With regard to voltage values, it should be understood
that they are under continuing evaluation, and are likely to change from the values discussed
below.

The voltage structural limit must be shown to be in compliance with Regulatory Guide 1.121. This
is accomplished by correlating the bobbin coil voltage from indications with the burst pressure of
the tubes. EPRI compiled test results performed on both pulled tubes and model boiler tubes with
diameters of 3/4-in. (19.1 mm) and 7/8-in. (22.2 mm). The tests were performed at room
temperature under freespan cracking conditions, i.e. without simulating possible tube reinforcement
by the TSPs. This is because eggcrate and quatre foil TSPs do not provide close support or
coverage to the tube around the full circumference, and drilled hole TSPs can deflect out of
position during steam line break conditions, uncovering ODSCC cracks. If it can be shown that
the ODSCC cracks would remain covered by the TSP for all loading conditions, less conservative
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burst pressure correlations can be made. A curve fit was established for both tube diameters, and
a lower 95% prediction interval was calculated. The confidence interval was then corrected to a
temperature of 650°F (343°C) using established relationships for temperature--impendent mechanical
properties of Alloy 600. The bobbin coil voltages corresponding to three times the normal
operating pressure for each tube size and 1.43 times the steam line break pressure were determined
using the lower confidence interval, and the lower of the two values was used as the voltage
structural limit based on RG 1.121. This was found to be 4.0 V for 3/4-inch (19.1 mm) tubing
and 4.5 V for 7/8-inch (22.2 mm) tubing.

The largest expected voltage growth rate for the next operating cycle was computed by evaluating
signal changes from consecutive operating cycles at six plants, including two foreign plants. The
percent voltage growth per EFPY was calculated for each indication, and an average was computed
for each operating cycle. All indications which had a negative growth rate (resulting from the
large scatter in the ECT data) were defined as having a zero growth rate. For the most recent
outage, separate average growth rates were calculated, for indications with an initial voltage less
than 0.75 V and those greater than 0.75 V, to account for the larger growth rates exhibited by low
voltage indications. Once all of the averages were computed, a bounding average growth rate
greater than all of the average growth rates during the last cycle at the six plants was established.
This value was shown to be 35%/EFPY. However, EPRI suggests that plant specific growth rates
be used to obtain a more accurate result and to eliminate unnecessary conservatism.

At a

minimum, the plant specific voltage growth rate must be shown to be less than the 35% computed
by EPRI, or the plant's higher value must be used.

The uncertainty associated with nondestructive examination was also taken into account.
Specifically, tests were performed to determine the uncertainties due to ECT acquisition technique
(probe wear) and analyst interpretation. The uncertainty due to probe wear was evaluated by
making numerous ECT scans of a four hole calibration standard and varying probe wear from 0
mils to 20 mils (0.5 mm) on the centering buttons. The composite voltage differences, between
the probe reading and the known voltage, were plotted, and the standard deviation calculated. The
standard deviation was then expressed as a percentage of the averages of the nominal voltage
values read by the probe, and was found to be 7%. The uncertainty associated with analyst
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interpretation was determined by having six analysts evaluate the largest 592 indications from a
plant with confirmed ODSCC at the TSPs. The distribution of bobbin coil voltage differences
from the mean for each of the indications was plotted, and the standard deviation calculated. This
value was then divided by the total average voltage to find the total standard deviation (10.3%).
The values for probe wear and analyst interpretation were then combined using root-mean squares,
and calculated at the upper one-sided 95% value assuming a normal distribution. This value was
computed to be 20.5%.
Using the values summarized above, the voltage repair limit can be calculated using the previously
given expression. The percent NDE error and voltage growth are multiplied by the voltage repair
limit to find the largest crack size that could be expected during the next operating cycle, and the
equation is solved for the repair limit. Using the EPRI values, and an expected cycle length of 1.3
EFPY (resulting in %VCG = 1.3 x 35% = 45.5%), the calculation is performed as follows:

VRL
NDE + VCG
CG = VSL
RL + VNDE
where:
= VRLx%VNDE/100, and
= V RL x%V CG /100.

Substituting these expressions,

VRL = VSL / (1 +%VNDE/100 +%VCG/100).
Using the values given above for 3/4-inch (19.1 mm) tubing,

VRL = 4.0 V / ( 1 + 0.205 + 0.455)
VRL = 2.4 V
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Similarly, the voltage repair limit for 7/8-inch (22.2 mm) tubing can be found to be 2.7 V.

This repair limit assumes that the same calibration standard employed to obtain the laboratory
values used in the burst pressure to voltage correlation is used for field inspections.

The

calibration standard is prepared per ASME Code Section V, Article 8, Appendix II-860.2.2, and
is a tube with several artificial defects, including a set of four holes of 20% TWD from the OD.
Field calibration is achieved by setting the voltage readings for the 20% holes identical to the
values used during laboratory work. If this standard is not used, an additional error term must be
included with the probe wear and analyst interpretation terms. For a 7/8-inch (22.2 mm) tube,
possible differences in the standard's hole dimensions of 0.001 inch (25 mm) result in a calibration
standard mean error of 8.4%.

3.6.4

Inspection Implications

The EPRI alternate fitness-for-service guidelines require a 100% bobbin coil inspection for all hot
leg TSP intersections, and all cold leg intersections down to the lowest TSP where ODSCC has
been detected. Supplemental RPC inspections of a sample of tubes with bobbin coil voltages less
than the tube repair limit should be performed to characterize the indications as ODSCC.

3.6.5

Accident Analysis Implications

To qualify the EPRI alternate fitness-for-service guidelines for application at a specific plant,
accident conditions which could result in primary-to-secondary leakage must be considered. These
include steam line break (SLB), locked reactor coolant pump rotor, control rod ejection, loss of
load/loss of off-site power, etc. For many plants, the limiting event will be SLB, but this is not
always the case. The LOCA + SSE accident should also be considered to determine if there is
possible tube deformation which could open existing through-wall cracks at the TSP, resulting in
primary-to-secondary leakage.
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An analysis must be performed at SLB pressure to determine the expected total leak rate if this
accident were to occur at the end of the next operating cycle. This is done by first correlating leak
rate and probability of tube leakage with bobbin coil voltage. EPRI compiled laboratory test
results performed on both pulled tubes and model boiler tubes with ODs of 3/4-in. (19.1 mm) and
7/8-in. (22.2 mm) at SLB pressures of 2335 and 2650 psi (16.1 and 18.3 MPa). The tests were
performed at room temperature. The results were plotted and curve fits established for both leak
rate and probability of tube leakagf. vs. voltage for both tube diameters. In addition, it was
assumed that the slope and intercept of leak rate vs. voltage fit curves vary normally about the best
fit curve. The scatter of the leak rate data about the regression line was also approximated to be
in a t-distribution form.

Using these relationships, along with the crack growth rate and

measurement uncertainty distributions, a Monte Carlo analysis can be performed to calculate the
predicted accident leak rate at the end of the next operating cycle. The Monte Carlo analysis takes
an indication which will be left in service and samples the crack growth rate and measurement
uncertainty distributions to determine an end-of-cycle voltage. The probability of leakage and the
leak rate correlation slope, intercept, and error distributions are then sampled using the EOC
voltage. The three leak rate parameters are used to calculate the leak rate of the crack. The
probability of leakage is then multiplied by the leak rate to give the predicted accident leak rate
for the given crack size. This process is repeated a number of times to calculate the probability
distribution of the accident leak rate at the next EOC. The upper 95/95 probability/confidence
level of the distribution is then found from the distribution, which is chosen to be the conservative
upper bound leak rate for the crack. This conservative accident leak rate is calculated for all defect
indications left in service, and then all calculated values are summed to find the total predicted leak
rate for a SLB accident at the end of the next operating cycle. This value is compared to the
maximum leak rate allowable considering radiation dose limits at the site boundary per 10 CFR
100. If the total predicted leak rate is larger than the maximum acceptable leak rate, then
additional tubes must be repaired until the maximum acceptable leak rate is achieved.

D-30
3.6.6

Leak Rate Limit and Monitoring Implications

To provide an increased probability of

LBB protecting against tube rupture, the alternate

fitness-for-service guidelines recommend that the leak rate under normal operating conditions be
reduced from 500 to 150 US gpd (79 to 24 1/h) per steam generator. This will not provide LBB
for all tubes in a steam generator, but will improve the detectability of defects with lower than
anticipated margins against tube rupture.

3.6.7

Material Properties

Tube material properties used for development of the EPRI alternate fitness-for-service guidelines
were taken as nominal values at room temperature and corrected to operating temperature using
nominal changes in properties as a function of temperature.

To account for possible

non-conservatisms in material properties and tube dimensions, laboratory data were used at upper
or lower 95% values for the burst and leak correlations.

3.6.8

Summary Regarding EPRJ Alternate FFS Guidelines for ODSCC at TSPs

The main elements of conservatism in the EPRI recommended guidelines include:

A safety factor of 3.0 on normal pressure and 1.43 on accident pressure against burst is
maintained.

•

No credit is taken for restraint against burst provided by the TSPs. This introduces a large
measure of conservatism since TSP displacement is unlikely in many cases.

•

Burst and leak correlations with bobbin coil voltage are used at the conservative 95%
confidence limit boundaries.

This accounts for variations in material properties and

dimensions.

•

A bounding value is used for voltage growth rate.
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•

A 95% upper confidence limit value is used for measurement error.

The main plant specific requirements for using the EPRJ alternate fitness-for-service guidelines for
ODSCC at TSPs include (1) periodic removal of inservice tubes to verify defect morphology and
validate voltage correlations with burst and leak correlations, (2) performance of comprehensive
bobbin coil ECT and supplementary RPC inspections to identify and evaluate all significant
defects, and (3) enhanced leak rate monitoring and lowered leakage limits.

4.

Fitness-for-Service Guidelines for Pitting - Indian Point 3

4.1

Background

On January 31, 1981, a turbine blade failed at Indian Point 3 which resulted in damage to the
condenser. Cooling water from the condenser, which was taken from the Hudson River, entered
the four Westinghouse Model 44 steam generators in use at the plant. After the water was
removed from the steam generators, the plant was restarted and operated normally until
September 6, 1981, when it was shut down for maintenance. During the outage hydrostatic tests
indicated a primary-to-secondary leak to be present in one steam generator. ECT identified large
concentrations of defects in all four steam generators on the cold leg side, primarily between the
tube sheet and the first TSP.83 To avoid plugging an unnecessarily large number of the tubes,
alternate fitness-for-service guidelines were developed, reviewed, and accepted by the regulatory
authority, and applied. As more information was acquired about the degradation, the alternate
fitness-for-service guidelines were updated to reflect the new data.

Prior to the September 1981 outage, Standard Technical Specification type fitness-for-service
guidelines were used. These guidelines specified that any defect deeper than 40% through wall
be plugged. This was based on a minimum acceptable thickness of 50% and an allowance of 10%
for degradation growth between inservice inspections.84
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4.2

Type of Degradation Found and Reason for Necessity of Alternate FFS Guidelines

During the September 1981 outage, the Power Authority of the State of New York (PASNY)
performed ECT of all four steam generators to determine the extent of the degradation which had
caused the primary-to-secondary leak in SG 31 during hydrostatic test. Due to the large number
of defects discovered in the cold leg, PASNY decided to pull four tubes from SG 31 for
destructive examination. Examination of one tube, which had a bobbin coil indication of 74%
TWD, revealed an area of wastage in the area between 16 and 19 inches ( 406 and 483 mm) above
the tube sheet, with pits distributed primarily along the periphery of the wastage. The maximum
pitting depth was about 60% of wall, and the pits were filled with corrosion products. While no
copper deposits were seen on the surface of the tube, the ECT performed during the outage showed
an indication of copper deposits on the tube surface at 45 inches (1.14 m) above the tube sheet.
It was thought that the deposits were probably removed from the tube as it was extracted from the
steam generator by pulling it through the tube sheet hole.85

It was concluded that the pitting most likely occurred during the cool down period after the large
condenser leak caused by the turbine blade failure, due to the impurities present in the Hudson
River water.86 Concentrations of 350 ppm of Cl" were detected in the blowdown two hours after
the accident, and high oxygen concentrations were also present. It was considered likely that the
inner bundle region of the steam generators, where the highest concentration of pitting was present,
had sludge caked on the surface of the tubes which in turn had a plating of dissolved copper. The
sludge acted as a crevice to promote wastage, and the presence of copper caused the pitting to
occur on the fringes of the wastage.87

Burst tests performed on tubes with pitting present determined that defects deeper than 40% of wall
could remain in service without lowering the margin of safety of the tube. The next refueling
outage was also scheduled to occur after only three months of operation, so PASNY proposed the
alternate-fitness-for-service guidelines described below to apply until the next refueling outage, at
which time the guidelines would be reevaluated, in order to avoid unnecessarily plugging tubes.
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4.3

Description of Alternate Fitness-for-Service Guidelines

The alternate fitness-for-service guidelines for Indian Point 3 set a plugging limit of 65% of wall
for pitting indications found between the top of the tube sheet and the first TSP on the cold leg
side during the September, 1981, outage. These guidelines were revised in October, 1982, during
the third refueling outage, to 50% of wall to account for defect growth between outages. During
September, 1984, they were revised again to allow two tubes to remain in service with indications
up to 55% of wall which had been inadvertently left in servie-.1 after the previous inspection,
provided that the tubes were inspected during the scheduled October, 1984, mid-cycle outage.
After the mid-cycle outage, the guidelines were revised based on new growth rate data to increase
the plugging limit to 63% of wall through the end of the fourth operating cycle. In January, 1985,
the 63% limit was expanded to include indications between the top of the tube sheet and the
second TSP in the cold leg. Finally, in June, 1985, at the end of the fourth operating cycle, the
alternate fitness-for-service guidelines were dropped, and all cold leg tubes with indications greater
than 20% of wall were sleeved where possible, and all tubes with indications greater than 40% of
wall were plugged if they had not been sleeved during the outage.88

4.4

Qualifications of Alternate Fitness-for-Service Guidelines

The Indian Point 3 alternate fitness-for-service guidelines were qualified with the NRC by showing
that they would preclude tube rupture under accident conditions. This was accomplished by
performing burst tests to correlate remaining tube wall thickness and defect length with burst
pressure. Test conditions are not clearly specified in the available documentation; however, it is
inferred that the tests were performed at room temperature and then corrected to the operating
temperature of the steam generators. The results of the tests showed that as long as 25% of the
tube wall thickness remained, the tube would not burst under the differential accident pressure of
2650 psi (18.3 MPa) regardless of defect length. They also showed that for a defect length of 0.5
inches (12.7 mm) the tube would not burst under any circumstances; leakage would be the only
concern. Based on these results, the maximum allowable defect depth was set at 75% of wall, and
then additional allowances were made to account for measurement uncertainties and projected
growth.89
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For the first set of alternate fitness-for-service guidelines, only an allowance of 10% for
measurement uncertainty was subtracted from the maximum allowable defect depth to get the
plugging limit of 65% of wall, which applied from the tube sheet to the first cold leg TSP, where
most of the degradation was located. It was assumed that no additional defect growth would take
place before the next outage, since it was believed that the chemistry imbalances in the secondary
side environment had been removed, and because only three months remained in the operating
cycle.90

The next set of alternate fitness-for-service guidelines, proposed in October, 1982, included an
additional allowance for growth during the next operating cycle. This was based on defect depth
measurements from 116 pits detected during both the September, 1981, outage and the next outage
which occurred after 3.5 months of additional operation. The data indicated an average growth
of 5.9% during the period, which was extrapolated to predict a 15.3% of wall growth during the
9 month operating period anticipated before the next scheduled outage. On this basis, an additional
15% of wall was subtracted from the maximum allowable flaw depth, along with the 10% for
measurement uncertainty, to give a repair limit of 50% of wall.91

The third alternate fitness-for-service guidelines, proposed in September, 1984, utilized the same
data as the previous set of guidelines. However, the new guidelines were developed for two
specific tubes which had inadvertently been left in service after the previous inspection. These two
tubes were determined to have multiple pits with a maximum depth of 54% of wall along a length
of 0.9 inches (23 mm) based on ECT data. Using the relationship for tube burst developed in 1981
the maximum acceptable defect depth was found to be 87% TWD. Subtracting 15% for defect
growth and 10% for measurement uncertainty, the repair limit for these two tubes was calculated
to be 62% of wall, and was then set at 55% of wall to allow the tubes to remain in service until
the next outage. This was contingent on the inspection of these tubes at the next outage.92

The fourth set of alternate fitness-for-service guidelines, proposed in November, 1984, updated the
projected defect growth. During the 1984 mid-cycle outage, additional data were compiled to
calculate the defect growth which had occurred during the previous 9 month operating period. It
was found that the average defect growth rate for pits was 1.5% of wall, with a standard deviation
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of 9.1% of wall. Therefore, a projected growth of 2% of wall was subtracted from the maximum
defect depth, along with the 10?/o of wall allowance for measurement uncertainty, to give a repair
limit of 63% of wall. This was to be applied only until the next outage.93
The final alternate fitness-for-service guidelines, approved in January, 1985, utilized the same data
as the fourth set of guidelines. However, they were adapted to apply from the tube sheet to the
second TSP in the cold leg since it was discovered that some pits with depths greater than 40%
of wall had been left in service above the first TSP. Since the new guidelines applied above the
first TSP, a new accident analysis was required. The degradation mechanism is identical in the
region above the first TSP, so based on satisfactory results from the accident analysis, the 63% of
wall limit was extended to include the region to the second cold leg TSP. This was applied until
the next outage94, which was the EOC 4 refueling outage in June, 1985. when a sleeving program
for cold leg pits was undertaken and the alternate fitness-for-service guidelines were dropped.

Several conservatisms were built into the allowable defect depth calculation. The first was that
the maximum allowable defect depth was determined without regard to defect length. The largest
pit found during pulled tube examinations had a diameter of 0.3 inches (7.6 mm), but during the
burst tests it was determined that any defect less than 0.5 inches (12.7 mm) long could not burst.
Second, a comparison of destructive examination results and field bobbin coil data showed that the
bobbin coil ECT consistently over estimated the actual defect sizes.

Thus, a 10% of wall

allowance for measurement uncertainty was conservative.95

4.5

Inspection Implications

The Indian Point 3 guidelines required additional inspections of cold leg tubes to ensure that the
full extent of the pitting was detected.

The technical specifications were changed to cover

performance of 100% inspections of the cold leg up to the second cold leg TSP, except that in at
least one steam generator the inspection were required to extend to the sixth cold leg TSP.96 All
versions of the alternate fitness-for-service guidelines included this inspection requirement.
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4.6

Accident Analysis Implications

Since the alternate fitness-for-service guidelines proposed in January, 1985, applied above the first
TSP, it was concluded that an accident analysis was required to evaluate tube bending stresses
during LOCA + SSE conditions. An analysis performed by Westinghouse for a uniformly thinned
tube wall with 24% of wall remaining showed that the tube.bending stresses under these conditions
are less than 19 ksi (131 MPa) in the region between the first and top TSP on the cold leg side.
Since this stress is less than the allowable stress for this condition, and the analysis was shown to
be conservative for pitting degradation, it was concluded that there would be no risk of tube
deformation or collapse under these conditions.97

4.7

Leak Rate Limit and Monitoring Implications

No changes in the allowable primary-to-secondary leak rate were required with the new
fitness-for-service guidelines.

4.8

Material Properties

The alternate fitness-for-service guidelines do not specifically state what material properties were
used in the analyses. It is assumed that they were taken as nominal values at room temperature
and corrected to operating temperature using nominal changes in properties as a function of
temperature. For the burst testing, laboratory average data appeared to be used.

5.

Fitness-for-Service Guidelines for Circumferential Cracking at Dented TSPs

5.1

Background

The development of circumferentially oriented ODSCC at dented drilled hole TSPs was an
important factor in determining the need to replace steam generators at Palisades and at North
Anna 1. In addition, it is influencing replacement plans at North Anna 2. Thus, this mode of
degradation is of significance to the industry.

Furthermore, it is somewhat similar to the
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degradation experienced at Bruce A, Unit 2, where deep circumferential cracks and deformations
have been observed at U-bend scallop bar holes that have hole geometries similar to drilled hole
TSPs, though the degradation at Bruce A appears to be more, due to overall bundle distortion than
local denting, with the cracks tending to be non-symmetric. For these reasons, the alternate
fitness-for-service guidelines, that were developed for this mode of degradation at North Anna 1,
are of interest. It should be understood that these guidelines did not allow detected circumferential
cracks to remain in service, but rather established acceptable times for the next inspection, at which
all detected circumferential cracks would again be removed from service.

In February, 1991, North Anna 1 shut down for the EOC 8 refueling outage. NDE was performed
on the steam generator tubes in order to identify defects requiring repair. A large number of
circumferential defects were found in the tube sheet expansion region and directly above and below
hot leg TSPs in all three Westinghouse Model 51 steam generators. One tube was pulled and
destructively examined in order to characterize cracking suspected to exist at the first TSP. All
confirmed circumferential cracks were removed from service. Due to concerns about the possible
growth of this type of defect during the next fuel cycle, from an undetected condition to a size that
could lead to rupture under postulated accident conditions, alternate fitness-for-service guidelines
were developed by the utility, modified by the regulatory authority, and applied.

Prior to the 1991 outage, the Standard Technical Specification type of fitness-for-service guidelines
were used, with one change. These guidelines specified that any defect deeper than 40% through
wall must be plugged. They also specified the normal 12 to 24 calendar month interval between
inspections of the steam generator tubing. These guidelines were based on the NRC Regulatory
Guides 1.83 and 1.121 and Section XI of the ASME Code. The technical specifications guidelines
were changed to set a limit for primary-to-secondary leakage of 100 US gpd (16 1/h) per steam
generator, or 300 US gpd (47 1/h) for the plant, after a 1987 tube rupture due to U-bend fatigue.98
This was later reduced to an administrative limit of 50 US gpd (7.9 1/h) per steam generator."
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5.2

Tvpe of Degradation Found and Reason for Necessity of Alternate FFS Guidelines

During the EOC 8 outage performed in February, 1991, Virginia Power performed extensive ECT
of the three North Anna 1 steam generators. 100% of the tubes were inspected full length using
a bobbin coil probe. 100% of the hot leg TSP locations were also inspected using a 8 x 1 probe
up to the fourth TSP, and 100% of the hot leg expansion transition locations were inspected using
RPC. In addition, all possible indications found using 8 x 1 were inspected by RPC. All tubes
confirmed as having an axial or circumferential crack-like indication of any depth were plugged,
in addition to tubes with indications deeper than 40% of wall. This resulted in a total of 606 tubes
being plugged in the three steam generators, mostly due to axial and circumferential indications
in the tubesheet expansion zone and at TSPs.100 One tube which had a circumferential indication
at the top of the first hot leg TSP was pulled to characterize corrosion cracking suspected to exist
in this region. It was found that circumferential ODSCC existed at both the top and bottom edges
of the first TSP. The top edge cracking had portions deeper than 40% of wall. The tube was also
dented at the TSP. The expansion region at the top of the tube sheet was also examined, and
minor circumferential and axial cracks were found up to 21% of wall, where no indications had
been found during the in-service inspections.101

Based on the extensive plugging of degraded tubes, it was decided that North Anna 1 was fit to
return to service. However, due to the rapid increase in the amount of SCC degradation present
in the steam generators, the NRC decided to require a mid-cycle outage in 10 months to perform
inspections unless it could be shown that additional cracking would not occur at such a rate to
make the unit unsafe for the full 18 month fuel cycle. A justification for a full fuel cycle
operating interval was prepared by the utility as described below. However, the NRC nevertheless
required inspections to be performed during a mid-cycle outage.

5.3

Proposed Alternate Fitness-for-Service Guidelines

Alternate fitness-for-service guidelines were proposed by Virginia Power and Westinghouse to
allow operation of North Anna 1 for a full 18 month cycle. These guidelines were intended to
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demonstrate that all defects remaining in service would comply with RG 1.121 at the end of the
next full fuel cycle. The steps involved in developing the alternate fitness-for-service guidelines
were as follows:

•

Burst tests were performed to correlate through wall circumferential crack angle (i.e.,
circumferential extent) with tube burst pressure. While not specifically noted, it is assumed
that the data were taken at room temperature and then corrected to the operating temperature
of the generator using established relationships for temperature-dependent mechanical
properties of Inconel 600. Tests were performed with and without lateral supports to model
the presence of the tubesheet or TSP and dents. The lower 95% confidence interval was
established for the data, and then the maximum allowable crack angle or length
corresponding to three times the normal operating pressure and the steam line break pressure
were determined.102

•

The predicted distribution of circumferential indication sizes at the end of the full fuel cycle
scheduled for mid-1992 was determined. For this evaluation, all circumferential cracks were
conservatively treated as being through wall.

The prediction was performed by first

determining the detection limit of the RPC and 8 x 1 probes used at the last inspection. All
indications found by either of these probes had been plugged, so all remaining indications at
the start of the cycle were assumed to be just below the detection limit. Next, the amount of
growth of the circumferential cracks which occurred during the last operating interval was
determined. This was done by reevaluating the 1989 inspection results to see if indications
plugged in 1991 were present in 1989. It was found that over 50% of the indications identified
in 1991 were identifiable in 1989, so the difference in their angles (i.e., growths from 1989 to
1991) were calculated and compiled.

Deterministic and probabilistic analyses were

subsequently performed using this crack growth distribution. The 1989 to 1991 crack growth
distribution was assumed to be valid for the next operating interval since there were no changes
made in the operation of the steam generators. The deterministic analysis was performed by
finding the upper 95% confidence interval of the crack growth distribution, and adding that
number to the detection limit. This was then considered to be the largest circumferential
indication expected at the end of the operating cycle. This value was compared with the burst
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test results to insure that it met the RG 1.121 criteria. The probabilistic analysis was performed
by using a Monte Carlo technique to sample the crack growth distribution and add the result
to the detection limit to find a predicted distribution for circumferential crack sizes at the end
of the operating cycle. This distribution was used to predict the leak rate during a steam line
break accident as described in the accident evaluation section (see below). The Monte Carlo
technique was verified by performing an additional analysis using the 1989 results and the
crack growth distribution to calculate the 1991 results. It was found that the Monte Carlo
technique overestimated the number of tubes with the largest size defects, so the analyses were
considered to be conservative.103

•

Due to the fact that the circumferential cracking occurred at the top of the tube sheet and the
edges of the TSPs, where severing of the tube due to vibration induced fatigue is a possibility,
additional analyses were performed to determine if fatigue cracks could lead to tube rupture.
Detailed analyses and tests were performed to determine the turbulence and fluidelastic effects
on the tubes in the steam generators under normal operating conditions. Using various
boundary conditions and crack depths, angles, and locations it was found that none of the
indications left in service were predicted to undergo rapid crack propagation and tube failure
due to vibration effects by the end of the next full fuel cycle, and that the probability of such
a failure was small (<1% probability of 1 tube in 3 steam generators). In addition, these
analyses indicated that leak before break would probably protect against tube rupture, even if
fatigue crack propagation occurred. However, this protection depended on there being a low
allowable leak rate of 50 US gpd 7.9 1/h) and rapid response leak detection, such that plant
shutdown was completed within 2 hours of the 50 US gpd (7.9 1/h) limit being exceeded.104

Despite the results of the analyses, which indicated that North Anna 1 could safely operate until
the end of the next fuel cycle, the NRC decided that mid-cycle inspections were necessary to insure
the safe operation of the steam generators. Therefore, in December, 1991, North Anna 1 shut
down for its mid-cycle outage. 100% full length bobbin coil inspections were performed, 100%
of the hot leg TSP intersections were inspected by 8 x 1 probes to the seventh TSP, and 100% of
the hot leg tubes were inspected by RPC in the TTS region. All indications where a percentage
through-wall depth could not be determined by bobbin coil or 8 x 1 probe methods were inspected
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by RPC. and were plugged unless the RPC inspection could demonstrate acceptability.105 A total
of 527 tubes were plugged using this method; 469 of them were due to axial or circumferential
indications at TSPs. The results showed that the crack distribution model developed at the end of
the previous operating cycle overestimated the number and size of tubesheet expansion zone
indications, but underestimated the number and size of TSP indications (all TSP intersections at
North Anna 1 were dented). Based on these data, newly updated crack growth data, and the fact
that the unit power was reduced to 95% of maximum, it was determined that the projected
distribution of circumferential defects at the end of the next operating interval, scheduled to occur
in another ten months, would be acceptable. An additional vibration analysis showed the same
results as described above for the full cycle.106

5.4

Inspection Implications

The fitness-for-service guidelines proposed for North Anna 1 required an extensive inspection
program for each steam generator during each refueling outage and mid-cycle outage.

As

mentioned above, 100% full length bobbin coil inspections, 100% hot leg 8 x 1 probe inspections,
100% TTS RPC inspections, and follow up of all bobbin coil and 8 x 1 probe possible indications
with RPC were required in each steam generator. The period between inspections was proposed
as being the full fuel cycle of 18 months, but was significantly reduced, to around ten months, to
ensure that indications would not grow to an unsafe size during the operating interval. The length
of the operating interval had to be approved by the NRC.

5.5

Accident Analysis Implications

Several accidents were considered as part of the North Anna alternate fitness-for-service guidelines.
First, the loss of coolant plus seismic event accident was determined to be the limiting accident
for tube deformation, and an analysis was performed to determine the possibility of tube
deformation under these conditions leading to tube failure or to the opening up of pre-existing
cracks. It was found that for an undeformed tube no significant deformation, and therefore no
leakage, would occur. Whether the deformation would have opened up pre-existing cracks enough
to cause significant leakage was not addressed, even though it was an intent of the analyses. An
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additional analysis was performed to determine the maximum crack growth which would occur,
as a result of the LOCA stresses during the accident, for circumferential cracks in the tubes. It
showed that the final crack angle after the accident would be less than the RG 1.121 requirements
for the maximum allowable crack angle.107

An analysis was also performed to evaluate the potential for crack propagation under steam line
break accident conditions. The increased flow of secondary fluid which would occur during this
accident could cause flow induced vibrations and large pressure drops across the TSPs. The
analysis showed that during both small and large steam line break accidents very low vibrations
amplitudes were caused for large through wall circumferential cracks, such that the potential for
crack propagation was negligible.108

An additional analysis was performed to determine the predicted leak rate which would occur
during a steam line break accident at the end of the planned operating cycle. This was done by
using an accepted mathematical correlation between leak rate and crack length or angle. The
predicted distribution of circumferential indications at the end of the operating cycle, which was
developed earlier, and the distribution of axial indications found for the 1991 outage, which was
assumed to be applicable to the end of the next operating cycle, were used. A leak rate was
calculated for each indication based on its correlation equation, and then all of the leak rates were
summed to give the total projected leak rate. It is assumed that the leak rate was calculated at the
upper 95% confidence interval. This value was then compared with the maximum allowable leak
rate based on radiation doses at the site boundary, and found to be acceptable.109

5.6

Leak Rate Limit and Monitoring Implications

No additional leak rate changes were necessary with these fitness-for-service guidelines since a low
limit of 50 US gpd (7.9 1/h) per steam generator was already in use. An analysis was performed
to show that this limit met LBB criteria by using a previously established relationship between leak
rate and crack length or angle. It was assumed that one crack provided all of the 50 US gpd (7.9
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1/h) primary-to-secondary leak, and the corresponding crack size was found at the upper 95%
confidence interval. This was then shown to be smaller than the maximum acceptable crack size,
verifying LBB for these indications.110

5.7

Material Properties

The North Anna 1 alternate fitness-for-service guidelines do not specifically state what material
properties were used in the analyses. It is assumed that they were taken as nominal values at room
temperature and corrected to operating temperature using nominal changes in strength properties
as a function of temperature. For the burst test to crack size correlation, lower 95% confidence
intervals were used, which provides allowance for material property variations as well as
dimensional variations.
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The deterministic model for leakage from an axial crack in a tube with internal
pressure is given by the following formula:
Q=7-22«K»8W(P e /p)
where
Q
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leak rate at primary temperature (gpm)
fluid density (lb/in 3 )
effective pressure (psi) = P p - P sat
primary pressure at faulted load (psi)
saturation pressure at faulted primary temperature (psi)
flow discharge coefficient = 0.6 (l-exp[-300(CW-0.00012)]}
crack width (inches) = ô/a
total crack length (inches)
total crack opening area (in2) = (7r/2)«a2»(o7E)«H
P(R/t-0.5)
pressure differential at faulted load (psi)
elastic modulus (psi)
mean tube radius (inches)
tube wall thickness (inches)
M(l + 0.75 x 2 ) + 62.5 m(x - x")!-2^ ( se e footnote)
1 + 0.09 X + 0.13 A. 2
a/(Rt)0-5
P/P b
burst pressure (psi) = (0.523/mWSy -r S u )»(t/R)
yield stress (psi)
ultimate stress (psi)
0.65Sy/[0.49(5y + Su)]
0.614 + 0386exp[-1.12(a - a-re)/(Rt)0-5 ]+ 0.433(a-aTs)/(Rt)0-5
tube sheet constraint adjustment (inches)
(see section 4.5 and footnote)

Note: (x - x*) = 0 when x < x*
(a - a-^ ) = 0 when a < a_s
Figure D-1. Leak Rate Equation for PWSCC under
Steam Line Break Accident Conditions
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Figure D-2
Bobbin Coil Voltage-Burst Pressure Correlation
(Hypothetical-Real Values Proprietary)
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Figure D-3
Bobbin Coil Voltage Growth Rate Cumulative Probability
(Hypothetical-Real Values Proprietary)
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E.

CANADIAN

FITNESS-FOR-SERVICE

CRITERIA

AND

DEFECT

SPECIFIC

FITNESS-FOR-SERVICE GUIDELINES

1.

Objective

The objective of this section is to first describe Canadian general fitness-for-service criteria, and
then to describe the specific fitness-for-service guidelines that have been used for the specific types
of defects that have been detected to date in Canada, and to compare these with international
practice.

2.

Canadian Regulatory Requirements

The only Canadian regulatory requirement governing fitness-for-service guidelines for steam
generator tubes is the National Standard of Canada, CSA/CAN-3-N285.4-M83, Periodic Inspection
of CANDU Nuclear Power Plant Components, Section 14.6.2. This regulation requires periodic
inspections of tubes to be performed, with a minimum sample size of 1 % of the tubes. It requires
that indications whose projected depth exceeds 40% of wall at the next inspection be submitted to
the regulatory authority for disposition.

This requirement allows alternate fitness-for-service

guidelines to be implemented, based on approval by the responsible regulatory authority.

While not required by Canadian standards for use in developing fitness-for-service guidelines, in
practice the ASME Code has been used for guidance. This is consistent with the fact that the
original design of components in CANDU reactors is required to meet ASME Code requirements.
The ASME Code, Section XI, requires a factor of safety of 3 on normal operating loads and 1.5
on accident loads at the end of the inspection interval. These guidelines are for austenitic stainless
steel piping rather than tubing. However, since Inconel 600, Monel 400, and Incoloy 800 are all
austenitic alloys with similar properties to austenitic piping alloys such as 304 stainless steel, the
ASME piping guidelines provide useful guidance for Canadian steam generator tubes.

In practice, fitness-for-service guidelines have been developed in Canada on an ad hoc basis by the
utility in order to address individual plant and defect-specific tube degradation problems. A
discussion of these ad hoc guidelines is provided in the following sections.
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3.

Bruce B Fitness-for-Service Guidelines for Fretting Wear

3.1

Background

Fretting induced wear has been observed at U-bend supports and at the top TSP of the Bruce B
steam generators. Inspections of the Bruce B steam generators over the past few years have shown
that the rate of growth of the wear, especially for deeper wear indications, is low. It appears that
defect depth may stop increasing after a certain depth is reached, i.e., is self-limiting, though this
is not yet certain.

3.2

Defect Specific Fitness-for-Service Guidelines

Defect specific fitness-for-service guidelines have been developed by Ontario Hydro for fretting
at Bruce B, and have been accepted by AECB. These guidelines were reviewed in a study
completed in 1993. The guidelines for the Bruce B fretting as reviewed in that report can be
summarized as follows:

Maximum Acceptable Wear = A - B - C, where
A

=

Maximum allowable wear, based on burst tests of samples with simulated
wear defects = 81% of wall

B

=

Allowance for ECT uncertainty = 10% of wall

C

=

Allowance for growth between inspections = 12% of wall per year

For example, for a one-year inspection interval, the maximum acceptable wear = 81 - 1 0 - 12 =
59% of wall.

3.3

Basis

The criteria were understood to be subject to change based on changes in inspection intervals,
observed rates of defect growth, etc. The basis for the values that determined the criteria was as
follows:
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(1)

Maximum Allowable Wear.

Ontario Hydro data and analyses showed that tubes with

simulated wear defects with depths of 81% of wall do not fail when exposed to normal and
accident differential pressures, with appropriate safety factors applied. These differential pressures
and safety factors were:
(a)

The maximum differential pressure under normal and upset conditions is 9.2 MPa

(1330 psi). For these conditions, the ASME Code requires use of a safety factor of three.
This results in the minimum required differential pressure at failure being 27.6 MPa (4,000
psi). Ontario Hydro test data indicate that the lower bound (one standard deviation below
average) tube burst pressure at operating temperature with an 81% of wall wear defect is 27.6
MPa (4,000 psi), which equals the required value.

(b)

The maximum differential pressure under accident conditions (steam line break) is 10.7

MPa (1,550 psi).

The ASME Code requires application of a safety factor of 1.5 for

accidents. This results in the minimum required differential pressure at failure being 16.1
MPa (2,330 psi). Since the test data show a lower bound burst pressure of 27.6 MPa (4,000
psi) for an 81 % of wall defect, this requirement is met.

(2)

Allowance for ECT Uncertainty. Ontario Hydro destructive examination data showed that

an allowance of 10% for ECT error bounds the results of examinations that compared measured
versus actual depths for fretted tubes removed from the plant and for electro-discharge machining
(EDM) notches that simulate the wear.

(3)

Allowance for Growth Between Inspections. Ontario Hydro data showed that the measured

growth for U-bend fretting wear between the 1991 and 1990 inspections of steam generator 6 of
Unit 6 was bounded by a value of 5% of wall for defects with initial (1990) wear depths of 35%
of wall or more. The data showed that measured growth rates were lower the larger the initial
wear was, such that there appears to be a tendency for wear depths to stabilize at a value of about
50% of wall. However, more conservative values were used when establishing acceptance criteria.
The value being used at the time of the 1993 report was 12% of wall per year.
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3.4

Inspection Implications

Tube degradation associated with fretting induced wear is relatively easy to detect and size using
conventional bobbin coil ECT inspection methods. In addition, industry experience as well as
experience at Bruce B indicate that the defects are "well behaved," i.e., grow relatively slowly and
predictably. Based on these facts, the main implication resulting from occurrence of this type of
fretting damage

is that periodic inspections of susceptible tubes need to be performed at a

frequency consistent with observed growth rates. If experience shows that the depth of wear
saturates, and never approaches unacceptable depths, and that the region of the tube bundle
susceptible to the problem does not continue to expand, then the frequency and extent of
inspections can be reduced.

3.5

Discussion

Review of the Bruce B guidelines for fretting wear documented in the 1993 report indicated that
they were generally in accordance with regulatory requirements, including the ASME Code, and
industry practice. However some improvements were recommended:

(1)

Some refinements of the approach taken for development of acceptance criteria should

be considered. Specifically:

(a)

All loads, not just differential pressure loads should be considered, including

stresses induced by differential thermal expansion of hot and cold legs, flow loads, and
seismic loads.

(b)

The lower bound material values should be used.

(c)

The acceptability of the wear scars, from a fatigue initiation point of view, should

be confirmed.

E-5
(2)

Possible adverse effects of differential thermal expansion between plugged and inservice

tubes should be evaluated. If necessary, alternate ways to treat plugged tubes that reduce
these effects should be developed, e.g., cutting plugged tubes, at appropriate locations, so that
they do not impose loads on in-service tubes.
(3)

Installation of mechanical fixes, such as improved or additional supports, should be

deferred as long as inspections continue to show them to be not necessary, since they involve
some risks.

(4)

Unless statistical analyses demonstrate this to be unnecessary, inspections of susceptible

tubes of unmodified steam generators should be performed (if not already accomplished) to
verify that there are no locations where the "stabilized" depth of the wear is too large (e.g.,
over 59% of wall).

Subsequent inspections could reasonably be performed on a sampling

basis.

(5)

Inspections of fatigue sensitive areas should be periodically performed using inspection

methods that are sensitive and practical, to check for fatigue precursor conditions such as
pitting or IGA/SCC. In addition, tubes should be periodically removed and examined to
ensure that fatigue precursor conditions do not develop at fatigue sensitive locations.

In essence, the review described in the 1993 report concluded that (1) the Bruce B defect specific
fitness-for-service guidelines were satisfactory, with some improvements recommended, and (2)
there is a need to evaluate the possibility of one defect type (in this case fretting wear) causing or
adversely interacting with another defect mechanism (i.e., compounding of degradation types needs
to be considered), and (3) the effects of repairs on subsequent performance need to be considered.
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4.

Bruce A Unit 1 Fitness-for-Service Guidelines for Fatigue

4.1

Background

Fatigue cracks have caused a number of leaks and forced outages at Bruce A Unit 1 since a first
failure in July 1991. The fatigue cracks are circumferentially oriented, and have occurred close
to U-bend supports. The cracks occurred subsequent to water jet lancing of the top supports,
which was performed in 1990 to remove deposits, and which presumably resulted in increased flow
rates compared to previous years. Investigation of removed tubes has indicated that shallow
IGA/SCC is present in the same area as the fatigue cracks and that it appears to act as an initiator
of the fatigue cracks. Inspections using leak tests and ECT have only found one to three large
cracks at any one time, including tubes that were leaking at the time of shutdown. This is
attributed to the fact that cracks, once they get large, quickly penetrate the wall and lead to
leakage, causing plant shutdown and inspection and repair of tubes with detectable cracks. In other
words, the time for defects to grow from just below the detectability limit to through wall is short,
compared to operating intervals. Thus, the probability of finding many large cracks at one time
is low.

The scallop bars used for U-bend supports in Bruce A are made of carbon steel material and are
arranged in a "stack," i.e., all are in a line, one above the other. This results in a "drilled hole"
type support configuration for the tubes, and also results in there being a large number of interfaces
between the bars. Corrosion has been occurring at the carbon steel surfaces of the scallop bars.
This has had two main effects. First, local denting of the tubes has occurred at the scallop bars.
Second, and more important, overall bundle distortion has occurred as a result of the corrosion
between the stacked scallop bars, which is making the height of the stacked bars increase. The
pattern of IGA/SCC of the tubes near the supports indicates that many tubes are exposed to tensile
bending stresses on the tube extrados, with these stresses being caused by the increase in scallop
bar stack height.
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4.2

Defect Specific Fitness-for-Service Guidelines

The fitness-for-service guidelines used to justify return to service of Unit 1 in Spring 1992 were
based on a LBRB type of argument.111 In other words, reliance was placed on leaks developing
during normal operation that require plant shutdown before: (1) tube rupture, during normal
operation, could occur, (2) the size of the largest defect could lead to rupture during a postulated
accident, or (3) the number and size of defects could jeopardize meeting site dose limits in the
event of a postulated accident. The main requirement was as follows:

•

The plant will be shutdown if primary to secondary leakage during normal operation exceeds
15 kg/h(33 lb/h).

4.3

Basis

The basis for the above fitness-for-service guidelines was the following: 112

Experience with fatigue cracks in Unit 1 was extensively reviewed, including evaluation of
tube crack history, results of in-situ inspections, and laboratory examinations of removed
tubes. It was found that the fatigue cracks are not axisymmetric, i.e., that they affect only
one area of the circumference of the tube, and are of limited circumferential length at the
time leakage reaches the 15 kg/h (33 lb/h) limit. These results led to the conclusion that
reliance could be placed on small leaks resulting in plant shutdown before the cracks could
grow to sizes that could lead to tube rupture during normal or accident conditions, or to
exceeding dose limits under accident conditions.

Evaluation of crack experience at Bruce A showed that the time required for cracks to grow
from below detectable size to through wall is relatively short, as compared to the mean time
between detectable cracks occurring. This indicates that the population of large cracks at any
time will be small.
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•

The range of postulated accidents that could be affected by steam generator tube degradation
was reviewed, to determine which accidents have the most limiting conditions of differential
pressure and heat transport system radionuclide levels. The large steam system break was
found to impose the biggest differential pressure, and thus to develop the most severe
conditions with regard to causing cracks to open up. However, a small LOCA with delayed
emergency core injection was found to be controlling from a dose limit standpoint, even
though differential pressure is lower, because of higher radionuclide contents in the heat
transport system. Analytical evaluation of crack behavior and primary coolant leakage to the
environment for these two postulated accidents indicated that the amount of crack opening
that could occur during the accidents is small, that primary to secondary leakage during the
accidents would be small, and that dose limits would be met.

4.4

Inspection Implications

Because of their rapid growth rate from below detectable size to through wall, it is not practical
to perform inspections to reliably screen out all or most precursor cracks before the fatigue cracks
grow to a large size. Thus, inspection plans for the boilers affected by fatigue cracking should
mainly be directed at ensuring that the widespread but shallow IGA/SCC in these boilers does not
grow to a size or configuration, such as deep 360° circumferential cracks around axisymmetric
dents, that could jeopardize LBRB behavior.

4.5

Discussion

The LBB or LBRB approaches have been widely used in the nuclear power industry for certain
specific defect types, such as BWR pipes subject to IGSCC at weld joints, and for several defect
types in French steam generators.113J14'"5 However, experience in France and other countries has
shown that LBRB is not always reliable for some types of defects in steam generator tubes. For
example, some long axial PWSCC cracks at roll transitions have been found that exceed structural
limits (i.e., would burst under accident pressures) but that leaked very little. The reduced leak
rates have been attributed to possible factors such as clogging of cracks by oxides or borates or
to thin ligaments at the crack tips. Another situation where leak before break has not been
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considered reliable is for IGA/SCC of OD surfaces in sludge piles, where relatively large areas can
be nearly uniformly attacked, again presenting a risk of rupture under accident conditions despite
lack of prior leakage. This experience indicates that the use of LBRB for fitness-for-service
guidelines needs to be validated on a continuing basis, to ensure that the defect morphology is such
that leaks reliably occur before unacceptable defect configurations develop. For this reason,
periodic inservice inspections and examination of removed tubes should be performed.

5.

Bruce A Unit 2 Fitness-for-Service Guidelines for Circumferential SCC

5.1

Background

SCC cracks have caused a number of leaks and forced outages at Bruce A Unit 2 since a first
failure was indicated by tube leakage in November 1990. The SCC has been circumferentially
oriented and has occurred close to U-bend supports. Investigation of removed tubes has indicated
that the SCC was deep in some areas (up to through wall), extended over an arc of less than 200°,
and was aggravated by the presence of lead. Inspections using ECT indicate that numerous tubes
are affected by the problem. In 1992, all tubes with detectable defects were plugged. In 1993,
after 6724 hours of operation, inspections showed that numerous additional tubes had developed
indications of SCC (nearly 10% of the tubes in the worst affected steam generator, Boiler 2,
developed new indications during the 1992-1993 period).

The scallop bars used for U-bend supports in Bruce A are made of carbon steel material and are
arranged in a "stack," i.e., all are in a line, one above the other. This results in a "drilled hole"
type support configuration for the tubes, and also results in there being a large number of interfaces
between the bars. Corrosion has been occurring at the carbon steel surfaces of the scallop bars.
This has had two main effects. First, local denting of the tubes has occurred at the scallop bars.
Second, and more important, overall bundle distortion has occurred as a result of the corrosion
between the stacked scallop bars, which is making the height of the stacked bars increase. The
pattern of IGA/SCC of the tubes near the supports indicates that many tubes are exposed to tensile
bending stresses on the tube extrados, with these stresses being caused by the increase in scallop
bar stack height.
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5.2

Defect Specific Fitness-for-Service Guidelines

The guidelines used to justify return to service of Unit 2 in Fall 1992 were as follows:116

•

All tubes with defect indications of any size that were detectable when using the C-3
circumferential crack ECT probe (C-3 ECT) were required to be plugged.

•

The Maximum Tolerable Flaw Size was determined to be a 75% through wall circumferential
crack (subsequently reduced to 200° long), and a rough upper bound crack growth rate of 2%
per 1000 hours was established. This permitted an operating period of 7100 hours, based on
the assumption that the ECT detected essentially all cracks greater than 60% through wall.

•

Probabilistic calculations were undertaken to estimate the number of cracks deeper than 60%
that might remain after NDE, and leakage from this number of cracks was estimated to be
well within the tolerable range.

The guidelines proposed for use in justifying return to service of Unit 2 in Fall 1993 were as
follows:117-118

•

The Maximum Tolerable Flaw Size, estimated upper bound crack growth rate, and
probabilistic leakage calculations discussed above for 1992 were carried over to 1993, but
were adjusted to reflect the higher than anticipated growth rate observed in 1992-1993, which
decreased the allowable operating period. In addition, an increased number of detected
cracks meant more defects were estimated to remain after inspection. The allowed length of
service prior to the next inspection was set at 5460 hours.

All tubes which experience showed had a significant chance of having developed deep SCC
were inspected using the C-3 ECT probe. This included all tubes in rows 15 to 95 in boilers
2 and 3 (the more severely affected steam generators), and 1340 selected tubes in Boilers
1 and 4.

I
I
I
I
I
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All tubes with defect indications of 40% or more of wall found using the C-3 ECT probe
were plugged.

.

All tubes with C-3 ECT indications of any size in columns adjacent to forks were plugged.

•

In rows 41 to 95, all tubes which could not be inspected due to probe restrictions or any

I

other reasons were plugged.

I

In rows 15 to 40, all tubes adjacent to forks which could not be inspected were plugged.

I

•

In rows 15 to 40, tubes in the inspection sample which could not be inspected due to
restriction or other cause, were plugged if they were within a radius of 3.5 tube diameters

I

I

of any tube that was plugged during the 1993 campaign.

•

Tubes that were thought to be at high risk of failure were plugged: included were those near
forks and those located near many other tubes with large defects.

I
5.3

Basis

!
The basis for the above fitness-for-service guidelines for Fall 1993 was the following:119'120

•
!

The operating interval of 5460 hours was set based on the 97th percentile defect growth rate
of 19.5% of wall during the 1992-1993 operating period, an allowed maximum depth at the
end of the operating period of 75%, and an assumed initial crack depth of 60%. The starting
depth of 60% is based on examination of pulled tubes, which showed reduced probability of
detection for defects less than 60%. The upper limit of 75% is based on analyses that show
that defects up to that size with circumferential extent of 220° or less meet ASME Section
XI requirements regarding resistance to burst and to "pop-through" of circumferential cracks
under normal and accident pressures.
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Analyses were performed of the likely number of large cracks that could exist at the end of
the operating period, based on probability of detection considerations, and probable defect
growth rates.

The post accident leak rate that these large cracks could cause was

conservatively estimated. These analyses showed that the predicted leak rate is consistent
with meeting site dose limits. The analyses are based on the assumption that the cracks will
continue to be non axisymmetric, i.e., will affect only a limited portion of the tube
circumference.

•

Experience with SCC cracks in Unit 2 was extensively reviewed, including evaluation of tube
crack history, results of in-situ inspections, and laboratory examinations of removed tubes.
It was found that the SCC cracks generally are not axisymmetric, i.e., affect only one portion
of the circumference of the tube, and are of limited circumferential length at the time leakage
reaches the 15 kg/h (33 lb/h) limit. These results lead to the conclusion that some reliance
can be placed on small leaks resulting in plant shutdown before the cracks can grow to sizes
that could lead to tube rupture during normal operation or could result in excessive leakage
under accident conditions. However, as discussed in paragraph 5.5 below, concern exists that
nearly axisymmetric cracks could develop that could violate leak before break behavior.

5.4

Inspection Implications

Because of the large number of tubes affected, the portion of the tube bundle that is potentially
susceptible, and the large sizes of some of the cracks, extensive inspections of affected areas of
the tube bundle are required each outage. The inspection interval is established taking into account
the detectability of the cracks, and their growth rate.

5.5

Discussion

Since the SCC is detectable by NDE at 60% of wall, and growth can be kept less than 15% of wall
by appropriate selection of the length of the inspection cycle, inspection-based fitness-for-service
guidelines appear to be suitable for this degradation mechanism. In addition, based on the fact that
all deep cracks observed to date have been limited in circumferential extent, LBRB provides some
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protection against large cracks developing that could open up during postulated accidents.
However, it is possible that nearly axisymmetric cracks ma)- occur somewhere in the bundle, e.g..
if there are areas with axisymmetric distortions due to denting. To monitor for this possibility,
periodic inservice inspections and examination of removed tubes should be performed.
The analyses performed for accident conditions consider flow and pressure loads associated with
steam line breaks and crash cooldown, but do not appear to address possible thermal stresses and
distortions, which possibly could act to open up pre-existing cracks, thus increasing site dose rates
during accidents. It is believed that large thermal stresses and distortions could be generated by
the large temperature differences that plant safety analyses indicate could occur during postulated
accidents. For example:

The Bruce A Safety Report, Section 3.9, Figure 3.9.4.3.1-9, indicates that water levels in the
steam generators will gradually decrease to low levels in the tube bundle following a 100
percent steam balance header break (e.g., to 1 m (3.3 ft) above the tube sheet 150 seconds
after the break). During this transient, the water in the steam generator will be at close to
atmospheric boiling temperature of 100°C (212°F), while the primary coolant temperature
inside the tubes is still relatively high, e.g., 200°C (392°F). It is possible that tube areas above
the water line will not be effectively cooled by the steam. Thus, there appears to be a
potential for areas above and below the water line to be at very different temperatures,
possibly leading to differential thermal expansions, tube bending, and resulting distortions and
stresses at areas with cracks.

•

If parts of the tube bundle, such as the tubes in the central region, have heat fluxes over the
critical heat flux and experience a transition from nucleate to film boiling, while other areas,
such as peripheral tubes, remain more effectively cooled by nucleate boiling (e.g., as a result
of feedwater water reaching peripheral tubes), then large temperature differentials could
develop between the more effectively cooled and less effectively cooled parts of the tube
bundle. These temperature differences could possibly lead to significant differential thermal

E-14
expansions, and to resulting distortions and stresses. This possibility is made more likely by
the fact that tubes appear to be locked into U-bend supports by denting, and may also be
locked into TSPs, thus not allowing free differential thermal expansion.
•

Another possible concern is that plugged tubes and inservice tubes could have very different
temperatures, with the plugged tubes at temperatures close to the secondary water and steam
temperature and the inservice tubes closer to the primary coolant temperature.

The

differential expansions of adjacent plugged and inservice tubes could possibly lead to
significant stresses and distortions being applied to inservice tubes in areas with pre-existing
cracks. This possibility is increased if tubes are locked into supports, e.g., by heavy deposit
buildups or by denting.

For the above reasons, it is considered that the effects of thermal stresses and distortions during
postulated accidents should be evaluated with regard to their possible effect on opening up
pre-existing cracks and thus increasing post accident leak rates. In this regard, it should be noted
that the ASME Code does not require thermal stresses to be considered for accident conditions
when the failure mode is by plastic collapse, such as for austenitic base metals. However, the
Code position is based on the assumption that the pressure boundary material is sound, and does
not have large defects. When large defects are present, and when leak rate through these defects
is of critical concern, it appears that consideration must be given to the possibility of secondary
thermal stresses and distortions opening up pre-existing cracks, thus increasing leak rates, even
though the ASME Code does not address this issue.

6.

Point Lepreau Fitness-for-Service Guidelines for Wastage Pits

6.1

Background

Point Lepreau has four steam generators with alloy 800 tubes and 410 stainless steel trefoil
broached hole TSPs. Corrosion related leaks occurred in 1985 and 1987 due to pits that occurred
just above the first TSP in the hot leg.
chloride-induced pitting was suspected.121

The cause of the pits was not determined, but
In 1992, a leak occurred due to a pit just above the
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tube sheet in the hot leg sludge pile. Wastage-type pits were discovered in the hot leg in the tube
sheet sludge pile area and at the first TSP. Examination of removed tubes indicates that the pits
are due to attack by phosphates.122 Inspections in 1993 indicated that new tubes had developed
detectable defects, but that growth of previously detected defects was small.123

6.2

Defect Specific Fitness-for-Service Guidelines

The guidelines used for Point Lepreau in 1993 were as follows:124

•

Defect indications were considered acceptable if they met limits established by the
following formula:

=

Allowable • E - ( R X 1)

Acceptable

=

Acceptable or maximum defect size

Allowable

=

Allowable defect size (71 % of wall)

E

=

Inspection error (12.5% of wall)

R

=

Defect growth rate

Acceptable

where

I

•

=

Inspection interval

A plugging limit of 4 8 % of wall was established based on an upper bound growth rate of
10% of wall and an inspection interval of one year. (However, the maximum known defect
size left in service w a s 3 6 % of wall).

6.3

Basis

The basis for the above

fitness-for-service

guidelines w a s the following:
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The 71% structural limit on defect depth was set by determining the maximum depth of
defect that would not cause burst considering a safety factor of 3 on differential pressures that
could occur under normal and upset conditions.

Pressure versus burst behavior was

determined by fitting experimental data and adjusting it for uncertainties.125
•

The 10% of wall value for upper bound defect growth rate was established by review of data
for 1986, 1987, and 1992. Review of data for 1992 - 1993 indicates that the growth rate is
bounded by 6% of wall per year.

•

The inspection error value of 12.5% of wall is based on use of RPC to size defect depth
when signal voltage is large, since depths by bobbin coil for large signals have differed from
UT measurements by up to 34%.

6.4

Inspection Implications

The top of the tube sheet defects have been located in sludge pile areas, which indicates that
inspection for defects above the top of the tube sheet can be limited to the sludge pile area (except
for normal general bundle sampling). Defects at the first support plate elevation have been located
in sludge above the support, which appears to be associated with sludge on the tube sheet. Thus,
the region of tubes at risk of pitting is the same at both the tube sheet and support elevations. For
this reason, inspections are concentrated in the region at risk, with other areas limited to sampling
type inspections.

6.5

Discussion

Wastage and pitting type degradation are generally relatively well behaved modes of degradation.
Defects tend to grow slowly and to occur in well defined areas, thus permitting inspections to
assure that safe conditions are maintained. However, some leaks have occurred at Pickering and
Point Lepreau due to pits, which demonstrates that pits can sometimes grow relatively rapidly. If
the degradation only occurs in isolated pits, then even occasional deep defects do not present a
serious problem, since only isolated deep defects could penetrate the boundary, and leak rates under
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normal or accident conditions would be low. However, if the degradation should affect relatively
large areas of a tube, then the degradation presents a more serious risk of causing tube ruptures
and requires close monitoring.
Based on the inspection and destructive examinations results to date, it appears

that

inspection-based fitness-for-service guidelines are appropriate, with maximum allowable defect
size governed by structural considerations with allowances for growth rate and measurement
uncertainty. Inspection approaches should be designed to accurately monitor growth, identify
susceptible regions, and determine if defect locations or morphologies change over time.

F.

FITNESS-FOR-SERVICE GUIDELINES IN USE IN OTHER COUNTRIES

As shown by material presented in the previous sections, there are a variety of approaches taken
in different countries regarding safety criteria and fitness-for-service guidelines for steam generator
tubes. In summary, the range of approaches encompasses the following:

•

No Leakage or Flaws. The Japanese approach is the simplest and most conservative. It
consists of allowing no primary to secondary leakage, and allowing "no flaws." For plants
experiencing any_ detected defects, 100% of inservice tubes are required to be inspected each
year. Inspection methods are required to be selected so as to be sensitive to the types of
degradation being experienced.

In cases where primary to secondary leakage occurs,

extensive examinations of the removed tubes are performed to determine the causes of the
leakage. Following this examination, and prior to returning to power, thorough inspections
are performed of the steam generators to ensure that the conditions leading to the leak do not
recur. In the one case in Japan where a tube rupture occurred (Mihama 2, 1992), operation
of the plant has been suspended for several years following the rupture, until improved
replacement steam generators can be installed.

The "no flaws" criterion is made more practical than an absolute "no sign of a defect"
criterion by defining wall thinning less than 20% as not being a flaw, and selecting signal
to noise ratios below which the ECT data do not need to be evaluated. This approach
permits some small defects to remain in place without repair, e.g., for ECT signals at TSPs.
(However, based on the low threshold voltage used by the Japanese, it is believed that the
majority of TSP IGA/SCC indications left in service in the USA using alternate repair criteria
would require repair per Japanese rules.) Clearly, the Japanese approach is very stringent,
and has had a major impact on plant availability.

Plants with significant degradation,

especially IGA/SCC at TSPs, have had plant availabilities of about 50% or less for many
years, largely as a result of extensive inspections and repairs of steam generator tubes. On
the other hand, the Japanese approach is straight forward to apply, and results in a very low
probability of tube degradation leading to safety risks to the public.
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Another aspect of the Japanese approach that is worthy of note is that they pressurize the
primary system to about 2000 psi (13.8 MPa) before performing inspections in order to open
up flaws and make them more detectable. While no data are available to demonstrate the
effect of this technique, it probably increases the conservatism of the inspections.

Limit Degradation to Fraction of Wall ftvpicallv 40%). The "fraction of wall" approach has
been widely followed in the United States, and has also been used, at least initially, in other
countries with US designed PWRs. This approach was originally established in response to
general wall thinning type degradation, especially wastage associated with use of
phosphates.126 The wall thickness required to meet ASME Code limits is about 40% of the
wall thickness of many PWR steam generator tubes (it is somewhat less than 40% in typical
PHWR steam generator tubes, as a result of higher wall thickness to diameter ratios and
lower primary pressures). Additional allowances of 10% for additional defect growth during
the next operating cycle, and 10% for wall thickness measurement error, led to the
requirement to plug at a flaw depth of 40% of wall. The specified value was adjusted to
account for different initial wall thicknesses, different plant pressures, different estimates of
growth, and different estimates of measurement error, so that the allowed defect depth in
some cases differs, e.g., 50% of wall is allowed in some cases. However, the general
principal remains the same ~ all material around the circumference down to the maximum
depth of the defect is assumed to be gone, i.e., to not contribute to the strength of the tube.

The "fraction of wall" approach has, in practice, generally worked satisfactorily with regard
to maintaining adequate safety margins. This approach has the virtue of being simple and
straight forward.

Plants basing their inspections and repairs on this approach have (1)

experienced limited numbers of tube ruptures, (2) experienced limited numbers of cases
where defects were found that did not have sufficient remaining strength to avoid rupture
under accident conditions and (3) in most cases not had to repair excessive numbers of tubes.
For these reasons, this approach is considered to be reasonable as long as (1) there is only
a limited amount of degradation (i.e., small number of affected tubes), or (2) the degradation
mode involved involves general wall thinning or equivalent general area degradation, and (3)
practical means are available to measure the amount of effective wall thinning.

However,
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for some types of degradation, the "fraction of wall" approach has been found to require
repairs of excessive numbers of tubes that tests and analyses indicate still have large margins
to real safety concerns. In addition, for some defect types, no practical ways exist to
accurately measure depth of penetration, while practical ways to measure loss of rupture
strength and resistance to leakage do exist. For these cases, alternate approaches have been
developed and widely used in Europe, and have been used in a few cases in the USA.
Another case where the fraction of wall approach is inadequate is where defects can grow
from below detectability to through wall in a single inspection cycle. For this case, the
LBRB approach has been used.

Leak Before Risk of Break (LBRB). In this type of fitness-for-service-guidelines, reliance
is placed on tube leakage occurring as a result of tube defects during normal operation, and
requiring tube repair, before the tube degrades to the point where it presents a safety risk,
i.e., before it presents a risk of rupture during a postulated accident. This approach formed
the original basis of the fitness-for-service-guidelines used in France since about 1984 for top
of tube sheet axial PWSCC cracks, and is the basis for the current guidelines in Spain for top
of tube sheet axial PWSCC cracks. (Use of the LBRB approach has been limited, for the
most part, to axial cracks at the top of the tube sheet. It has not been used in a significant
way for other types of defects, except for fatigue cracks at Bruce A, because operational
leakage has not been demonstrated to be a reliable indicator of defect size.) The basis for
the LBRB approach is that laboratory-made cracks result in leak rates sufficient for reliable
detection, under normal operational differential pressure, while still having lengths well below
the length that will burst under steam line break pressures. For example, for 7/8 inch (22.2
mm) OD tubes, free span laboratory produced cracks of 0.51 in. (13 mm) length have leak
rates of 0.1 US gpm (23 1/h), which can be detected by leakage during normal operation
(differential pressure of about 1300 psi (9 MPa)), while the length required for burst under
steam line break (differential pressure of 2650 psi (18.3 MPa)) is 0.75 in. (19 mm)127.

In order to increase the reliability of the LBRB approach, allowable leak rates per steam
generator have been reduced, to about 5 to 15 liters/hour (32 to 95 US gpd). Use of the
LBRB approach has also resulted in installation and use of more sensitive and rapid acting
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leak detection methods, e.g., nitrogen 16 (N-16) monitors. In order to make the LBRB
approach practical from a plant reliability standpoint, i.e., to prevent frequent shutdowns due
to tube leaks, large scale inspections of the regions at risk have been required at many plants
to detect and repair tubes with cracks that could grow too large during the next operating
cycle.

The LBRB approach has been judged to not be suitable for circumferential cracks at the top
of the tube sheet, nor for some other types of defects, such as IGA/SCC in sludge piles. In
these cases, the morphology of the degradation has been judged to present too great a risk
of an unacceptably reduced burst strength, before reliably causing detectable leakage (e.g.,
development of long part wall cracks or large patches of part wall IGA).

While the LBRB approach has been used in France and Spain, some concerns with it have
been identified. A few axial PWSCC cracks that exceed the length considered acceptable
from a risk of rupture during a steam line break have been found by ECT or examination of
pulled tubes, without having resulted in clearly detectable leakage. The low leak rates have
been attributed to clogging of cracks by oxides or borates, or possibly by thin unbroken
ligaments remaining along the length of the crack. For these reasons, together with an
increasing incidence of circumferential cracks being detected, French safety authorities have
required increased levels cf inspections at plants with significant amounts of PWSCC, and
have lowered the length of crack that requires repair of the tube. As a result of these
changes, the LBRB approach in France has evolved into being essentially the same as the
inspection based Degradation Specific Management approach described below.

A potential weakness of the LBRB approach is that it does not necessarily ensure that
accident leak rate limits are met. The LBRB approach can allow many through wall or
nearly through wall cracks to remain in service.

While the LBRB approach provides

assurance (subject to the limitations discussed above) that a tube rupture will not occur during
an accident, it does not ensure that leakage will not increase during an accident to
unacceptable levels. To provide such assurance, it appears that inspections need to be
performed to allow quantitative assessment of accident leak rates to be developed.

F-5
Use of the LBRB approach for fatigue cracks, such as at Bruce A, appears to be reasonable.
In this case, only a few large cracks are expected to be present at one time.

In

addition,defect morphology appears to be well suited to LBRB behavior, since defects are
non axisymmetric, defects reliably cause leaks at low rates, and leak rates increase slowly
enough to allow orderly plant shut down.
Belgian Dual Approach. The Belgian dual approach for treating axial PWSCC cracks at the
top of the tube sheet is described in Section D2,

They use a similar approach for

circumferential PWSCC cracks at the top of the tube sheet. The Belgian dual approach
involves the following:

Two cases are considered, a "best estimate" case and a "most conservative" case. For
the best estimate case, best estimate or average values of all inputs (mechanical
properties, dimensions, measurement error, etc.) are used, and RG 1.121 safety factors
are applied to the resulting allowable crack sizes for normal and accident conditions.
For the most conservative case, all input parameters are conservatively chosen, but no
additional safety factors are used.

The most conservative result from these four

situations (best estimate-normal, best estimate-accident, most conservative-normal, and
most conservative-accident) is used as the acceptance limit.

Correlations between measured crack length and tube burst and leakage are used that
were developed based on tests and analyses.

Allowable lengths from a burst standpoint are reduced by allowances for crack growth
during the next cycle and for measurement error.

The total post accident leak rate at the end of the operating cycle is determined using
a Monte Carlo analysis, considering the distribution of cracks left unrepaired and the
distribution of possible increases in crack length during the cycle. If the leak rate, after
combining it with leakage from all other defects that are predicted to be present at the

F-6
end of the operating interval, is excessive, additional tubes require repair, until the leak
rate meets acceptance limits.

The objective of the Belgian dual approach is to avoid what they consider to be excessively
conservative repairs. In other words, they consider that applying safety factors to parameters
that are based on worst case values at each step is too pessimistic to be reasonable.

Degradation Specific Management.

This type of approach has been sponsored by an

EPRI-industry committee, and is the recommended approach for use in the USA in cases
where relaxation from the standard 40% of wall criterion is desired. It is similar to the
approach being used in Belgium, Canada, France and other countries for many types of
defects. In essence this approach involves:

Developing reliable correlations between some NDE measured parameter (e.g., crack
length or signal voltage) and tube burst and leakage properties. This requires that the
NDE be performed under carefully controlled conditions.

Performing inspections of 100% of the inservice tubes in the area affected by the
degradation using an NDE technique which has been demonstrated through correlation
with destructive examination results to reliably and conservatively characterize the
degradation.

Establishing allowable levels of the NDE parameter that ensure that burst will not
occur. Typically, the lower 95% confidence limit value of the parameter is used, to
ensure that the most adverse combinations of tube dimensions and mechanical properties
will not result in an unacceptably low burst pressure.
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Providing margin in the measured parameter to account for defect growth during the
next operating cycle. The amount of conservatism introduced in this step has been
different in the two EPRI applications. A best estimate growth rate is used for PWSCC
crack length at the TTS, while a bounding value is used for bobbin coil voltage for
ODSCC at TSPs.
Providing margin to account for measurement error. Typically, the 95% confidence
limit value is used.

Estimating the total post-accident leak rate at the end of the operating cycle using a
Monte Carlo analysis, considering the distribution of defects left unrepaired and the
distribution of possible increases in defect size during the cycle. If the leak rate, after
a combination with leakage from other defects, is excessive, additional tubes require
repair, until the leakage meets acceptance limits.

The intent of the defect specific management approach is to prevent tube ruptures or
excessive leakage during accidents, but to not introduce unnecessary levels of conservatism.
The main conservatisms used with regard to preventing tube burst are (1) use of a 95% lower
bound value for burst as a function of defect parameter, (2) use of a 95% bound for
measurement error, and use of a bounding value for defect growth rate for IGA/SCC at TSPs.
Other parameters typically used are best estimate, or are bounding values with unspecified
statistics.

Risk Based and Probabilistic Approaches. The previously described approaches do not try
to quantify the effect of the fitness-for-service-guidelines on the probability of core damage
or on probability of tube rupture under normal or accident conditions. Rather, they attempt
to ensure that the risk of core damage is very low (though not quantified) by ensuing that
risks of tube rupture under normal and accident conditions are very low, and that dose rates
at site boundaries will be low under postulated accidents as a result of a limited amount of
primary to secondary leakage. Alternate risk based or probabilistic approaches have been
developed and used in Sweden and France, as described below.
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In Sweden, an approach has been developed in which the number and size of tube defects
that are allowed is established at levels that result in calculated probabilities of core damage
during accidents not exceeding a suitably low value. In essence this approach involves:
Estimating, using a probability risk assessment (PRA) type analysis, the probability of
tube rupture under accident (SLB/FLB) conditions that is compatible with the maximum
acceptable predicted probability of core damage. In Sweden, this acceptable conditional
probability of tube rupture during an accident was found to be 1% per year.128129

Determining the probability of a defect of a given size, at the start of an operating
cycle, leading to tube burst during an accident at the end of the cycle. This probability
takes into account a correlation between defect size and probability of burst, defect
growth during the cycle, and measurement error. All parameters are treated statistically,
so that probabilities can be quantified.

Inspecting 100% of the tubes in the area with the type of defect being considered, e.g.,
for axial cracks at the top of the tube sheet, so that the number of defects of various
sizes at the beginning of an operating cycle are known. The NDE method must be
demonstrated, by examination of removed tubes, to reliably and conservatively
characterize the defects.

Computing the total probability of tube burst under accident conditions by summing the
probabilities for all of the defects present at the start of the inspection interval.

In France, a probabilistic method has been developed to quantify the effect of inspection
strategies, plugging criteria, inspection sensitivity, tube and defect parameter variability, etc.,
on the probability of tube ruptures under normal and operating conditions.130 The method
uses realistic distributions of parameters, and samples them using Monte Carlo techniques.
It is understood that the method is regularly used to help evaluate inspection strategies,
plugging criteria, and steam generator replacement plans.

i
I
I
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All of the above approaches to fitness-for-service guidelines have strengths and weaknesses. A
summary of DEI's main conclusions regarding these various approaches are as follows:
•

The "no leakage or flaws" approach has the virtue of being simple and straight forward to
apply, but is considered to be unnecessarily conservative and costly. In other words, some
levels of tube degradation and primary leakage can be tolerated from a safety standpoint, and

I

plugging or repairing tubes for degradation well below these levels results in technically
unjustified costs.

•

The "fraction of wall" approach for evaluating tube degradation has the virtue of being simple
and has worked satisfactorily for many years. However, similar to the "no leakage or flaws"
approach, it is highly conservative for some types of defects, which field experience and
analyses show can safely be left in place with depths up to through wall. Furthermore,
current NDE methods are sometimes not capable of reliably sizing defects, such that applying
"fraction of wall" guidelines leads to unnecessary conservatisms.

•

The "LBRB approach" appears to provide satisfactory protection against certain types of
degradation, especially fatigue induced cracking. In fact, for fatigue cracking, LBRB appears
to provide the only viable approach. While LBRB works satisfactorily for some limited types
of defects, it is not satisfactory for other types.

The situations where LBRB is not

satisfactory are those where defect morphology is such that defects can develop that could
rupture during an accident, but which do not cause significant leakage during normal
operation. Examples include long PWSCC cracks that have low leak rates as a result of
clogging, patches of relatively uniform IGA that cover large areas of the tube, and
circumferentially oriented SCC with uniform depth occurring under the influence of
axisymmetric stresses.

The "Dual Approach" used by the Belgians is a type of defect specific management directed
at assuring that safety factors and conservatisms are not compounded in such a fashion that
the fitness-for-service guidelines become unnecessarily conservative. For the defect type to
which it has been most widely applied, axial PWSCC at the TTS in Belgian plants, it is
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believed that there have been no cases of defects found at the end of an operating interval
that would be predicted to rupture under accident conditions. This approach does have the
drawback that it does not assure that the safety factors required by the ASME Code are
maintained.
•

The "degradation specific management" approach has the advantage that it is an engineered
approach in which fitness-for-service guidelines are developed for each defect type based on
thorough evaluation of all relevant factors. However, it requires extensive inspections and
analyses for each defect type, and periodic removal and examination of tubes from operating
plants to verify defect morphologies and effectiveness of NDE methods.

•

The "risk based" approach used in Sweden has the advantage that it quantifies the risks
involved with leaving defects in place, and thus makes decisions regarding acceptance
standards more precise and defensible. In similar fashion to the "dual approach" and other
"degradation specific management" approaches, the risk based approach requires extensive
inspections and analyses for each defect type.

•

The probabilistic analysis approach used in France to evaluate and validate inspection
strategies, plugging criteria and replacement plans has the advantage of quantifying the effect
of these strategies on risks of tube rupture under both normal and accident conditions.

Many of the above approaches to fitness-for-service guidelines are appropriate for specific
circumstances and, as discussed in the next section, are recommended for consideration in Canada.
However, several of the approaches share in a major drawback, in that the margins they provide
against violating ASME Code safety factors, resulting in tube rupture or core damage, or resulting
in site dose limits being exceeded, are not quantified. The Swedish "risk based" approach and
French "probabilistic" approach are exceptions to this, in that they have methodologies for
assessing the risk of tube rupture, core damage or both. Suggestions for use of similar approaches
for quantifying the level of risk in Canada are covered in the next section.

G.

SUGGESTIONS FOR FITNESS-FOR-SERVICE GUIDELINES

1.

Objective

The objective of this section is to present a set of suggestions for consideration when developing
fitness-for-service guidelines for Canadian PHWR steam generator tubes.

2.

Safety Objectives of Guidelines

It is considered that the basic safety objectives of the guidelines should be clearly described, and
that they should serve to identify by reference the additional applicable documents that help to
further define these objectives. The basic safety objectives that need to be addressed by the
fitness-for-service guidelines are considered to be the following:

(1)

Keep Risks of Core Damage Resulting from Steam Generator Tube Damage to

Acceptable Levels. A basic objective of overall plant design and operation is to ensure that
risks of core damage from all causes are kept to low levels, such that risks of releases of
unsafe levels of radioactivity from the plant are kept correspondingly low (e.g., in the order
of 10'7/ plant year). Maintaining the integrity of the steam generator tubes, since they
represent a large fraction of the primary system pressure boundary, is an important factor in
achieving this goal. Steam generator tube ruptures have the potential of leading to core
damage since they result in leakage from the primary system, and since leakage due to tube
ruptures can also complicate or interfere with the response of the plant to accidents initiated
by non steam generator tube failures, e.g., to steam line breaks.

(2)

Ensure That Steam Generator Tube Integrity Is Consistent with Meeting Site Dose

Limits. Meeting site dose limits is a basic objective of plant design, and requires that
releases of radioactivity be kept within criteria established for each plant.

Since steam

generator tubes form part of the primary system pressure boundary and are effectively
situated outside containment, maintaining their integrity is an important factor in controlling
releases of radioactivity to amounts consistent with meeting site dose limits.
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Industry experience in meeting the above rather general safety objectives has led to the following
more specific safety objectives regarding steam generator tubes:
(1)

Ensure Low Probability of Tube Ruptures Under Normal Operating Conditions. It is

important that there be a low probability of tube ruptures under normal operating conditions
(e.g., below lOVplant year), even though plants are designed to safely handle single tube
ruptures. This is because steam generator tube ruptures are major events and involve risks
of core damage due to equipment malfunctions, operator errors, or by one tube rupture
leading to additional tube ruptures (consequential damage or common-mode simultaneous
failures, e.g., due to pressure transients). Exposing the plant to such risks unnecessarily
should be avoided.

(2)

Ensure Very Low Probability of Tube Ruptures Under Accident Conditions. It is

important that there be a low probability (e.g., lOVevent) of tube ruptures during postulated
accident conditions since ruptures could adversely affect the ability of plant safety systems
to cope with the accidents, as well as making it difficult to meet site dose limits, as discussed
below.

(3)

Ensure that Primary to Secondary Leakage During Normal Operation and During

Postulated Accidents Is Consistent with Site Boundary Dose Limits. Limits on leakage
during normal operation are routinely set so low that site dose limits are met with large
margins. Thus, consideration of leakage during normal operation typically has no practical
impact on fitness-for-service guidelines. Leakage following postulated accidents, however,
can strongly affect fitness-for-service guidelines, since both primary to secondary leak rates
and primary system radioactivity concentrations can be higher, potentially leading to high
dose rates. For this reason, primary to secondary leakage following postulated accidents of
several types must be shown to be consistent with limiting the dose received by the public
to acceptable values. Acceptable values are normally based on recommendations of the
International Commission on Radiation Protection (ICRP),131 and are described in the Safety
Reports for each Canadian plant. The recommendations of the ICRP have recently been
revised.132 Corresponding amendments to Canadian regulations are in progress; when they
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are available, some adjustment to the fitness-for-service guidelines may be required. The
limiting accidents with regard to dose limits for Canadian plants are considered to be a small
loss-of-coolant accident (LOCA), a main steam line break (MSLB) (steam header balance line
at Bruce A), and a feedwater line break (FLB).

The standard approach of the nuclear industry regarding meeting the types of safety objectives
described above has been to keep risks of core damage and excessive site boundary doses due to
steam generator tube degradation suitably low by use of conservative design, inspection and repair
criteria. In general, the level of risks (i.e., the meaning of "suitably low"), engendered by steam
generator tube degradation of causing core damage or excessive doses to the public, have not been
quantified. Despite this lack of quantification, experience over many plant years of operation has
shown that the conservative set of design, inspection and repair rules followed by the industry do
in fact result in a low level of risk, as shown by lack of observed core damage or high site
boundary doses caused by steam generator tube degradation.

One difficulty with the standard industry approach, which does not include quantification of the
level of risk associated with tube damage, is that it makes it difficult to assess whether the safety
factors and design margins used are reasonable. In other words, the safety margins used are based
on historical approaches that have been found to result in safe performance, but it is not known
whether or not they result in significantly higher levels of safety than actually required to meet
safety objectives. A "risk-based plugging criteria" approach recently introduced in Sweden for
axial cracks at the top of the tube sheet, where the contribution to core damage associated with
tube defects is quantified and shown to meet suitable numerical targets, appears to provide a means
by which safety goals can be better quantified. The French approach of using probabilistic fracture
mechanics to evaluate inspection strategies and repair criteria provides a similar capability. Use
of these risk assessment approaches may be found to be attractive for many degradation modes.
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3.

Supporting Safety Criteria - Canadian Regulations and the ASME Code

It would be useful for the guidelines to outline the main supporting safety criteria applicable to
steam generator tube fitness-for-service guidelines, i.e., to include information of the type
summarized below.

Canadian regulations for inspection of steam generators (CSA/CAN3-N285.4) specify that defects
that are anticipated to penetrate the wall by more than 40% at the next inspection be submitted to
the regulatory authority for disposition. Historically, this disposition of defects has been based on
guidance taken from the ASME Code. This is consistent with the fact that steam generators in
Canadian plants were designed to the requirements of the ASME Code. The guidance of the
ASME Code with regard to fitness-for-service guidelines for steam generator tubes is summarized
below.

(1)

Paragraph IWB-3521.1 of Section XI states that the depth of allowable OD flaws shall

not exceed 40% of the wall thickness.

(2)

Paragraph IWB-3630 of Section XI states that defects exceeding the allowable limits

of Paragraph IWB-3521.1 shall be evaluated using analyses acceptable to the regulatory
authority. However, no guidance directly applicable to steam generator tubes is provided for
such analyses.

(3)

Section IWB-3640 of Section XI provides evaluation procedures and acceptance criteria

for austenitic piping. Because of the similarity between such piping and steam generator
tubing, which is made of austenitic materials similar to those used for austenitic piping, the
requirements have been considered suitable for use for steam generator tubes. The specific
criteria from this section that have been used are those of Paragraph IWB-3642, which state
that piping containing a flaw is acceptable for continued use if the evaluation procedures
provide a safety margin, based on load, equivalent to a factor of 3 for normal operating
(including upset and test) conditions and a factor of 1.5 for emergency and faulted conditions.
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(4)

Paragraph NB-3654.1 of Section III, which covers analysis of piping components for

Level B Service Loadings, indicates that allowable stresses can be 10% greaterfor Level B,
as compared to Level A conditions. This is interpreted to mean that the margin on pressure
for Level B Service Loadings (i.e., for upset conditions), instead of being 3 as specified in
Section IWB-3640 of Section XI, can be reduced to 3/1.1 = 2.73.

The ASME requirements summarized above are considered to provide suitable guidance with
regard to setting stress limits for protecting against tube burst. However, they are not directed at
ensuring that leak rates will kept suitably small. In other words, it is possible for defects to meet
the above acceptance criteria of the ASME Code but nevertheless result in unacceptable leakage
following a postulated accident. This is the result of the following:

(1)

The requirements of the ASME Code are mainly directed at preventing gross rupture,

and not at preventing leaks from developing as a result of minor deformations associated with
local thermal strains acting on pre-existing flaws.

(2)

Leakage limits following an accident are relatively tight for CANDU PWHRs, in the

neighbourhood of 1 kg/s (2.2 lb/s). The amount of crack opening that is required to develop
a leak of this size is relatively small. Some postulated accidents, such as a steam line break,
have the potential of generating large thermal stresses and distortions in the tubes. It is
possible that these thermal stresses and distortions, while not capable of causing complete
tube rupture, could lead to significant opening of already present cracks.
Based on the above, it is considered that meeting ASME Code requirements must be considered
as necessary, but not sufficient, to ensure that safety objectives are met.

4.

Additional General Considerations and Suggested Contents

During development of fitness-for-service guidelines for Canadian steam generators, it is suggested
that the following types of general considerations be kept in mind, and that the topics discussed
h;.!iv;- be considered for inclusion.
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(1) Much of the information in this report is based on PWRs, which have some important
design and operational differences as compared to PHWRs. These design and operational
differences should be reflected in the detailed development of fitness-for-service guidelines
for Canadian steam generators. Some of the more important of these differences for PWHRs
versus PWRs include:

Tube diameters are smaller

Typically, there are a larger number of smaller steam generators per plant

Temperatures are lower

Shutdown limits for primary to secondary leakage are lower, and the presence of tritium
in the primary coolant aids in detection of such leaks

(2)

The guidelines should provide sufficient detailed guidance on relevant technical topics

such that practical and reliable acceptance limits for tube degradation can be determined, and
such that appropriate inspection requirements are clearly defined. The guidance should cover:

Definition of applicable codes and standards.

Safety factors that need to be included in analyses supporting fitness-for-service
guidelines, and how lower or upper bounds of various parameters used in such analyses
are to be determined.

With regard to safety factors, it would be useful for the

guidelines to included a comprehensive treatment of safety factors to be used based, at
least initially, on the ASME Code, and covering: the materials used for tubing in
Canadian steam generators, possible flaw orientations, types of loadings, load
combinations, and evaluation method being used. The safety factors should address the
margins required against tube burst and against excessive tube leakage.
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General requirements for inspection of steam generator tubes, both for the general case
and for cases where alternate fitness-for-service guidelines are developed.

These

general requirements should cover topics such as: documentation and approval
requirements, how the inspection sample is to be determined, how the frequency of
inspections should be determined, how the required sensitivity of the inspections should
be established, how inspection error should be established (e.g., by examination of
removed tubes), etc. It is anticipated that detailed inspection requirements would not
be covered in the guidelines, but rather would be left for plant specific documents.
Further comments on inspection issues are provided in Section 7 below and in
Appendix V.

Shutdown limits for primary to secondary leakage, and requirements for sensitivity and
speed of response for leakage monitoring equipment.

(3)

The guidelines should also describe, philosophically if not specifically, the role of:

Probability risk assessments for the plant, and how they interact with setting acceptance
limits for degradation of steam generator tubes.

The roles of Federal and Provincial regulatory groups in the development, acceptance
and use of fitness-for-service guidelines.

5.

Assessment Methods

Because of the high variability that exists among plants regarding steam generator and plant design
features, and regarding tube degradation experience, it is considered appropriate for
fitness-for-service guidelines to allow a variety of approaches to be taken by plant operators, as
found suitable to the particular circumstances of specific plants and times. In this regard, there are
various levels of assessment, coupled with appropriate inspection, that may be applied to
demonstrate that the basic safety objectives are met:
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(1) Use of simple, conservative criteria (e.g., the 40% rule)

(2) Reliance on leak before risk of break

(3) use of deterministic analyses of specific types of degradation (e.g., per ASME rules and
safety margins)

(4) Reliance on probabilistic calculations to assess conditional probability of tube failures,
leak rates, and ultimately risk of core damage or of exceeding site does limits. With regard
to use of probabilistic approaches, probabilistic risk assessment (PRA) has not been widely
used in Canada, and thus well developed and accepted numerical targets for risk are not
available. Nevertheless, use of probabilistic methods is considered to provide a useful way
of handling uncertainty while avoiding excessive conservatism.

Some assessment methods that could be permitted by the guidelines are described in more detail
in the following sections.

5.1

Use of 40% of Wall Limit

(1)

Current and Continued Use of 40% of Wall Limit. Current Canadian requirements are

that defects with projected depths exceeding 40% of wall be repaired, unless alternate
disposition is approved by the regulatory authority.133 This is consistent with the ASME
Code which, in paragraph IWB-3521.1 of Section XI, allows OD flaws of up to 40% of the
wall thickness to remain without repair, and in paragraph IWB-3630 requires deeper flaws
to be dispositioned in a manner acceptable to the regulatory authority. A similar criterion
has been used for both OD and ID flaws for many years in the USA and several other
countries. Thus, the 40% of wall approach has been widely used for many years. For much
of this experience, it has been found to be a simple and practical method of achieving safety
objectives. Accordingly, it is considered reasonable that the 40% of wall approach continue
to be permitted in the future, until and unless special circumstances develop at the plant in
question that make the 40% of wall criterion unsatisfactory, as discussed later.
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As discussed elsewhere in this report, the 40% of wall value is based on uniform wall
thinning under typical PWR steam generator conditions of materials, dimensions, and
pressures, and also on typical allowances for defect growth and inspection error.

For

PHWRs, with lower pressures, lower temperatures (and thus lower expected defect growth
rates), and greater wall thickness to diameter ratios, higher values than 40% could be
justified, using the same approach as used to develop the 40% rule for PWRs.

(2)

Situations Where 40% of Wall Limit is Not Fullv Satisfactory. While the 40% of wall

criterion has been found to be satisfactory in many cases, it has been found to be undesirable
in some special circumstances. These circumstances involve three types of situations: (1)
Cases where it is not practical to detect defects of 40% of wall and shallower penetration,
and experience has shown that these defects do not result in unsafe conditions; (2) cases
where many tubes have defects that exceed the 40% limit, but analyses, tests, and plant
experience show that the defects do not result in unsafe conditions; and (3) cases where
defects under 40% of wall at the start of an inspection interval present an unacceptable risk
of leading to tube ruptures or unsafe conditions during the operating cycle. These three cases
are discussed below.

One type of situation, where the 40% of wall approach has not worked well, has been where
the defects under consideration are not detectable until they are larger than 40% of wall, and
where experience and analyses have shown the defects to be acceptable from both safety and
leakage standpoints. The classic situation, where this is true, is for axial PWSCC at roll
transitions. Such defects cannot be detected until they are nearly through wall and are about
3 mm (0.12 in.) long. Alternate fitness-for-service guidelines have been developed in many
countries to address these defects, and allow through-wall cracks of about 8 to 13 mm (0.31
to 0.51 in.) long to remain in service, depending on the steam generator design and country
involved.

It is suggested that, if such situations develop in Canada, similar alternate

fitness-for-service guidelines be allowed in Canada, subject to appropriate regulatory
approval, as discussed in subsequent parts of this section.
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A second and similar type of situation where the 40% of wall approach has not worked well
has been where many defects occur above the 40% limit, yet experience and analyses show
that the defects do not present a real safety hazard and, based on detailed technical
evaluation, do not warrant repair. In other words, in some important cases, the 40% of wall
criterion has been found to be unnecessarily conservative, even though defects below 40%
of wall could be detected and repaired. The main cases internationally where use of a 40%
of wall criterion has been found to result in levels of repair judged to be unreasonable have
been (1) the axial PWSCC in roll transitions at the top of the tube sheet situation mentioned
above and (2) axial IGA/SCC in drilled hole TSPs. In response to these degradation modes,
alternate fitness-for-service guidelines have been developed using a process now called
"Degradation Specific Management" that allows deeper defects to remain in service without
repair, subject to certain constraints. In Canada, a similar approach has been taken for
several degradation mechanisms, such as fretting wear at U-bend supports in Bruce B. Since
it is likely that additional similar situations will develop in Canada, it is suggested that
alternate fitness-for-service guidelines continue to be allowed in Canada, subject to
appropriate regulatory approval, as discussed in subsequent parts of this section.

A third type of situation where the 40% of wall approach has not been fully satisfactory
involves cases where the development of small defects, below the 40% limit, or the
development of other types of tube damage such as denting, can lead to occurrence during
the next operating cycle of tube leaks or large defects that violate margins needed against
rupture during accidents. An example situation of this type is the development of dents at
top supports of steam generators with drilled hole TSPs, which increases risks of corrosion
induced crack initiation and FIV induced fatigue crack propagation which has, in several
cases, led to tube ruptures.

Another type of situation is where stress, material and

environment conditions develop that are so severe that SCC occurs at high growth rates and
leads to development of large cracks so rapidly that periodic inspections have not always
provided the desired level of protection.

I
I
I
I
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Because of the possibility of degradation processes of the type described above, i.e., that
cannot be safely managed using a 40% of wall criterion, it is necessary that alternate
fitness-for-service guidelines be in place to handle such cases. These guidelines are discussed
later in this section.
(3)

Inspection Requirements Suitable for 40% of Wall Limit. Use of the 40% of wall limit

appears to be consistent with two main situations: (1) steam generators (or areas of steam
generators) with little to no serious degradation, and (2) degradation with a defect
morphology that is appropriately addressed by the 40% of wall limit.

Inspection

requirements appropriate to these two situations are discussed below.

(a) No Serious Degradation Yet Detected. Experience in the industry has shown that
steam generator tubes are susceptible to a wide variety of degradation mechanisms.
Industry experience and judgment are that early detection of degradation is important
to enable early implementation of remedial actions, and to ensure that potentially unsafe
conditions do not develop. Based on these considerations, a PWR industry group has
developed recommendations that 20% of the tubes in all steam generators be inspected
at each planned inspection, with 100% of the tubes being inspected each five
inspections.134

It is considered that, prior to detection of significant degradation

mechanisms, this 20% inspection rule is the appropriate one to use.

Possible

modifications to this rule are to recognize that the 20% rule was developed for PWRs
which typically operate at higher temperatures and have fewer steam generators per
plant than CANDUs. This might lead to stretching out the inspections in CANDU
steam generators by a factor of 2 to 4, consistent with the reduced rate of
corrosion-induced degradation expected as a result of temperatures being lower by 10
to 20°C (18 to 36T), and might also allow sampling of steam generators, rather than
requiring all to be inspected each year. Further discussion of inspection issues is
contained in Appendix V.
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(b)

Degradation Morphology Appropriate to 40% of Wall Limit. The 40% of wall

limit was developed in response to general area or uniform wall thinning, such as
caused by wastage. Accordingly, the 40% of wall limit is appropriate to degradation
mechanisms such as wastage in sludge piles. If degradation of this type is detected, and
is found to occasionally reach the 40% limit, the extent and frequency of inspections
need to be increased above the 20% sample suitable for undegraded steam generators.
One option is to go to 100% inspection of the susceptible area at each inspection. If
this is considered unreasonable, then the frequency of inspection of each tube in the
susceptible region needs to be selected to ensure that the real safety limit of about 60%
of wall is not violated, considering the rate of defect growth, and possible measurement
errors (as explained in Section F, the 60% value is wall thickness required to meet
ASME Code, before removal of allowances for NDE error and defect growth). In
essence, a degradation specific management approach can be used,

of the type

discussed in a later section.

5.2

Leak Before Risk of Break
(1)

Current and Continued Use of LBRB. As discussed previously, the fitness-for-service

guidelines for the U-bend fatigue cracking being experienced at Bruce A Units 1, 3 and 4 are
based on the LBRB concept. Analyses and plant experience have shown that leaks result in
plant shutdown well before the cracks reach a size that poses significant risks of breaks or
large leaks under accident conditions. The fundamental reasons for this satisfactory LBRB
behaviour are that (1) the stresses and defects involved in the cracking are not axisymmetric
and result in penetration of the wall in a local area, and detectable leakage, before growing
sufficiently far around the circumference to a size that involves risks of rupture, (2) crack
growth rates around the circumference, after penetrating the wall and causing sufficient
leakage for detection, are slow enough that large leaks do not develop before the plant is
required to be shut down, (3) crack growth rates in the through-wall direction, once relatively
large cracks have initiated at the OD, are so rapid that it is unlikely for more than a few large
cracks to be present at any one time, and (4) the degradation mode does not result in cracks
that exhibit low leak rates as a result of clogging or thin ligaments remaining at the crack tip.
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Part of the justification for LBRB includes probabilistic type arguments to the effect that it
is highly unlikely that more than one or two tubes could develop large cracks that, at the
same time: (1) have not caused leakage above shutdown levels, and (2) are large enough to
increase in size sufficiently during an accident to result in serious post accident leakage. It
is also argued, based on fracture mechanics type arguments and leak rate analyses, that the
increase in leakage during an accident from pre-existing cracks will not be sufficient to
violate dose limits, assuming that the cracks did not cause sufficient leakage during normal
operation to require shutdown. A further consideration is that the growth rates of large
cracks tend to be rapid, such that the length of time during which a crack is large enough to
cause excessive leakage during an accident is very small, resulting in a very low probability
of such a crack existing concurrently with a design basis accident.

Based on these

considerations, plants are allowed to continue to operate even though it is recognized that
occasional cracks can grow from an undetectable size to through wall during an operating
cycle.

It is suggested that, where experience indicates that fatigue cracking is a serious concern to
Canadian plants that can only be addressed by a LBRB approach, the following guidelines
be considered:

•

The ability to detect leaks, while they are still small enough that the plant can be safely
shut down before cracks grow large enough to impose a risk on the plant, should be
verified by review of plant experience and appropriate analyses of crack growth rates,
leak rate detection sensitivities, and time required to detect the leak and shut down the
plant. It is considered that actuation of safety systems should not be required to protect
the core for such leaks.

Thus, high sensitivity leak rate monitors and relatively

restrictive allowable leak rates may be required.

•

Evaluation of the fatigue cracking, that has occurred in the affected plants, should be
conducted to identify the factors involved in the cracking and the tubes at risk. It is
assumed that this would involve thermal-hydraulic and FIV analyses, inspections of the
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tube bundles using ECT, and examination of removed tubes, to identify the sources and
magnitudes of the driving stresses as well as any precursor factors such as bundle
distortions or IGA/SCC.

A mathematical model should be developed for the fatigue cracking, based on the
understanding developed in the previous step.

Estimates of the frequency of large fatigue cracks occurring should be made using the
model developed above, on an area by area basis within the tube bundle. The objective
is to identify the differing levels of risk in the different areas.

If certain areas of the tube bundle are found to be at high risk of fatigue cracks, and
evaluation of preventive plugging shows it to be practical, then these areas should be
preventively plugged.

Precursor conditions, such as IGA/SCC and bundle distortions, should be minimized to
the extent practical. This involves adopting water chemistry practices that have been
found to minimize the occurrence or growth of these conditions.

Probabilistic analyses should be performed to show that the number of fatigue cracks
that could be through wall, or nearly through wall, at any given time is small enough
that, in the event of a steam line break or a fuel channel LOCA, there is a high
probability that the primary to secondary leakage during such postulated accidents will
be low enough that dose limits will be met.

Assuming that LBRB arguments show that risks of large leaks or ruptures are low
during normal operation, and that the probabilistic analyses discussed above show that
the risk of exceeding dose limits during postulated accidents is also low, then it appears
that allowing continued operation despite the expected occasional occurrence of leaks
due to fatigue cracks is acceptable from a safety standpoint.
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•

If it is found that fatigue cracks impose too high a risk of leading to large leaks or
ruptures during normal operation, or that the)' are likely to lead to unacceptable doses
during postulated accidents, then the remaining option appears to be to require
modifications to be implemented that prevent excessive vibrations from occurring, such
as providing additional support to the tubes at risk of fatigue.

If analyses of the fatigue cracking indicate that certain identifiable precursor conditions
are associated with the cracks, and that the number of tubes affected is limited to a
practical quantity, then consideration should be given to periodically inspecting the
tubes for development of the precursor, and preventively plugging tubes that develop
it. (This is the approach taken by many utilities in the USA with regard to protecting
against fatigue cracking of U-bends that are not supported by AVBs, i.e., against the
type of failure that occurred at North Anna 1 in 1987.)

(2)

Situations Where LBRB Would Not Be Fully Satisfactory. While LBRB has been

found to be satisfactory for U-bend fatigue cracks, it would not be satisfactory for cases
where large SCC cracks could grow from below detection threshold to sizes capable of
causing rupture without causing detectable leakage.

In the industry, such cases have

generally involved circumferential cracks growing in axisymmetric stress fields, such as
produced by some dents and by expansion transitions at the TTS, long uniform axial cracks
growing from lines of surface damage, and (in a few cases) long ID initiated axial PWSCC
cracks.

(3)

Inspection Requirements Suitable for LBRB.

Since LBRB relies on leak rate

monitoring, the main inspection requirement for use of LBRB is that the sensitivity and speed
of the monitoring method used be evaluated and shown to be suitable for the specific defect
types involved, as has been done for U-bend fatigue at Bruce A. An additional requirement
is that the overall inspection and monitoring plan for the steam generators, including
examination of removed tubes if warranted by NDE results, be sufficiently detailed and
thorough that it ensure that conditions, that would violate LBRB, do not develop without
prior detection. For example, if conditions conducive to axisymmetric SCC should develop,
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such as denting, SCC growth at such dents should be carefully monitored to ensure that the
cracks could not grow to an unacceptable size during an operating interval.
In the case where LBRB is applied to fatigue cracks, it probably would be prudent to perform
inspections in an attempt to identify and eliminate, to the extent practical, precursor
conditions that lead to the fatigue cracks. If LBRB is found to be highly reliable as a result
of the "good" behaviour of the fatigue cracks, such inspections may not be necessary.
However, in the USA it was concluded that, for U-bend cracks of the type that led to a
rupture in 1987 at North Anna 1, inspections should be performed for precursor conditions
and highly susceptible tubes plugged. These precursor conditions included presence of
denting and irregular placement of AVBs that led to high flow rates in local areas.

5.3

Degradation Specific Management

(1)

Use of Degradation Specific Management. Several cases have already arisen in Canada

where specific types of defects have been detected for which the 40% of wall criterion has
been considered unnecessarily conservative. These include (1) the occurrence of extensive
fretting induced wear in Bruce B, where defect depths of about 55 - 60% of wall are allowed,
depending on the planned inspection interval, (2) pitting and wastage at Point Lepreau,
where a plugging limit of 48% was set, and (3) pitting at Pickering B, where a 40% of wall
plugging criterion has been used to date, but where alternate fitness-for-service guidelines are
under consideration that may allow deeper pits to remain without repair. It is considered
that, for cases such as these, the principles of degradation specific management should be
followed, including development of degradation specific alternate fitness-for-service
guidelines. The approach developed by the EPRI defect specific management group can be
followed as a guide.135 The approach taken in Canada, for the Bruce B fretting problem and
Point Lepreau wastage/pitting, has been generally consistent with the EPRI approach. Thus,
the recommendations given here can be considered a confirmation and generalization of an
already adopted approach.
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It is noted that, in addition to the Bruce B fretting and Point Lepreau wastage/pitting cases,
the 40% of wall limit is also not being used in connection with the occurrence of
circumferential SCC and fatigue cracks at Bruce A. In these situations, any detectable defect
results in tube plugging, but inspection methods are not capable of reliably finding defects
below about 50% of wall.136 The fatigue cracks in Bruce A Units 1, 3 and 4 are being
handled by LBRB. The aggressive circumferential SCC being experienced at Bruce A Unit
2 is being treated by a degradation specific management approach of the type described
below, but with limited allowed operating intervals to assure that excessive crack growth does
not occur between inspections.

(2)

Features of Degradation Specific Management. The essential features of the degradation

specific management approach are further described below.

•

As thorough an understanding of the causes and behaviour of the degradation
mechanism should be developed as possible, by means of examination of pulled tubes,
evaluation of inspection data, review and analysis of plant operational and design data,
and review of industry experience.

The intent is to develop a sufficiently firm

understanding of the degradation mechanism to allow knowledgeable: (1) selection of
inspection areas of the tube bundle so as to encompass all areas susceptible to the
degradation; (2) assessment of the likely safety impact of the degradation, i.e.,
assessment of its likely effect on tube burst and leakage behaviour; (3) assessment of
likely growth rates in terms of tubes affected and in terms of growth of individual
defects, and (4) assessment of nondestructive examination issues such as detectability
and sizing of defects.

•

Inspection methods should be selected and developed that permit accurate monitoring
of the severity of the degradation in individual tubes. This includes selection of an
inspection parameter, such as defect size (through wall depth or length) or signal
amplitude, that can be correlated with tube leak and burst behaviour. Calibration and
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set-up of the inspection method should be carefully controlled to ensure reproducible
results and consistent inspections between the laboratory and the field. Calibration
standards used in the laboratory and in the field should be made to the same tight
tolerances, and calibration procedures should be identical.

Tests should be performed and analyzed to correlate tube burst and leakage properties
with the selected inspection parameter, over the range of expected defect sizes. Median
and upper and lower bounds should be determined (e.g., at + Is or + 2s, as found to
be appropriate, such as by using Monte Carlo analyses of the type discussed below).
It is important that the data be largely based on tests of tubes removed from plants so
that they represent the median behaviour and scatter of in-plant tubes, e.g., reflect the
variations in mechanical properties and dimensions associated with the in-plant tubing.
However, test data from removed tubes may be supplemented by realistic defects
produced in the laboratory.

Burst and leakage properties should be adjusted, using industry accepted correlations,
to account for the difference in behaviour between the test temperature and the plant
operating or accident temperature.

Growth rate data for the inspection parameter should be gathered and analyzed, to
determine median and upper and lower bound behaviour (e.g., at + Is or + 2s, as found
to be appropriate, such as by using Monte Carlo analyses of the type discussed below).
The data should be analyzed to determine how growth rate varies depending on initial
defect parameter size (e.g., a constant amount regardless of size, proportionately with
defect size, as a power of initial defect size, etc.).

Inspection data should be analyzed to determine median and upper and lower bound
measurement error (e.g., at + Is or + 2s, as found to be appropriate, such as by using
Monte Carlo analyses of the type discussed below), as a function of inspection
parameter magnitude.
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The structural acceptance limit for the defect inspection parameter at the end of an
inspection interval (i.e., without allowance for growth or measurement error) should be
set at the lower of values determined by (1) three times the normal operating
differential pressure or (2) 2.73 times the upset differential pressure, or (3) 1.5 times
the accident differential pressure, using the 95% lower bound burst correlation, adjusted
to operating temperature.
•

The acceptance limit for the defect inspection parameter at the beginning of an
inspection interval should be set at the value for the end of the interval, less the selected
upper bound value for defect growth, and the selected upper bound value for
measurement error.

The leakage contribution of all unrepaired defects should be determined for each
applicable accident using the nominal differential pressure, best estimate predicted
end-of-interval defect sizes, and the selected upper bound leakage values from the
defect inspection parameter to leak rate correlation. This leak rate should be evaluated
to determine if it is acceptable from a site dose rate standpoint.

(3)

Inspection Requirements Associated with Defect Specific Management. The essential

requirement of the inspection program associated with any application of defect specific
management is that it assure that the safety objectives discussed earlier be met. This requires
that inspections of all susceptible tubes be performed often enough that defects that could
pose safety threats are detected and repaired before safety is compromised. Industry practice
regarding the two main cases where degradation specific management is used, axial PWSCC
at the top of the tube sheet and axial IGA/SCC at drilled hole TSPs, has generally been to
perform 100% inspections of all in-service tubes at each planned inspection, using inspection
techniques optimized for those forms of degradation. However, there have been exceptions,
where inspections of tubes with small indications were skipped for one inspection, or where
inspections were performed of only 1/3 of the bundle, except that tubes with prior indications
were also re-inspected. For these exceptions, evaluation of defect growth rates showed that
the longer inspection intervals were consistent with meeting safety objectives.
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Considering the above, the following inspection requirements are suggested for
fitness-for-service guidelines for cases where degradation specific management is employed:

•

The inspection method should be demonstrated by evaluation of removed tubes to
reliably detect, characterize and size the defects involved, such that predictions of burst
and leakage properties of the tubes can be reliably developed.

•

The calibration of the inspection method should be such that results from field
inspections can be reliably correlated with inspections of tubes used for laboratory burst
and leakage tests.

Inspections should be performed of 100% of the susceptible tube population each
planned inspection, unless an alternate inspection sample and/or frequency is shown by
analysis to meet safety objectives, and is approved by the regulatory authority.

(4)

Periodic Validation of Underlying Assumptions. The underlying assumptions of defect

specific management include assumptions that only the defect type being considered is
present, defect sizing is accurate, leak and burst correlations remain the same, etc. It may
be necessary to periodically remove tubes and perform tests and examinations to verify that
these assumptions remain valid.

5.4

Situations Where More Stringent LBRB or Inspection Based Approaches Are Required

(1)

Background.

There have been several tube ruptures during normal operation as the

result of the development of long SCC. There have also been several occurrences where
cracks that would have ruptured under accident conditions were detected by nondestructive
examinations or by examination of pulled tubes. These types of long cracks have occurred
at top of tube sheet transitions, where circumferential cracks have developed and gone nearly
through wall around the full circumference without first developing leaks, and long relatively
uniform depth axial cracks have developed uniformly over several inches, e.g., as the result
of a line of surface damage. Once plant operators have become aware of this type of

I
I
i

G-21
mechanism in their plants, they have generally been able to avoid recurrence of ruptures by
increasing inspection sensitivity and coverage, by decreasing the operating interval between
inspections, and/or by improved monitoring of leak rates, i.e., by relying on leak before break
behaviour. Maximum crack growth rates in the neighbourhood of 75 mm ( 3 mils) per
month have been observed. Thus, while some ruptures or potentially unsafe conditions have
occurred due to rapid growth of SCC in situations where such SCC was not expected,

I
I
I
I
I

industry experience has been that a defect specific management approach can be followed
once the degradation mechanism has been recognized. Unfortunately, management of this
type of degradation can require very extensive and sensitive inspections, and relatively short
operating intervals between inspections. Because of the expense of such inspections and short
operating intervals, such arduous defect specific management approaches are generally only
adopted after the occurrence of an initial rupture or the discovery of a potentially unsafe
condition. One factor making this type of problem less of a concern in Canadian plants than
in PWRs is that the lower operating temperatures in Canadian plants tend to result in lower
crack growth rates, such that operating periods between inspections can generally be longer.

(2)

Possible Fitness-For-Service Guidelines Approaches for Rapid SCC. Several situations

have occurred where SCC cracks have grown from below detectable size to large cracks in
short periods of time that are less than desired inspection intervals. Examples include the
occurrence of cold leg cracks in McGuire (USA), the occurrence of free span under deposit

i

cracks in Palo Verde (USA), and development of circumferential cracks at the top of the tube
sheet in several plants. The approaches taken by the industry to minimize risks associated
with this situation include:

I
I
I
I

Inspection methods are optimized and new methods developed to improve the
detectability of small SCC defects. This allows intervals between inspections to be
increased. Complete inspections are performed of all areas judged to be risk.

•

Detailed data on defect growth are gathered and analyzed so that the growth rates used
in establishing inspection intervals are as realistic as possible, while still providing the
necessary degree of conservatism.
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Water chemistry conditions are evaluated in an effort to identify changes that should
be impJemented to try to reduce defect growth rates, such as limiting ingress of
impurities and oxidants, addition of boric acid, increases in hydrazine concentrations,
and changes in molar ratio.

•

In some cases, plant operating temperatures or power levels, or both, are reduced, either
temporarily or permanently, to reduce defect growth rates.

•

Allowable leak rates are often reduced and sensitive leak detection methods are
implemented to increase the level of protection provided by LBB.

More conservative repair practices are followed, including repair of tubes with smaller
defect indications and/or preventive repair of susceptible tubes.

It is suggested that the approaches outlined above serve as a pattern for treating similar
situations in Canada. In other words, it is suggested that, where experience indicates that
rapid SCC is a serious concern, the following guidelines be considered:

•

Thorough evaluations of the SCC that has occurred in the affected plants should be
conducted to identify the factors involved, the tubes at risk, and the defect growth rates
involved. It is assumed that this will involve thorough inspections of the tube bundles
using ECT, examination of removed tubes, and evaluation of historical inspection and
defect occurrence data. This effort should attempt to identify any areas, that are
susceptible to development of long SCC cracks, before leakage occurs (i.e., without
LBRB), e.g., as the result of axisymmetric stress patterns or the presence of long areas
with surface damage.
Estimates of the frequency of long deep SCC cracks occurring, and their growth rate,
should be made using the information developed above. The objective is to quantify
the probabilities of different size cracks occurring as a function of time.
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•

Precursor conditions, such as aggressive water chemistry conditions or denting, should
be identified and minimized to the extent practical. This involves adopting water
chemistry practices that have been found to minimize the occurrence or growth of either
defects or of precursor conditions such as denting.
Probabilistic analyses should be performed to show that the number of SCC cracks that
could be through wall, or nearly through wall, at any given time is small enough that,
in the event of a steam line break or a fuel channel LOCA, there is a high probability
that the primary to secondary leakage will be low enough that dose limits will be met.

If analyses of the SCC indicate that certain identifiable precursor conditions are
associated with its occurrence, and that the number of tubes affected is limited to a
practical quantity, then consideration should be given to periodically inspecting tubes
for development of the precursor, and preventively plugging tubes that develop such
precursors. (This is the approach taken by Duke Power with regard to protecting
against cold leg freespan cracks.)

An effort should be made to establish and improve LBRB protection against SCC. This
requires that there be an ability to detect leaks while they are still small so that the
plant can be safely shut down before the crack grows large enough to impose a risk on
the plant, i.e., before actuation of safety systems is required to protect the core. It also
may require that susceptible tube populations that have undesirable stress distributions
(e.g., axisymmetric stresses at uniform dents) be preventively plugged so that
penetration of the tube wall by the SCC, and development of detectable leakage, is a
more reliable indicator of degradation.

5.5

Quantified Risk Assessment

(1)

Objective. Historically, fitness-for-service guidelines have used safety factors and

conservatisms in each of a series of calculational steps, typically resulting in some
unquantified high level of overall conservatism.

The objectives of the quantified risk
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assessment approach are to (1) obtain an improved (i.e., quantified) assessment of the safety
margins actually provided by the fitness-for-service guidelines, and to (2) allow the
conservatisms and safety factors to be adjusted as needed to achieve the level of safety
considered warranted, with this required level of safety probably determined by a probability
risk assessment of the overall plant.
(2)

Method for Quantifying Probability of Tube Burst Under Accident Conditions. A

detailed description of this method is given in the appendices of this report. A summary
description is given below.

The starting point for this calculation is a relationship correlating the defect parameter being
used to monitor the degradation, such as length or signal voltage, to the burst pressure. This
relationship is based on experimental data, and is developed so as to give the median value
for the burst pressure as a function of the defect parameter, and the scatter around the
median. Each variable involved in calculation of the defect parameter at the end of the
operating interval is also expressed in a statistical format, i.e., median and scatter. For
example, if the defect parameter being used is the length of a through wall crack, then crack
growth rate and inspection errors are expressed as median values with statistical distributions
around the medians. The distributions describing the scatter around the median values can
be normal distributions, log-normal distributions, or other distributions, as found to best
describe the data. The important point is that each variable that significantly affects the
result be expressed in terms of realistic median and distributional parameters.

Once all important variables are described statistically, the probability of tube burst at
accident pressure versus the measured defect size at the last inspection is determined by a
Monte Carlo analysis, as follows:

For each initial measured defect size investigated, a large number of sampling trials is
performed to determine the pressure at which burst occurs. For each trial, each of the
variables involved in the burst correlation is sampled randomly and used in the burst
pressure correlation. For the example used above, inspection error, defect growth, and
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deviation of burst pressure from the median calculated value are randomly sampled.
Each trial results in a calculated burst pressure, with the probability of the burst
pressure reflecting the distributions in measured length, growth, and burst.

•

The fraction of trials with burst pressures below the accident pressure is determined,
thus giving the risk of burst for the selected initial defect size.

By performing the above type of Monte Carlo analysis for the range of defect sizes of
interest, the distribution of probability of tube burst as a function of measured defect size is
determined. The total probability of tube burst for a population of tubes with defects of
various sizes can be determined by summing up the probabilities for each of the defect sizes
present at the start of the operating period. This probability is then compared against an
allowed probability, most likely based on an overall probability risk assessment for the plant.
For example, the probability of a tube rupture during a steam line break might be required
to be less than 1%, as required by the Swedes for their plants.137

The above type of analysis can also be performed to determine the probability of tube burst
at the various pressures (after application of safety factors) required by the ASME Code, e.g.,
at three times normal operating differential pressure or at 1.5 times steam line break pressure.
At present, the acceptable probability of burst occurring at these pressures has not been
defined. However, use of this type of quantified risk approach may still be useful, since the
probability of burst at these pressures, for various possible fitness-for-service guidelines,
provides a means of quantitatively comparing the guidelines.

(3)

Method for Primary to Secondary Leakage. Monte Carlo analyses can also be used to

assess the probability of exceeding a defined critical leak rate for an accident occurring at the
end of an operating interval. Defect measurement errors, defect growth rates, and tube
leakage versus defect size are described statistically. The variable parameters are sampled
randomly for each defect present at the start of the operating cycle in the plant, and the total
leak rate determined by summing the leaks for all the defects (if needed, a population of
previously undetected defects can also be described and sampled). This process is repeated
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for a large number of trials, giving a distribution of total leak rate versus number of
occurrences. The fraction of trials with leak rates over the critical leak rate then is the
probability of exceeding the critical leak rate.

6.

Consideration of Multiple Defect Types

The previous discussion of alternate fitness-for-service guidelines has been based on the assumption
that only one defect type was involved. In many cases, however, multiple defects affect a plant,
and the interaction of these different defect types must be considered. Two such considerations
are covered below.

6.1

Leakage Due to Multiple Defect Types

If more than one defect type is present in a steam generator, than the leakage that could occur
under postulated accident conditions at the end of the operating interval, i.e., after defect growth,
should be determined for all defect types present in the steam generator, and the total for all defect
types should be required to be less than the specified limit.

6.2

Interaction of Defect Types on Leakage or Burst Behaviour

Situations have developed where a second type of degradation has occurred that has affected the
leakage and burst properties of the first type of degradation. An example case is as follows. At
a French PWR, axial PWSCC cracks of the normal type in roll transitions at the top of the tube
sheet were being treated by alternate fitness-for-service guidelines based on LBRB that allowed
many through wall cracks to remain in service. A second type of degradation was then detected
that affected these main cracks.138 This second type of degradation consisted of an array of closely
spaced shallow cracks that occurred in the same roll transition area as the larger main cracks.
Based on analyses and tests taking into account the interaction of these two types of defects, which
showed that the burst pressures of the main cracks were reduced by the presence of the array of
shallow cracks, the fitness-for-service guidelines were revised to require a lower operating leakage
limit to be used.
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A second situation where interaction of degradation types has had an influence on
fitness-for-service guidelines also involves PWS CC at the top of the tube sheet.

Alternate

fitness-for-service guidelines were being developed for use in the USA to allow short axial
PWSCC in roll transitions to remain in service, in the same manner as allowed in Europe.
However, before the alternate fitness-for-service guidelines were submitted to the regulatory
authorities, a few circumferential defects of OD origin were detected in some tubes in the plants
under consideration. Because of the difficulties of assuring that circumferential cracks would not
adversely interact with the axial PWSCC, i.e., change burst and/or leakage behaviour, the effort
to obtain alternate fitness-for-service guidelines for the axial PWSCC was abandoned.

The above examples illustrate that the presence of a second form of degradation, if it occurs in the
same area as the first form, can change the behaviour of the first form. This possibility needs to
be taken into account when developing alternate fitness-for-service guidelines for defects. In
addition, this possibility needs to be kept in mind when the continued suitability of alternate
fitness-for-service guidelines is periodically reviewed, since other forms of degradation can develop
after alternate fitness-for-service guidelines are developed for a form of degradation. Because of
this possibility, it is often prudent to periodically remove and examine tubes so that sensitive
examinations can be performed to check for possible additional degradation.

7.

Inspection Issues

Requirements regarding performance of appropriate inspections are an integral part of
fitness-for-service guidelines, since maintenance of safe conditions is dependent on reliable
detection and monitoring of tube detects.

Specific topics regarding inspections have been

addressed earlier in connection with specific types of fitness-for-service guideline assessment
methods. A more wide ranging discussion, covering topics such as selection of initial sample sizes,
criteria for expansion of inspections, setting of inspection intervals, choice of inspection methods,
and performance demonstrations of equipment are covered in Appendix V. It is suggested that the
topics addressed in Appendix V be considered for inclusion in the fitness-for-service guidelines or
some companion document.
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8.

Periodic Pressurization Tests

Periodic pressurization tests have not to date been used systematically as part of alternate
fitness-for-service guidelines for steam generator tubes. However, some utilities use leak tests as
part of their normal inspection practices. For example, the Belgians often perform leak tests from
the secondary side using fluorescein at moderate pressures, and plug leaking tubes depending on
the size and location of the leak (small leaks deep in the tube sheet in part depth rolled tubes do
not necessarily require plugging). In addition, other utilities have performed primary side pressure
tests of individual tubes to check whether the tubes would burst at accident pressures.

Conceptually, it appears possible to perform pressure tests from the primary side to verify that
defects larger than some desired limit are not present. The size of the defect that could be present,
and not have been detected by the pressure test, would be determined using normal tube leakage
and burst versus pressure correlations. Such a pressure tests would have the advantage of testing
the whole pressure boundary at one time, thus being both rapid and through.

Possible

disadvantages of such pressure tests include (1) difficulty of applying sufficiently high primary
pressures, considering limits on pressurization imposed by other components in the system, and (2)
difficulty of assuring that some unusual defect morphology might not prevent detectable leakage
during the test (e.g., thin ligament at crack tip) for a defect that could nevertheless grow to an
undesirable size during the next operating cycle.

In summary with regard to pressurization tests, they are a useful inspection technique of the whole
tube bundle, and can be used to check whether individual tubes have developed defects over the
structural acceptance limit. In addition, conceptually, periodic pressure tests could be used as a
primary inspection method.
demonstrated.

However, the practicality of this latter use still needs to be
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APPENDIX I. PROBABILISTIC METHODS TO EVALUATE RISK OF TUBE RUPTURE

This appendix describes how the probabilistic approach can be used to quantify the risk of
tube burst under postulated accident conditions. Two sources of risk are discussed:
previously found defects and newly detectable defects.

The normal method used to quantify the repair limit for a defect type present in a steam generator
tube is a deterministic one. This is normally done by first correlating some type of inspection
parameter with burst pressure, using this correlation to calculate a maximum allowable defect size
such that a factor of safety of 3 exists for normal operating pressure loads and a factor of safety
of 1.5 exists for accident pressure loads, and then applying margins for expected defect growth
and inspection error. The deterministic evaluation involves setting bounding limits, such as a
95% confidence interval, on all applicable parameters, such as the burst-defect size correlation,
defect growth allowance, and inspection error allowance. This is to insure that there is a small
chance of the burst pressure of any defect left in service after an inspection falling below the
accident pressure during the next operating interval, which would result in a tube rupture during
the accident. However, the degree of conservatism introduced by this deterministic process is
generally not quantified, and the probability of a tube bursting during an accident due to a defect
which is left in service is not known.

In order to more accurately assess the level of

conservatism and the risks involved, a probabilistic approach can be used which quantifies the
risk of tube burst due to defects left in service.

The probabilistic analysis is based on the assumption that all important tube characteristics
and their distributions can be quantified. A Monte Carlo analysis is performed to determine
the distribution of the burst pressure based on a measured value of an inspection parameter,
such as bobbin coil voltage, crack length, etc., at the beginning of an operating interval. With
these values the probability of tube burst at a primary to secondary differential pressure of
interest, such as the steam line break accident pressure, can be calculated for the end of a
period of operation. The repair limit is then based on a maximum acceptable value for the
probability of burst. For example, the Swedes have set a maximum probability of tube burst
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during a steam line break accident of 1% as described in Section C.73. considering all defects
left in service and those which may initiate during the operating interval.
In general, the probability of burst due to previously detected defects will dominate the total
probability of tube burst. In this case, the contribution of newly initiated or undetected
defects can safely be ignored. However, for aggressive degradation modes, it may be
necessary to statistically model the development of previously undetectable large defects and
their contribution to the total probability of burst. For the example shown in Appendix II,
the contribution of new defects is not covered.

The probabilistic analysis for tubes containing previously detected defects only is performed
as follows, and the process is also shown in Figure 1-1. First, an equation is found which
quantifies all factors influencing the size of the defect during the next operating interval. For
example, as described in Section D.3.5.2. EPRI determined that the equation for the repair
limit of ODSCC at TSP defects was

VRL + VNDE + VCG = VSL
where:
VRL =
VNDE

=

the voltage limit for tube repair;
the measurement error associated with the inspection procedure;

VCG =

the voltage growth anticipated during the next operating interval; and

VSL =

the voltage structural limit from the burst pressure versus bobbin coil voltage
correlation based on the appropriate margin of safety against burst.

The measurement error includes error due to acquisition technique (error inherent in using a
bobbin coil probe) and analyst interpretation of the results. Therefore, the size of any defect at
the end of the next operating interval will be its voltage as measured by the bobbin coil probe
plus its growth and measurement error.
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Next, the correlation between burst pressure and the appropriate inspection parameter is
determined from laboratory testing, and the mean and standard deviation of its distribution calc
ulated. Other factors included in the repair limit equation, such as growth rate and inspection
error, should also be determined and their distribution's mean and standard deviation calculated.
For example, the growth rate can be determined from successive inspection results by comparing
the measured crack sizes of a single defect. The mean and standard deviation can then be
computed by compiling all of the data from these defects and examining the distribution of the
results.

The Monte Carlo analysis is then performed by sampling the distribution of each factor in the
equation based on its mean and standard deviation. In the above example, normal distributions
of the voltage growth rate and the measurement error would be sampled by randomly choosing
a number between 0 and 1. This number is then converted to a number from a standard normal
distribution which represents the number of standard deviations from the mean. It is then
multiplied by the standard deviation of the particular term and added to its mean to give the value
of the term to be used for the analysis. The calculated voltage growth rate would then be
multiplied by the expected length of the next operating interval to find the total expected growth,
and both the growth and error values would be added to the voltage measured by the bobbin coil
probe to find the voltage which would be expected to occur at the end of the interval. The
distribution of burst pressures for that voltage size would then be sampled using the same method
to give the expected burst pressure of that crack.

This process is repeated a large number of times, and the probability of the final burst
pressure being equal to or less than a certain value is computed by summing the number of
results which have a burst pressure less than the desired value and dividing that number by
the total number of results calculated. For example, if the probability of a defect causing tube
burst at a steam line break accident differential pressure of 2650 psi is desired, the probability
of burst would be based on the number of results with a burst pressure less than or equal to
2650 psi divided by the total number of samples made. If this process is repeated for a range
of defect sizes, the repair limit for that particular type of defect can be set at the value that
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gives the probability of burst desired for the particular differential pressure considering all
defects left in service at a plant. Different levels of risk may apply to different types of
defects, depending upon the types and amount of degradation present at a plant.
This same process can also be followed to compute the cumulative distribution of burst
pressures for a certain defect size. Instead of setting a specific pressure as the cutoff limit and
finding its probability of burst, the burst pressures can be saved as they are generated, and a
cumulative distribution found. This would tell the utility what the probability is of a given
size defect having a burst pressure below any desired value, such as the steam line break
differential pressure or a factor of safety multiple of the normal operating pressure. This data
could also be used to help select a repair limit based on a maximum desirable risk of tube
failure.
The probabilistic approach has some advantages compared to the deterministic approach
because it eliminates the uncertainty regarding the safety factors and the level of conservatism
involved with the deterministic approach. As noted earlier, the deterministic approach results
in an unknown level of conservatism since it involves the use of conservative bounding values
of parameters for a sequence of steps, which compounds the conservatism to an unknown
level. In the probabilistic approach, median or best estimate behavior is modeled together
with the full range of variation around the medians. As a consequence, the full range of
possibilities of results is seen, and an informed judgment can be made based on the
probability of a certain outcome. This allows the repair limit to be set based solely on the
amount of risk of a tube failure that is tolerable. On the other hand, determining the total
probability of tube burst requires that all defects of all types be analyzed. This could involve
significant analytical burdens.
The probabilistic approach for existing defects could be used for CANDU steam generators by
finding the distributions of the burst pressure correlation and all terms in the repair limit
equation for the particular inspection parameter used to measure the size of the defects present
in a steam generator. For example, at Bruce B, deterministic alternate fitness-for-service
guidelines have previously been developed for fretting wear at the U-bend supports:
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Maximum Acceptable Wear (% of wall) = A - B - C,

where,

A = Maximum allowable wear, based on burst tests of samples with simulated wear defects,
B = Allowance for eddy current uncertainty, and
C = Allowance for growth between inspections.

To use the probabilistic method for this case, a correlation must first be found between the
percent through wall depth read by a bobbin coil probe and the burst pressure of the tube.
The standard deviation of the distribution also needs to be calculated. Next, tests need to be
performed to determine the difference between the actual depth of a defect and the depth
identified by bobbin coil. The mean and standard deviation of this distribution can then be
used in the eddy current uncertainty term. Finally, the defect growth needs to be determined
by examining inspection data from subsequent outages and identifying defects found in
successive inspections. The differences between the results can then be compiled and a mean
and standard deviation of the defect growth rate distribution calculated.

The repair limit equation is then used to find the burst pressure at the end of the next
operating interval for a defect left in service during an inspection outage. The equation used
is:

Defect Depth (EOC) = Defect Depth (BOC) + Error + Growth,
where the measurement error and growth terms are as described in the previous paragraph.
The probabilistic analysis is performed using the Monte Carlo technique by sampling the
measurement error and growth distributions to get expected values for each, and adding them
to the defect depth measured during the inspection. This value is then the depth of the
fretting expected to occur at the end of the operating interval, and is converted to a burst
pressure using the correlation found above, whose standard deviation is also sampled to
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account for the uncertainty involved in correlating bobbin coil through wall depth and burst
pressure. This process is then repeated a large number of times. Based on this result, the
probability of tube burst, at a certain pressure, can be found, and a repair limit set based on
the maximum desirable probability of burst. This would be based on a maximum probability
of burst for all defects in a steam generator, so the actual repair limit would be smaller than
the allowed probability of burst, to account for the presence of multiple defects. This same
technique can be used for other defect types, provided that sufficient data are available to find
the distributions for the burst pressure correlation, measurement error, and defect growth, as
well as any other terms which may be important to determining the burst pressure. For
example, material properties may be accounted for by using a normal distribution, as long as
the relationship between the property and any term in the repair limit equation is known. As
long as distributions can be determined, any tube or defect parameter can be sampled using
the Monte Carlo technique to give a more accurate idea of what the probability of burst for a
defect will be.

For some degradation modes, the possibility of defects growing at a rate such that they are
undetectable at one outage and have a pluggable size by the time of the next inspection must
be considered using the process shown in Figure 1-2. This can be accomplished by
developing a statistical model of the number of these types of defects present and their size as
a function of time. One example of this is the Weibull distribution, which is used to predict
the number of certain types of defects present in a steam generator as it ages. The model is
based on past experience at a plant, using old inspection data to fit a distribution to the
amount of defects found at each outage.

Once this model is developed, it can be used to

predict the number of defects expected to be present at the end of the next operating interval
and their expected size. The probability of burst for these defects can then be calculated
using a Monte Carlo analysis based on the tube burst-defect size correlation which has already
been established for detected defects of this particular type. However, there will be no
allowances for defect growth or measurement uncertainty, since they do not apply due to the
fact that these defects were not previously detected. The Monte Carlo analysis is performed
by sampling the burst pressure correlation uncertainty for each undetected defect, and then the

1-7
total probability of burst for undetected defects found by summing the probabilities of burst.
This number is then added to the total probability of burst for identified defects left in
service, and if the total probability of burst is larger than the maximum allowable value, then
additional previously identified defective tubes must be plugged since undetectable defects
cannot be repaired. In most cases, the number of unidentified defects and their predicted size
will be small enough that their impact on the total probability of burst will be minimal, and
therefore ignored. However, in some cases, such as the appearance of circumferential cracks,
the defects will grow large enough during one operating cycle that they will have a significant
impact on the total probability of burst. In this instance, the distribution used for the
prediction of these defects will have to be developed.
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Figure 1-1. Determination of Probabiiitv of Burst for Existing Previously Detected Defects

Develop Equation for Predicting Inspection
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I
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Pressures for a Large Number of Trials

1

For Each Defect Size, Determine the Probability of Burst
# samples burst/ total samples taken

Develop Emperical Correlation of the
Probability of Burst vs. Defect Size
(e.q., chart or polynomial equation)

For Each Defect Left in Service,
Determine its Probability of Burst

Determine Total Probability by
Summing Contributions

Add Probabilities for Other Defect Types and
Newly Detected Defects, if necessary
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Figure 1-2. Determination of Probabiiitv of Burst for Newlv Detectable Defects

Develop Statistical Predictions for Cumulative Numbers of
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e.q., using the Weibull Distribution
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Summing Contributions

I

Add Probabilities for Other Defect Types and
Previously Detected Defects, if necessary

A P P E N D I X II. E X A M P L E O F PROBABILISTIC A P P R O A C H - P W S C C IN T H E ROLL
TRANSITION
An example of the use of the probabilistic approach to setting repair limits was performed using the
EPRI designed repair limits for P W S C C in the Roll Transition. The EPRI approach, described in
Section D.2.5.2, is to determine the repair limit for this type of defect using the equation:
A = a + a TS - a CG - a , ^ ,
where:
A
à
aTS
a CG
a
NDE

= allowable crack length,
= tube rupture equation reference crack length,
= correction for tube sheet constraint,
= allowance for crack growth, and
= allowance for N D E uncertainty.

To use the probabilistic approach, the length of the crack at the end of the next operating interval
must be determined and then converted to a burst pressure using the tube rupture equation.
Therefore, we will use:
a = A + aCG + aNTDE - aTS,
where A is now the length of the crack as measured by MRPC during the current inspection and à
is the crack length which will be used to determine the burst pressure of the tube. This calculation
is repeated 100,000 times for each A using a Monte Carlo technique to obtain the distribution of
burst pressures associated with the crack length. These results can then be used to set a repair limit
for PWSCC based on a maximum desired probability of burst.
In order to perform this calculation, the correction for tube sheet constraint term aTS must be
redefined since it is dependent on the tube rupture equation crack length â, which is not yet known
in this case since it is being solved for. For a 3/4-inch tube the correction for tube sheet constraint
is defined as:
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if 0 < a < 4.5 mm;
if 4.5 mm < a < 18 mm;
if 18 mm <a;

3 ^ = 4 . 5 mm
aTC = 6.0 - a/3 mm
a^ = 0

Since a is not yet known aTC must be solved for in terms of the other variables in the equation
used to find the crack length at the end of the interval. We know that:
a = A + aCG + a.NDB — a^.
Since the measured crack length A, the crack growth aCG, and the measurement error a ^ are
independent variables, we can reduce the above equation to:
à = A ' - a ^ ; where

A' = A + a CG +a NDE .

We know that for all a < 4.5 mm, aTC = 4.5 mm. Since a cannot be less than zero, it can be
shown that:
if 0 < A' < 9.0 mm;

a^ = 4.5 mm.

We also know that for all a > 18 mm, a^ = 0. Substituting these values we see:
if A' > 18 mm ;

a^ = 0.

Next, the tube sheet constraint is found for values of a between 4.5 and 18 mm. For this range,
a-rs = 6.0 - a/3 mm.
Knowing that:

S = A ' - aTS
therefore:
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â = A'-6 + f
jâ=A'-6
â = 1.5A'-9
This value can then be used to solve for a~. Since:

= A'-1.5A'
= 9-0.5A'
The tube sheet constraint is now defined for all values of A'. To summarize, for a 3/4-inch steam
generator tube,
ifO<A'<9mm;
if 9 mm < A' < 18 mm;

3 ^ = 4 . 5 mm
a^ = 9 - 0.5 A'mm

if 18 mm < A';

a

T5=0

where A' = A + aNDE + aCG. A similar method can be used to find the tube sheet constraint for a
7/8-inch tube:
if 0 < A' < 13 mm;
if 13 mm < A ' < 22 mm;
if 22 mm < A';

a^ = 4.5 mm
a^ = 11 - 0.5 A' mm
aTS=0

The tubesheet correction is then subtracted from A' to find the crack length a which will be used
to calculate the burst pressure of the tube.
Next, the proper burst pressure correlation must be determined. For the probabilistic analysis,
mean values and their corresponding standard deviations are used instead of a bounding value, so
the best fit equation should be used to correlate crack length to burst pressure. This is equation 211 from EPRINP-6864-L, Rev. 2, which is:

P
where:

°- 5 2 5

(0.614 + 0.386 exp(-1.12X) + 0.433X)
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X is the normalized crack length = a/
P is the normalized differential burst pressure = PR/(Sy + Su)t,
a is the crack length,
R is the nominal tube radius,
t is the tube thickness,
P is the tube differential burst pressure,
Sy is the yield strength of the tube material,
Su is the ultimate strength of the tube material, and
I < X < 20.
Since this equation is accurate only to X = 1, an additional expression must be developed for
values < 1, since this is the region in which many of the shorter cracks present in a steam generator
will be. To find this expression, the graph of the data used to develop the previous normalized
burst pressure correlation, shown in Figure D-l in the main body of this report, was consulted.
The mean value of the normalized pressure at X = 0 was estimated from the graph to be 0.58. It
was next assumed that this expression was linear to the value of P at X = 1, which is found using
the burst pressure correlation to be 0.4476. Since this expression is linear, using these two values
of P at X = 0 and 1 it can be determined that:
P = 0.58-0.1324X
for 0 < X < 1. The standard deviation of P was determined by assuming that the experimental
data points farthest from the burst pressure correlation curve were at a distance of twice the
standard deviation from the mean. The largest difference between an experimental data point and
the mean was determined to be 0.0278, so the standard deviation was calculated as 0.0139
nondimensional units of P.
Next, the distributions of the terms used to evaluate a need to be determined. PWSCC growth
data for the roll transition area of standard rolled tubes have been compiled by BELGATOM, and
they have determined that an annual growth rate of 0.41 mm/year with a standard deviation of 0.83
mm/'year exists for all crack sizes in standard rolled tubes, and in the crack range from 3 to 11 mm
the average growth rate is 0.61 mm/year. Since most of the crack sizes of interest for these
simulations are in this range, and it is not clear whether longer cracks have a larger or a smaller
growth rate, the mean crack growth rate was assumed to be 0.61 mm/year with a standard
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deviation of 0.83 mm/year for all sizes, which is what EPRI used to perform a Monte Carlo leak
rate analysis.
The measurement error was calculated by EPRI by compiling several sets of experimental data
which correlated true crack length to measured crack length. These data were found to have a
correlation of:
True Crack Length = Measured Crack Length - 0.39 mm,
with a standard deviation of 1.33 mm.
The tube properties used to evaluate P and X also need to be determined. The sum of the ultimate
and tensile strengths Su + Sy was determined by tests performed by Westinghouse and described
in WCAP-23633. At 650°F, it was found to have a mean of 137.56 ksi with a standard deviation
of 6.3449 ksi for 7/8-inch Alloy 600 tubes, and a mean of 143.13 ksi with a standard deviation of
7.1336 ksi for 3/4-inch Alloy 600 tubes. EPRI also performed a Monte Carlo analysis to
determine the expected leak rate for a set of crack lengths left in service in which they used a
standard deviation of 0.04 mm for the thickness of a 7/8-inch steam generator tube wall. This
standard deviation was used for the burst pressure analyses for both 7/8- and 3/4-inch tubing since
no other data were available. Finally, no standard deviation was used for the tube radius because
EPRI determined that it did not have as great an impact on the burst pressure as the tube thickness
did, and no data were given for a possible distribution of tube radii. All of these means and
standard deviations were then used in the Monte Carlo analysis.
The accuracy of the Monte Carlo technique is dependent on the ability of the analysis to generate a
truly random sample of the distributions of the variables. The method used to sample the normal
distributions of each of the variables was as follows. First, a random number between 0 and 1
was generated by the computer program. Next, this number was converted to a standard normal
distribution by using a known property of the standard normal distribution called the polar method
as follows:
1.

Generate U, and U2 as independent, identically distributed (IID) U (0,1), let
V j = 2 U i - l f o r i = l , 2 , a n d l e t W = Vf + V^.

2.

If W > 1, go back to step 1. Otherwise, let Y = V(-21nW)/W, X, = V,Y, and
X2 = V 2 Y. Then X, and X2 are IE) N (0,1) random variâtes.1
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The X value is equal to the number of standard deviations from the mean of the normal
distribution. It is multiplied by the standard deviation of the variable being sampled and added to
its mean to find the value of the variable to be used to determine the burst pressure.
Two computer programs were written to check that the random number generator was providing
normally distributed random variâtes. The first program checked that the random numbers
between 0 and 1 were being properly generated. This was performed by generating a series of
10,000 or 100,000 random numbers. Next, 100 bins were set up between 0 and 1 with a width of
0.01 each, and as each random number was generated it was placed into the proper bin, i.e., a
random number of 0.8756 would be placed into the bin 0.87 < X < 0.88. The total number of
samples in each bin was then divided by the number of samples generated to give the probability of
generation of each bin. The graph of these results is shown in Figure H-1. Since there are 100
bins between 0 and 1, for a truly random distribution the probability of generation of each bin
should be 0.01. Figure II-l shows that the actual distribution is very close to desired distribution,
and thus can be considered to be valid.
The second program checked that the normal distribution used to find the number of standard
deviations from the mean for each variable was being properly generated. This was done in the
same manner as the previous program: 200 bins, each with a width of 0.05, were set up, each
generated random variable placed into its appropriate bin, and the probability of generation of each
bin found. Since a normal distribution is supposed to be generated, the largest probability of
generation should be around X = 0, with almost no probability for large positive and negative X
values. The graph of this distribution is shown in Figure II-2, and shows that a normal looking
distribution is generated. To check that this distribution is indeed normal, the cumulative
distribution was found by summing the probabilities of generation for each bin with increasing X;
i.e., finding the total area under the curve to the left of each X value, which should increase from 0
to 1. This number was then subtracted from the true cumulative distribution of a standard normal
curve for each X value^ and the results were plotted in Figure II-3. This graph shows that the
maximum error for 100,000 samples and 0.05 width bins was less than 0.3% at about X = -1.
This small error shows that a standard normal distribution is generated using the polar method, and
validates that normal distributions are used for all of the variables in the Monte Carlo analysis.
An example of how the Monte Carlo analysis for a 3/4-inch steam generator tube is performed is
described below. First, as mentioned above, there are five variables which will be sampled: tube
thickness, ultimate plus tensile strength of the tube material, measurement error, crack growth, and
the burst pressure correlation. This means that six random numbers need to be generated since the
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normal distribution sample must be found in pairs (this is a requirement of the random number
generator program). For this example, we generate the random numbers 0.771, 0.751, 0.280,
0.441, 0.164. and 0.784. The first two numbers. 0.771 and 0.751, are converted to the normal
distribution using the polar method as follows:
U, =0.771; U2 =0.751.
Therefore,
V, = 2U, - 1 = 2(0.771) - 1 = 0.542
V2 = 2U2 - 1 = 2(0.751) - 1 = 0.502
W = V2 + V^ = (0.542)2 +(0.502 )2 = 0.546
which is less than 1. Continuing,
Y = V R l n W) / W = ^ 2 1 n 0.546) / 0.546 = 1.490
X, = V,Y = (0.542)(1.490) = 0.807
X2 = V2Y = (0.502)(1.490) = 0.748
This same process can be done for the other four random numbers. We find that,
X3 =-1.713
X 4 =-0.459
Xj=-0.558
X 6 = 0.476
These values are then used to determine the value of each variable to be used when solving for the
burst pressure. For 3/4-inch tubing, the tube thickness t has a mean of 1.09 mm and a standard
deviation of 0.04 mm. Therefore, the thickness for this sample will be:
t=t

M

+ X . t ^ = 1.09 + (0.807X0.04) mm

t = 1.12 mm
The sum of the yield and tensile strengths Sy + Su of this tube has a mean of 143,130 psi and a
standard deviation of 7,134 psi. Therefore, using the second generated random number for this
sample this value will be:
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(S.u + Sy) = (Su + S y ) ^ + X2(Su + Sy)siddev = 143,130 + (0.748)(7,134) psi
(Su+ Sy) = 148,466 psi
The crack growth rate for PWSCC in the roll transition region a œ has a mean of 0.61 mm/year
and a standard deviation of 0.83 mm/year. Using the third generated random number,
a

cc = acG.me«.+ X3acG.«ddcv = 0-61 + (-1.713)(0.83) mm / year

a ^ =-0.81 mm/year
which is set to zero because crack growth cannot be negative. The measurement error aNDE has a
mean of -0.39 mm and a standard deviation of 1.33 mm, so using the fourth random number
aNDE = aNDE.™an + ^

N D E . ^

= -0-39 + (-O.459)(1.33) mm

a

NDE =-1-00 mm

Finally, the standard deviation of the error of the burst pressure correlation b is 0.0139. The fifth
random number is then used to find
b = X5bs,ddcv = (-0.558X0.0139)
b =-0.00433
At this point all values are known, so the burst pressure can be solved for. As mentioned earlier,
a = A + aCG + aNDE - a^
where a is the value which will be inserted into the burst pressure correlation and A is the crack
length measured by MRPC. We will assume that the measured crack length A is 9 mm for this
example. To find a^, we must first calculate A' = A + aCG + amE. Using the above values and
assuming an operating cycle of 1.25 years,
A' = 9 mm + (1.25 yr)(O mm / yr)-1.00 mm
A'= 8 mm
Since A' is less than 9 mm, a^ is equal to 4.5 mm using the equations derived earlier in this
Appendix. Therefore, we can now calculate

1
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I
a - A + aCG + amE - a^
I

â = 9mrn + (1.25yr)(0mm/yr)-1.00mm+4.5mrn
a = 12.5 mm
Next, the normalized crack length "k can be calculated as follows

I
.
I
I

m m

_

+ b

"(0.614 + 0.386 exp(-1.12X) +0.433^) +

'
-

p

I

P = 0.222

I

5

where the tube radius is the nominal value. The normalized crack length is next used to find the
normalized burst pressure P using the expression

»

I
I

'

~ VRt ~ -7(8.98 mm)(1.12 mm)
X = 3.942

?

I

1 2

a

1]

°-^l
0 00433
(0.614 + 0.386 exp((-1.12)(3.942)) + (0.433)(3.942))

The burst pressure is finally solved for from the normalized burst pressure by

=(Sy+ Su)t
Y-V

R

p = Q 222 (l48,466psi)(1.12mm)

8.98 mm
P = 4,lll psi

I
B

In order to determine the probability of burst, this process must be repeated a large number of
times, usually around 100,000. If the probability of burst at the stream line break accident
pressure was desired, the total number of times that the burst pressure of the tube was less than or
equal to 2,650 psi would be divided by the total number of burst pressures calculated to give the
probability of burst.

I
B
_

I

I

This was the process used to determine the probability of tube burst under steam line break
conditions for both 3/4-inch and 7/8-inch tubing as shown in Figures II-4 and II-5 respectively.
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The analysis was performed for a range of 9 to 16 mm cracks for a 3/4-inch tube and 10 to 19 mm
cracks for a 7/8-inch tube. The crack length was increased by 0.1 mm intervals throughout its
range for both cases, and 100,000 samples were taken at each crack length. As shown in Figure
II-4, for a 3/4-inch tube there is a 1 % probability of tube burst under steam Une break conditions
for a crack of 13.8 mm length, and at the EPRI defined repair limit of 9.8 mm the probability of
burst is approximately 0.003%. Figure II-5 shows that for a 7/8-inch tube a 1% probability of
burst occurs at a crack length of 16.4 mm, and that the probability of tube burst at the EPRI repair
limit of 10.7 mm is less than 0.001%, which is the minimum resolution of the simulation since
100,000 samples were taken. This suggests that the EPRI limit is extremely conservative, and
could possibly be relaxed without endangering the safe operation of the steam generator tubes.
Based on the Swedish repair criteria of a total 1% risk of burst at SLB for all indications present in
a unit's steam generators, the repair limits could probably be increased somewhat since they have a
near zero probability of burst at the current limits. However, any increase in repair limits would
have to be balanced by the fact that it is the total probability of burst of all indications which
determines the amount of risk, and an increase in the repair limit may not be possible if there is a
large amount of indications present at a plant.
A Monte Carlo analysis was also performed to find the distribution of burst pressures for a given
size crack length. This was done by setting up bins with a width of 250 psi along the possible
range of results. Then, as each burst pressure was calculated, it was placed into its proper bin;
i.e., a 5,683 psi burst pressure would be placed in the 5,500 < P < 5,750 psi bin. 100,000 burst
pressures were calculated, and then the number of samples in each bin was divided by 100,000 to
find the probability of occurrence of each bin. Then, the cumulative distribution was found by
summing the probabilities as the burst pressure increased to find the probability that the burst
pressure would be equal to or less than a specific value. Simulations were run for a 9.8 mm crack
in a 3/4-inch tube, and a 10.7 mm crack in a 7/8-inch tube, since these lengths are the EPRI repair
limits. The probability of occurrence of each bin for the 9.8 mm crack is shown in Figure II-6,
and the cumulative distribution is shown in Figure II-7. This figure also shows that there is a
1.8% probability of the burst pressure for a 9.8 mm crack being below 3 times the normal
operating pressure, and a probability of the burst pressure being below the steam line break
pressure of less than 0.001%. The graphs for the 10.7 mm crack in a 7/8-inch tube are shown in
Figures II-8 and II-9, and they also show a 1.8% probability of burst at 3 times the normal
pressure and a less than 0.001% probability of burst at steam line break pressures. This shows the
conservative nature of the EPRI guidelines, and suggest that a larger repair limit could probably be
set.
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APPENDIX m . LISTING OF COMPUTER PROGRAMS USED FOR PROBABILISTIC
ANALYSIS
1. Objective
The computer programs used to perform the probabilistic analysis in Appendix It are described in
this section. They were written in Microsoft QuickBASIC for a PC. Complete listings of the
programs are attached in Figures IQ-1 to m-6, and their operation is described below. The
procedure used is to list one or more lines of the program, and then to describe their purpose.
2.

I
I
I

•

Random Number Generator Check Program

The first program is the one which checks that random numbers between 0 and 1 were being
properly generated. The program is shown in Figure UI-1 and each step is described as follows:
REM checks population of random number generator
CLS
DEFDBL A-Z
This begins the program and defines all variables as double precision variables, so that maximum
accuracy is maintained.
OPEN "C:\qb\rancheck.O21 " FOR OUTPUT AS #33

I

This step opens the file to which all output from the program will be written so that it can be
analyzed later.

I

npt=10O0OO#

B

This line sets the number of trials to be performed.

I

nbin =100
'number of bins to place random numbers in
DIM endbin(l TO nbin), num(l TO nbin)
delta = .01#
'range of each random number bin

I

FORj = lTOnbin

'number of trials

endbin(j)=j * delta

I

NEXTj

m-2

These lines set up the number of bins in which the results of the samples will be placed. In this
case, 100 bins are set up, and the array endbin is incremented such that each bin has an endpoint
0.01 apart.
RANDOMIZE TIMER
This line reseeds the random number generator so that a different sequence of random numbers is
generated each time the program is run. If an identical sequence of random numbers was desired
for more than one trial, a number between -32769 and 32768 would be entered in place of TIMER.
FOR i = 1 TO npt
At this point the sampling is begun, and will continue until 100,000 trials are performed.
x = RND
This line returns a uniformly distributed random number between 0 and 1.
j=0
DO
LOOP UNTIL x < endbin(j)
This loop increments the endpoint values of the bins from 0 until it is larger than the generated
random number. This defines the bin j which the random number should be placed in.
num(j) = num(j) + 1 'increment the correct bin
This step adds the random number to the correct bin.
PRINT i, npt
This step prints the number of trials performed and the total number of trials to be performed to the
screen so that the program operator can tell how far along the process is. It is not necessary for the
execution for the program.
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NEXTi
This is the end of the loop for the sampling, and returns the program to the FOR step to begin
another trial.
FORj = lTOnbin
PRINT endbin(j), num(j) / npt
WRITE #33, endbin(j), num(j) / npt
NEXTj
This loop is performed after all of the samples have been taken, and prints the endpoint of each bin
and the probability of occurrence of each bin to the screen and to the output file. The probability of
occurrence is defined as the number of times a sample was placed into the bin divided by the total
number of samples taken.
CLOSE #33
END
The output file is closed and the program ended.
3.

Normal Distribution Generator Check Program

The second program checks that the polar method produces a true normal distribution. This
program is shown in Figure HI-2 and each step is described below.
DECLARE SUB GetRanNorm (Xl#, X2#)
REM checks population of normal distribution generator
CLS
DEFDBLA-Z
These lines identify a subroutine used by the program and its parameters and define all variables as
double precision to maintain accuracy.
OPEN "c:\qb\norcheck.dis" FOR OUTPUT AS #33

m-4
This Une opens the output file for the program.
npt = 50000#

'number of trials creating two numbers per trial

This line sets the number of trials to be performed by the program. Since the polar method
requires that normally distributed random numbers be generated two at a time, there will be twice
as many samples as number of trials.
nbin = 200
'number of bins to place random numbers in
DIM endbin(l TO nbin), num(l TO nbin)
delta = .05#
'range of each random number bin
FORj = lTOnbin
NEXTj
These lines set up the number of bins in which the generated random numbers will be placed.
Here 200 bins are created in the range of -5 to 5, each with a width of 0.05. The variable endbin
defines the end point of each of the bins, and the variable num will count the number of samples
placed in each bin.
RANDOMIZE TMER
FOR i = 1 TO npt
These two lines reseed the random number generator and begin the process of taking samples.
CALL GetRanNorm(ranl, ran2)
This step executes the subroutine, explained below, which generates a set of two normally
distributed random numbers.

DO
LOOP UNTIL rani < endbin(j)
numQ) = num(j) + 1

'increment the correct bin for 1st variable
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DO
LOOP UNTIL ran2 < endbinQ)
num(j) = num(j) + 1
'increment the correct bin for 2nd variable
These two loops find the endpoint of the correct bin for each of the two random variables, and then
add then to the bin. This is done by increasing the bin endpoints until the generated number is less
than the endpoint, signifying that this is the correct bin.
PRINT i, npt
This step prints the number of the sample performed and the total samples to the screen so that the
progress of the program can be noted. It is not necessary for proper execution.
NEXTi
This is the end of the loop for the trials, and it begins the process again.
FORj=lTOnbin
PRINT endbin(j), num(j) / (2 * npt)

'2 numbers per sample

WRITE #33, endbinG), numG) / (2 * npt)
NEXTj
This loop is performed after all samples have been taken, and prints the endpoint of each bin and
the probability of occurrence of each bin to the screen and output file. The probability of
occurrence is again the number of samples in the bin divided by the total number of samples taken.
For this program, two samples were taken during each trial.
CLOSE #33

The output file is closed and the program ended. The next part of the listing is the subroutine used
to generate the normally distributed variables.
SUB GetRanNorm (Xl#, X2#)
DEFDBL A-Z

m-6
1OU1=RND:U2 = RND
V1=2*U1-1:V2 = 2*U2-1
ffW> 1 OR W = 0 THEN GOTO 10
Y = SQR(-2 * LOG(W) / W)
XI = VI * Y: X2 = V2 * Y
END SUB
This subroutine generates two random numbers between 0 and 1, Ul and U2, and converts them
to standard normally distributed numbers using the polar method described in Appendix II. In the
QuickBASIC language, LOG means the natural logarithm and SQR is the square root.
3.

Probability of Burst Program

The next two programs solve for the probability of tube burst under steam line break accident
conditions for a range of crack lengths. Figure III-3 shows the program for a 3/4-inch diameter
Inconel 600 tube, and Figure III-4 shows the program for a 7/8-inch Inconel 600 tube. These
programs work using the procedure described in Appendix H, and in addition they compute the
EPRI repair limit based on the deterministic method to check the validity of the calculation. The
program for 3/4-inch tubing is described below.
DECLARE SUB GetRanNorm (Xl#, X2#)
REM Monte Carlo Simulation of TS Axial Crack Alternative
REM Acceptance Criteria for 3/4-inch tubing
REM Task No. 79-04
REM Written by Glenn White
CLS
DEFDBL A-Z 'use double precision
These lines identify the subroutine used by the program to generate random normal numbers and
define all variables as double precision to maintain accuracy.

npt = 100000# 'number of Monte Carlo trials for each Ainit
delp = 2650# 'steam line break pressure (psi)
delt = 1.25# 'operating cycle time (yr)
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D = 17.96#

'nominal inside diameter (mm)

me = -.39# 'mean measurement error (mm)
sige = 1.33# 'standard deviation measurement error (mm)
ma = .61#
'mean growth rate (mrn/yr)
siga = .83# 'standard deviation growth rate (mm/yr)
ms = 143130# 'mean Sy + Su at 650F (psi)
sigs = 7134# 'standard deviation Sy + Su at 650F (psi)
mt = 1.09#
'mean wall thickness (mm)
sigt = .04# 'standard deviation wall thickness (mm)
sigb = .0139# 'standard deviation burst correlation (nondimensional)
This part of the program defines the number of Monte Carlo samples to be taken at each initial
crack length and all of the means and standard deviations for the various parameters used to
determine the burst pressure of the initial crack length. In this case, the pressure at which the
probability of burst is desired is the steam line break differential pressure of 2,650 psi, and
100,000 samples will be taken at each initial crack length.
OPEN "D:\QB\MONCAR34.1E5" FOR OUTPUT AS #33
RANDOMIZE TIMER
These two lines open the output file to be used by the program and reseed the random number
generator so that a unique group of random numbers is obtained.
REM*********LOOP FOR DIFFERENT INITIAL CRACK SIZE************************
FOR Acount = 1 TO 101 STEP 1
Ainit = 6 + (Acount -1) * .1
These lines begin the loop of increasing initial crack sizes. The initial crack size is increased in 0.1
mm increments from 6 mm to 16 mm, and samples will then be taken at each crack size.
nburst = 0
This line zeros the number of tubes which burst at steam Une break pressure for each crack length.
FOR i = 1 TO npt
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This line begins the loop of taking the 100,000 burst pressure samples at each crack length.
CALL GetRanNorm(ranl, ran2)
CALL GetRanNorm(ran3, ran4)
CALL GetRanNorm(ran5, ran6)
These Unes execute the subroutine to generate the necessary normally distributed random numbers.
e = me + sige*ranl
This step finds the measurement error to be used for this particular sample by multiplying the
standard deviation by the first random number and adding it to the mean.
a = ma + siga * ran2
IFa<0THENa = 0
These lines find the crack growth rate to be used in the same manner. Since the crack growth rate
cannot be negative for a real crack, all negative values are set to zero.
s = ms + sigs * ran3
IF s < 0 THEN s = 0
t = mt + sigt * ran4
IFt<=0THENt=lE-10
The sum of the ultimate and yield strengths and the tube thickness are found the same way by
using the generated random numbers. Again, since neither of these can be negative for a real tube,
they are truncated to zero or to a very small value in the case of the tube thickness. The tube
thickness cannot be zero since it is used in the denominator of a later equation.
b = sigb * ran5
The error of the burst correlation is found by multiplying the standard deviation by the fifth random
number. This defines the last of the variables.
Aact = Ainit + a * delt + e

'actual length of crack
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This line solves for the length of the crack at the end of the next operating interval by adding the
measurement error to the crack growth (crack growth rate multiplied by the operating cycle time).
This value is needed to find the correction for tube sheet constraint.
IF Aact <= 9 THEN

'additional length for tubesheet restraint

Ats = 4.5
"based on actual crack length
ELSEIF Aact <= 18 THEN
Ats = 9 - Aact * .5
ELSE
Ats = 0
END IF
The tube sheet constraint is found using the equations derived in Appendix H.
Acrack = Aact - Ats

'roll trans, crack length used for burst

IF Acrack < 0 THEN Acrack = 0
The tube sheet constraint is then subtracted from the crack length calculated above to find the crack
length which will be used to calculate the burst pressure of the defect. The variable Acrack is equal
to a defined in Appendix H
lambda = Acrack * (D * t / 2) A -.5
The dimensionless crack length X is calculated.
IF lambda <1 THEN
pbar = .58# - . 1324# * lambda + b
ELSE
pbar = .525# / (.614# + .386# * EXP(-1.12# * lambda) + .433# * lambda) + b
END IF
The dimensionless pressure is found using the burst pressure correlation plus its error. Since the
burst pressure correlation is only valid for 1 < "k < 20, the linear equation for crack lengths smaller
than this is included so that short cracks are represented in the analysis. This is also developed in
Appendix U.
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press = pbar * s * t / (D / 2)
Finally, the burst pressure is found from the dimensionless pressure. This is the actual burst
pressure of a tube with the given initial crack length, based on the random sample of the variables.
IF press <= delp THEN nburst = nburst + 1
If the burst pressure is less than the steam line break pressure, then the count of the number of
tubes which would burst during these conditions is increased by one.
NEXTi
This begins the process again, where another set of random numbers are generated to solve for the
burst pressure of the particular initial crack length.
prob = nburst / npt
PRINT Ainit; prob
WRITE #33, Ainit, prob
Once all 100,000 samples are taken, the total probability of tube burst is found by dividing the
number of samples which had a burst pressure less than the steam line break pressure by the total
number of samples taken. The crack length followed by its probability of burst is then written to
the screen and the output file.
NEXT Acount
The crack length is then increased by 0.1 mm and the process repeated until the largest crack length
desired is reached.
Next, the program performs the deterministic calculation used to EPRI to set the repair limit for
3/4-inch tubing.
REM*****DETERMINISTIC ANALYSIS FOR CALCULATION OF EPRI/NRC Aaccept*****
REM*********USER INPUTS****************************************************
delpEPRI = 3# • 1300# 'safety pressure (3 X normal) (psi)
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Three times the normal operating pressure is used to find the repair limit since we know that this
pressure is larger than 1.43 times the steam line break pressure, which is the other possibility for
setting the repair limit. The larger burst pressure will require a shorter crack length, and it will
therefore be the determining pressure.
e = me + 1.645# * sige '95% upper bound on measurement error
a = ma
'mean value for growth rate
s = ms - 1.645# * sigs '95% lower bound on Sy + Su
t = mt
'nominal wall thickness
The crack growth rate and wall thickness are defined at their mean values since that is what EPRI
used in their calculations. The measurement error is taken at its 95% upper bound, and the sum of
the yield and ultimate strengths is taken at its 95% lower bound, also per EPRI.
pbar = delpEPPJ * (D / 2) / (s * t)
lambda = 10# A ((.44628# - pbar) / .41881#) 'use lower bound correlation
Acrack = lambda * (D * t / 2) A .5
IF Acrack <= 4.5 THEN 'additional length for tubesheet restraint
Ats = 4.5
ELSEIF Acrack <= 18 THEN
Ats = 6! -(Acrack/3)
ELSE
Ats = 0
END IF
Ainit = Acrack + Ats - a * delt - e
The rest of the calculation is performed in exactly the same manner as outlined in the EPRI
guidelines. The lower bound burst pressure correlation is used to find the crack length
corresponding to three times the normal operating pressure, the additional constraint due to the
presence of the tube sheet is added, and the crack growth and measurement error are subtracted to
find the repair limit.
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PRINT "EPRI/NRC Ainit:11, Ainit
WRITE #33, "EPRI/NRC Ainit:", Ainit
CLOSE #33
END
The repair limit is then printed to the screen and output file, and the program ended. Tne next part
of the listing is the subroutine used to generate the normally distributed variables, and is identical to
the one described in Section 2.
SUB GetRanNorm (Xl#, X2#)
DEFDBLA-Z
10 U1=RND:U2 = RND
V1=2*U1-1:V2 = 2*U2-1
W = V1A2 + V2A2
IFW> 1 ORW = 0THENGOTO 10
Y = SQR(-2*LOG(W)/W)
XI = VI * Y: X2 = V2 * Y
END SUB
The program for 7/8-inch tubing is identical except that the material properties and the normal
operating pressure are different.
4.

Distribution of Burst Pressures for a Given Crack Size Program

The final two programs find the distribution of burst pressures associated with a given crack size.
Figure HI-5 shows the program for a 9.8 mm crack in a 3/4-inch tube and Figure IQ-6 shows the
program for a 10.7 mm crack in a 7/8-inch tube. These two programs work in exactly the same
manner as the programs in Section 3, except that the burst pressures which are calculated are
placed into bins so that the distribution of pressures can be recorded. The program for 3/4-inch
tubing is described below.
DECLARE SUB GetRanNorm (Xl#, X2#)
REM Monte Carlo Simulation of TS Axial Crack Alternative
REM Acceptance Criteria for 3/4-inch Tubing
REM Produce Density of Burst Pressures for Given Ainit Crack Size
REM Task No. 79-04
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REM Written by Glenn White
CLS
DEFDBL A-Z

'use double precision

OPEN "D:\QB\MOCARP34.1E411 FOR OUTPUT AS #33
This first part of the program identifies the subroutine used to generate normally distributed
random numbers, defines all variables as double precision, and opens the output file used by the
program.

I

Ainit = 9.8

I

npt = 10000# 'number of Monte Carlo trials for each Ainit

I

delpslb = 2650# 'steam line break pressure (psi)
delpnor = 3 * 1300# '3 * normal operating pressure --EPRI limit (psi)
delt = 1.25# 'operating cycle time (yr)

I

I
.
I

j

'initial eddy current crack measurement (mm)

D=17.96#
'nominal inside diameter (mm)
me = -.39# 'mean measurement error (mm)
sige=1.33# 'standard deviation measurement error (mm)
ma = .61#
'mean growth rate (mm/yr)
siga = .83# 'standard deviation growth rate (mm/yr)
ms = 143130# 'mean Sy + Su at 650F (psi)
sigs = 7134# 'standard deviation Sy + Su at 650F (psi)
mt = 1.09#
'mean wall thickness (mm)
sigt = .04# 'standard deviation wall thickness (mm)
sigb = .0139# 'standard deviation burst correlation (nondimensional)

|

This part of the program defines the crack length at which the burst pressure distribution is desired,
the number of Monte Carlo samples to be taken at this crack length, and the means and standard
deviations of all of the parameters used to determine the burst pressure. It also defines the steam

'
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line break pressure and three times the normal operating pressure, since the program will calculate
the probability of the burst pressure occurring below each of these values.

I

REM*********SET UP BINNING OF BURST PRESSURES***************************
nbin = 65 'number of bins to place burst pressures in

I

DIM EndP(l TO nbin), num(l TO nbin)
delta = 250 'range of each burst pressure bin (psi)

FORj = l T O n b i n - l
EndP(j)=j* delta
NEXTj
EndP(nbin) = 1E+10
This part of the program sets up the bins in which to record the burst pressures generated by the
program. The bins are set up so that they have a 250 psi range from 0 to 16,000 psi, and then the
final bin includes everything larger than that. If any pressures were to be placed in the last bin, the
bins would have to be reconfigured so that this pressure could be accurately determined.
RANDOMIZE TIMER
The random number generator is reseeded so that a new batch of random numbers is generated.
REM*********LOOP FOR DIFFERENT MONTE CARLO TRIALS**********************
nburstsl = 0: nbursnor = 0: max = 0
This step sets the counters for the number of burst pressures below the steam line break pressure,
below 3 times normal operating pressure, and the record of the maximum generated burst pressure
to zero.
FOR i = 1 TO npt
CALL GetRanNorm(ranl, ran2)
CALL GetRanNorm(ran3, ran4)
CALL GetRanNorm(ran5, ran6)
e = me + sige*ranl
a = ma + siga * ran2
IFa<0THENa = 0
s = ms + sigs * ran3
IFs<0THENs = 0
t = mt + sigt * ran4
IFt<=0THENt=lE-10
b = sigb * ran5
Aact = Ainit + a * delt + e 'actual length of crack
IF Aact <= 9 THEN
Ats = 4.5
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ELSEIF Aact <= 18 THEN
Ats = 9 - A a c t / 2
ELSE
Ats = O
END IF
Acrack = Aact - Ats
'crack length used for burst correlation
F Acrack < 0 THEN Acrack = 0
lambda = Acrack * (D • t / 2) A -.5
IF lambda < 1 THEN
pbar = .58# - .1324# * lambda + b
ELSE
pbar = .525 / (.614 + .386 * EXP(-1.12 * lambda) + .433 * lambda) + b
END IF
Press = pbar * s * t / (D / 2)
This next section of the program is identical to the program described in Section 3. See that section
for the description of the individual lines.
PRINT i
This step prints the number of samples completed by the program to the screen so that the user can
judge the progress of the program. It is not necessary for proper execution.
IF Press <= delpslb THEN nburstsl = nburstsl + 1
IF Press <= delpnor THEN nbursnor = nbursnor + 1
If the generated burst pressure is less than either the steam line break pressure or three times the
normal operating pressure, then the count of the number of tubes which meets that condition is
increased by one.

DO
LOOP UNTIL Press < EndP(j)
num(j) = num(j) + 1
'increment the correct bin
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This loop finds the end point of the correct bin for the burst pressure, and then adds it to the bin.
IF Press > max THEN max = Press
This statement keeps track of the largest burst pressure generated by the analysis.
NEXTi
This begins the process again, generating another set of random numbers to calculate the burst
pressure of the tube.
FORj=lTOnbin
PRINT EndP(j), num(j) / npt
WRITE #33, EndP(j), num(j) / npt
NEXTj
Once all 100,000 samples have been taken, this loop prints the end point of each bin and the
probability of occurrence of that bin, based on the number of samples in the bin divided by the total
number of samples taken, to both the screen and the output file.
PRINT "Maximum Burst Pressure Produced:"; max
WRITE #33, "Maximum Burst Pressure Produced:", max
probslb = nburstsl / npt: probnor = nbursnor / npt
PRINT "Ainit:"; Ainit
WRITE #33, "Ainit:11, Ainit
PRINT "Burst Probability Under SLB:"; probslb
WRITE #33, "Burst Probability Under SLB:", probslb
PRINT "Prob of Burst Press < 3 * normal delta P:"; probnor
WRITE #33, "Prob of Burst Press < 3 * normal delta P.", probnor
These steps print the maximum burst pressure produced and the probability of burst at the two
pressures to both the screen and the output file. As before, the probability of burst is the number
of burst pressures generated less than the desired value divided by the total number of samples
taken.
CLOSE #33
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END
This closes the output file and terminates the program.
SUB GetRanNorm (Xl#, X2#)
DEFDBLA-Z
10 Ul = RND: U2 = RND
V1=2*U1-1:V2 = 2*U2-1
W = V1A2 + V2A2
I F W > l O R W = 0THENGOTO10
Y = SQR(-2 * LOG(W) / W)
X1=V1*Y:X2 = V2*Y
END SUB
This is the subroutine used to generated the normally distributed variables, and is identical to the
one listed in Section 2.
The program for 7/8-inch tubing is identical except that the material properties and the normal
operating pressure are different.
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Figure IP-1. Check of Random Number Generator Program
REM checks population of random number generator
CLS
DEFDBLA-Z
OPEN "C:\qb\rancheck.O21" FOR OUTPUT AS #33
npt = 100000#
'number of trials
nbin = 100
'number of bins to place random numbers in
DIM endbin(l TO nbin), num(l TO nbin)
delta = .01#
'range of each random number bin
FORj = lTOnbin
endbin(j)=j * delta
NEXTj
RANDOMIZE TIMER
FOR i = 1 TO npt
x = RND
j=0
DO
j=j + l
LOOP UNTIL x < endbin(j)
num(j) = num(j) + 1 'increment the correct bin
PRINT i, npt
NEXTi
FORj = lTOnbin
PRINT endbin(j), num(j) / npt
WRITE #33, endbin(j), num(j) / npt
NEXTj
CLOSE #33
END
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Figure 1H-2. Check of Normal Distribution Random Number Generator Program
DECLARE SUB GetRanNorm (Xl#, X2#)
REM checks population of normal distribution generator
CLS
DEFDBLA-Z
OPEN "c:\qb\norcheck.dis" FOR OUTPUT AS #33
npt = 50000#
'number of trials creating two numbers per trial
nbin = 200
'number of bins to place random numbers in
DIM endbin(l TO nbin), num(l TO nbin)
delta = .05#
'range of each random number bin
FORj=lTOnbin
endbin(j) = -5 + j * delta
NEXTj
RANDOMIZE TIMER
FOR i = 1 TO npt
CALL GetRanNorm(ranl, ran2)
j=0
DO
j=j+l
LOOP UNTIL rani < endbin(j)
num(j) = num(j) + 1
"increment the correct bin for 1st variable

DO
LOOP UNTIL ran2 < endbin(j)
num(j) = num(j) + 1
'increment the correct bin for 2nd variable
PRINT i, npt
NEXTi
FOR j = 1 TO nbin
PRINT endbin(j), numG) / (2 * npt)
'2 numbers per sample
WRITE #33, endbinO), num(j) / (2 * npt)
NEXTj
CLOSE #33
END
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SUB GetRanNorm (Xl#, X2#)
DEFDBLA-Z
1OU1=RND:U2 = RND
VI = 2 * Ul - 1 : V2 = 2 * U2 -1
W = V1 A 2 + V2 A 2
IF W > 1 OR W = 0 THEN GOTO 10
Y = SQR(-2*LOG(W)/W)
X1=V1*Y:X2 = V2*Y
END SUB
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Figure ÏÏI-3. Prnbabiiitv of Burst Under SLB for 3/4-inch Tubing
DECLARE SUB GetRanNorm (Xl#, X2#)
REM Monte Carlo Simulation of TS Axial Crack Alternative
REM Acceptance Criteria for 3/4-inch tubing
REM Task No. 79-04
REM Written by Glenn White
CLS
DEFDBL A-Z 'use double precision

RE\f*********USER INPUTS****************************************************
npt = 100000# 'number of Monte Carlo trials for each Ainit
delp = 2650# 'steam line break pressure (psi)
delt = 1.25# 'operating cycle time (yr)
D = 17.96# 'nominal inside diameter (mm)
me = -.39# 'mean measurement error (mm)
sige = 1.33# 'standard deviation measurement error (mm)
ma = .61#
'mean growth rate (mm/yr)
siga = .83# 'standard deviation growth rate (mm/yr)
ms=143130# 'mean Sy + Su at 650F (psi)
sigs = 7134# 'standard deviation Sy + Su at 650F (psi)
mt = 1.09#
'mean wall thickness (mm)
sigt = .04# 'standard deviation wall thickness (mm)
sigb = .0139# 'standard deviation burst correlation (nondimensional)
OPEN "D:\QB\MONCAR34.1E5" FOR OUTPUT AS #33
RANDOMIZE TIMER
REM*********LOQP FOR DIFFERENT INITIAL CRACK SIZE************************
FOR Acount = 1 TO 101 STEP 1
Ainit = 6 + (Acount -1) * .1
nburst = 0
FORi=lTOnpt
CALL GetRanNorm(ranl, ran2)
CALL GetRanNorm(ran3, ran4)
CALL GetRanNorm(ran5, ran6)
e = me + sige* rani
a = ma + siga * ran2
IFa<0THENa = 0
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s = ms + sigs * ran3
IFs<OTHENs = O
t = mt + sigt * ran4
IFt<=0THENt=lE-10
b = sigb * ran5
Aact = Ainit + a * delt + e 'actual length of crack
IF Aact <= 9 THEN
'additional length for tubesheet restraint
Ats = 4.5
"based on actual crack length
ELSEIF Aact <= 18 THEN
Ats = 9 - Aact * .5
ELSE
Ats = 0
END IF
Acrack = Aact - Ats
'roll trans, crack length used for burst
IF Acrack < 0 THEN Acrack =s 0
lambda = Acrack * (D * t / 2) * -.5
IF lambda < 1 THEN
pbar = .58# - .1324# * lambda + b
ELSE
pbar = .525# / (.614# + .386# * EXP(-1.12# * lambda) + .433# * lambda) + b
END IF
press = pbar * s * t / (D / 2)
IF press <= delp THEN nburst = nburst + 1
NEXTi
prob = nburst / npt
PRINT Ainit; prob
WRITE #33, Ainit, prob
NEXT Acount
REM*****DETERMINISTIC ANALYSIS FOR CALCULATION OF EPRI/NRC Aaccept*****
REM*********USER INPUTS****************************************************
delpEPRI = 3# * 1300# 'safety pressure (3 X normal) (psi)
e = me + 1.645# * sige '95% upper bound on measurement error
a = ma
'mean value for growth rate
s = ms - 1.645# * sigs '95% lower bound on Sy + Su
t = mt
'nominal wall thickness
pbar = delpEPRI * (D / 2) / (s * t)
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lambda = 10# A ((.44628# - pbar) / .41881#) 'use lower bound correlation
END IF
Acrack = lambda * (D * t / 2 ) A .5
IF Acrack <= 4.5 THEN 'additional length for tubesheet restraint
Ats = 4.5
ELSEIF Acrack <= 18 THEN
Ats = 6!-(Acrack/3)
ELSE
Ats = 0
END IF
Ainit = Acrack + Ats - a * delt - e
PRINT "EPRI/NRC Ainit:", Ainit
WRITE #33, "EPRI/NRC Ainit:", Ainit
CLOSE #33
END
SUB GetRanNorm (Xl#, X2#)
DEFDBLA-Z
10 U1=RND:U2 = RND
V1=2*U1-1:V2 = 2*U2-1
W = V1A2 + V2A2

IF W > 1 OR W = 0 THEN GOTO 10
Y = SQR(-2*LOG(W)/W)
X1=V1*Y:X2 = V2*Y
END SUB
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Figure m-4. Prnhahiiitv of Burst Under SLB for 7/8-inch Tubing
DECLARE SUB GetRanNonn (Xl#, X2#)
REM Monte Carlo Simulation of TS Axial Crack Alternative
REM Acceptance Criteria for 7/8-inch tubing
REM Task No. 79-04
REM Written by Glenn White
CLS
DEFDBL A-Z 'use double precision
]ŒM*********USER INPUTS****************************************************
npt = 100000# 'number of Monte Carlo trials for each Ainit
delp s 2650# 'steam line break pressure (psi)
delt = 1.25# 'operating cycle time (yr)
D = 20.96# 'nominal inside diameter (mm)
me = -.39# 'mean measurement error (mm)
sige = 1.33# 'standard deviation measurement error (mm)
ma = .61#
'mean growth rate (rnm/yr)
siga = .83# 'standard deviation growth rate (mm/yr)
ms = 137560# 'mean Sy + Su at 650F (psi)
sigs = 6345#
'standard deviation Sy + Su at 65OF (psi)
mt = 1.27#
'mean wall thickness (mm)
sigt = .04# 'standard deviation wall thickness (mm)
sigb = .0139# 'standard deviation burst correlation (nondimensional)
OPEN "D:\QB\MONTCARL. 1E5" FOR OUTPUT AS #33
RANDOMIZE TIMER
REM*********LOOP FOR DIFFERENT INITIAL CRACK SIZE************************
FOR Acount = 1 TO 101 STEP 1
Ainit = 9 + (Acount- l ) * . l
nburst = 0
FOR i = 1 TO npt
CALL GetRanNorm(ranl, ran2)
CALL GetRanNorm(ran3, ran4)
CALL GetRanNorm(ran5, ran6)
e = me + sige * rani
a = ma + siga * ran2
IF a < 0 THEN a = 0
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s = ms + sigs * ran3
IFs<OTHENs = O
t = mt + sigt * ran4
IFt<=:0THENt=lE-10
b = sigb • ran5
Aact = Ainit + a * delt + e 'actual length of crack
IF Aact <= 13 THEN
'additional length for tubesheet restraint
Ats = 4.5
Tjased on actual crack length
ELSEIF Aact <= 22 THEN
Ats = 1 1 - A a c t * . 5
ELSE
Ats = 0
END IF
Acrack = Aact - Ats
'roll trans, crack length used for burst
IF Acrack < 0 THEN Acrack = 0
lambda = Acrack * (D * t / 2 ) A -.5
IF lambda < 1 THEN
pbar =.58#-.1324#* lambda+ b
ELSE
pbar = .525# / (.614# + .386# • EXP(-1.12# * lambda) + .433# * lambda) + b
END IF
press = pbar * s * t / (D / 2)
IF press <= delp THEN nburst = nburst + 1
NEXTi
prob = nburst / npt
PRINT Ainit; prob
WRITE #33, Ainit, prob
NEXT Acount
REM*****DETERMINISTIC ANALYSIS FOR CALCULATION OF EPRI/NRC Aaccept*****
REM*********USER INPUTS****************************************************
delpEPRI = 3# * 1450# 'safety pressure (3 X normal) (psi)
e = me + 1.645# * sige '95% upper bound on measurement error
a = ma
'mean value for growth rate
s = ms - 1.645# * sigs '95% lower bound on Sy + Su
t = mt
'nominal wall thickness
pbar = delpEPRI*(D/2)/(s*t)
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lambda = 10# A ((.44628# - pbar) / .41881*) 'use lower bound correlation
Acrack = lambda * (D * t / 2) A .5
IF Acrack <= 8.5 THEN 'additional length for tubesheet restraint
Ats = 4.5
ELSEIF Acrack <= 22 THEN
Ats = 7.33-(Acrack/3)
ELSE
Ats = 0
END IF
Ainit = Acrack + Ats - a * delt - e
PRINT "EPRI/NRC Ainit:", Ainit
WRITE #33, "EPRI/NRC Ainit:", Ainit
CLOSE #33
END
SUB GetRanNorm (Xl#, X2#)
DEFDBL A-Z
10 U1=RND:U2 = RND
V1 = 2 * U 1 - 1 : V 2 = 2 * U 2 - 1
W = V1A2 + V2A2
IF W > 1 OR W = 0 THEN GOTO 10
Y = SQR(-2*LOG(W)/W)
X1=V1 *Y:X2 = V 2 * Y
END SUB
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Figure HI-5. Distribution of Burst Pressures for a 9.8 mm crack in 3/4-inch Tubing
DECLARE SUB GetRanNorm (Xl#, X2#)
REM Monte Carlo Simulation of TS Axial Crack Alternative
REM Acceptance Critertia for 3/4-inch Tubing
REM Produce Density of Burst Pressures for Given Ainit Crack Size
REM Task No. 79-04
REM Written by Glenn White
CLS
DEFDBL A-Z 'use double precision
OPEN "D:\QB\MOCARP34.1E41' FOR OUTPUT AS #33

REM*********USER

INPUTS****************************************************
Ainit = 9.8 'initial eddy current crack measurement (mm)
npt = 10000# 'number of Monte Carlo trials for each Ainit
delpslb = 2650#
'steam line break pressure (psi)
delpnor = 3 * 1300# '3 * normal operating pressure —EPRI limit (psi)
delt = 1.25# 'operating cycle time (yr)
D = 17.96# • 'nominal inside diameter (mm)
me = -.39#
'mean measurement error (mm)
sige = 1.33# 'standard deviation measurement error (mm)
ma = .61#
'mean growth rate (mm/yr)
siga = .83# 'standard deviation growth rate (mm/yr)
ms = 143130# 'mean Sy + Su at 650F (psi)
sigs = 7134# 'standard deviation Sy + Su at 650F (psi)
mt = 1.09#
'mean wall thickness (mm)
sigt = .04# 'standard deviation wall thickness (mm)
sigb = .0139# 'standard deviation burst correlation (nondimensional)
REM*********SET UP BINNING OF BURST PRESSURES***************************
nbin = 65 'number of bins to place burst pressures in
DIM EndP(l TO nbin), num(l TO nbin)
delta = 250 'range of each burst pressure bin (psi)
FORj = l T O n b i n - l
EndP(j)=j* delta
NEXTj
EndP(nbin) = 1E+10
RANDOMIZE TIMER
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REM*********LOOP FOR DIFFERENT MONTE CARLO TRIALS**********************
nburstsl = 0: nbursnor = 0: max = 0
FORi=lTOnpt
CALL GetRanNorm(ranl, ran2)
CALL GetRanNorm(ran3, ran4)
CALL GetRanNorm(ran5, ran6)
e = me + sige * rani
a = ma + siga * ran2
IF a < 0 THEN a = 0
s = ms + sigs * ran3
IF s < 0 THEN s = 0
t = mt + sigt * ran4
IFt<=0THENt=lE-10
b = sigb * ran5
Aact = Ainit + a * delt + e 'actual length of crack
IF Aact <= 9 THEN
Ats = 4.5
ELSEIF Aact <= 18 THEN
Ats = 9 - Aact / 2
ELSE
Ats = O
END IF
Acrack = Aact - Ats
'crack length used for burst correlation
IF Acrack < 0 THEN Acrack = 0
lambda = Acrack * (D * t / 2) A -.5
IF lambda < 1 THEN
pbar= .58# - .1324* * lambda + b
ELSE
pbar = .525 / (.614 + .386 * EXP(-1.12 * lambda) + .433 * lambda) + b
END IF
Press = pbar * s * t / (D / 2)
PRINT i
IF Press <= delpslb THEN nburstsl = nburstsl + 1
IF Press <= delpnor THEN nbursnor = nbursnor + 1

j=o
DO
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LOOP UNTIL Press < EndP(j)
num(j) = num(j) + 1
'increment the correct bin
IF Press > max THEN max = Press
NEXTi
FORj = lTOnbin
PRINT EndP(j), num(j) / npt
WRITE #33, EndP(j), numQ) / npt
NEXTj
PRINT "Maximum Burst Pressure Produced:"; max
WRITE #33, "Maximum Burst Pressure Produced:", max
probslb = nburstsl / npt: probnor = nbursnor / npt
PRINT "Ainit:";Ainit
WRITE #33, "Ainit:", Ainit
PRINT "Burst Probability Under SLB:"; probslb
WRITE #33, "Burst Probability Under SLB:", probslb
PRINT "Prob of Burst Press < 3 * normal delta P:"; probnor
WRITE #33, "Prob of Burst Press < 3 * normal delta P:", probnor
CLOSE #33
END
SUB GetRanNorm (Xl#, X2#)
DEFDBLA-Z
10 Ul = RND: U2 = RND
V1 = 2 * U 1 - 1 : V 2 = 2 * U 2 - 1

W = V1 A 2 + V2 A 2
IFW> 1 ORW = 0THENGOTO 10
Y = SQR(-2 * LOG(W) / W)
X1=V1*Y:X2 = V2*Y
END SUB
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Figure III-6. Distribution of Burst Pressures for a 10.7 mm crack in 7/8-inch Tubing
DECLARE SUB GetRanNorm (Xl#, X2#)
REM Monte Carlo Simulation of TS Axial Crack Alternative
REM Acceptance Critertia for 7/8-inch Tubing
REM Produce Density of Burst Pressures for Given Ainit Crack Size
REM Task No. 79-04
REM Written by Glenn White
CLS
DEFDBL A-Z 'use double precision
OPEN "D:\QB\MOCARLP.128" FOR OUTPUT AS #33
Ainit = 10.7# 'initial eddy current crack measurement (mm)
npt = 100000# 'number of Monte Carlo trials for each Ainit
delpslb = 2650# 'steam line break pressure (psi)
delpnor = 3 * 1450# '3 * normal operating pressure --EPRI limit (psi)
delt = 1.25# 'operating cycle time (yr)
D = 20.96# 'nominal inside diameter (mm)
me = -.39# 'mean measurement error (mm)
sige = 1.33# 'standard deviation measurement error (mm)
ma = .61#
'mean growth rate (mm/yr)
siga = .83# 'standard deviation growth rate (mm/yr)
ms = 137560# 'mean Sy + Su at 650F (psi)
sigs = 6345# 'standard deviation Sy + Su at 650F (psi)
mt = 1.27#
'mean wall thickness (mm)
sigt = .04# 'standard deviation wall thickness (mm)
sigb = .0139# 'standard deviation burst correlation (nondimensional)
£EM*********gET u p BINNING OF BURST PRESSURES***************************
nbin = 65 'number of bins to place burst pressures in
DIM EndP(l TO nbin), num(l TO nbin)
delta = 250 'range of each burst pressure bin (psi)
FORj=lTOnbin-l
EndP(j)=j* delta
NEXTj
EndF;;;Hn) = 1E+10
RAJ:vDOMIZE TIMER
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REM*********LOOP FOR DIFFERENT MONTE CARLO TRIALS**********************
nburstsl = 0: nbursnor = 0: max = 0
FOR i = 1 TO npt
CALL GetRanNorm(ranl, ran2)
CALL GetRanNorm(ran3, ran4)
CALL GetRanNorm(ran5, rano)
e = me + sige * rani
a = ma + siga * ran2
IF a < 0 THEN a = 0
s = ms + sigs * ran3
IF s < 0 THEN s = 0
t = mt + sigt * ran4
IFt<=0THENt=lE-10
b = sigb * ran5
Aact = Ainit + a * delt + e 'actual length of crack
IFAact<=13THEN
Ats = 4.5
ELSEIF Aact <= 22 THEN
Ats = 11 - Aact / 2
ELSE
Ats = O
END IF
Acrack = Aact - Ats
'crack length used for burst correlation
IF Acrack < 0 THEN Acrack = 0
lambda = Acrack * (D * t / 2) A -.5
IF lambda < 1 THEN
pbar = .58# - .1324# * lambda + b
ELSE
pbar = .525 / (.614 + .386 * EXP(-1.12 * lambda) + .433 * lambda) + b
END IF
Press = pbar * s * t / ( D / 2 )
PRINT i
IF Press <= delpslb THEN nburstsl = nburstsl + 1
IF Press <= delpnor THEN nbursnor = nbursnor + 1
j=0
DO
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LOOP UNTIL Press < EndP(j)
num(j) = num(j) + 1
'increment the correct bin
IF Press > max THEN max = Press
NEXTi
FORj=lTOnbin
PRINT EndPO), num(j) / npt
WRITE #33, EndP(j), num(j) / npt
NEXTj
PRINT "Maximum Burst Pressure Produced:"; max
WRITE #33, "Maximum Burst Pressure Produced:", max
probslb = nburstsl / npt: probnor = nbursnor / npt
PRINT "Ainit:"; Ainit
WRITE #33, "Ainit:11, Ainit
PRINT "Burst Probability Under SLB:"; probslb
WRITE #33, "Burst Probability Under SLB:", probslb
PRINT "Prob of Burst Press < 3 * normal delta P:"; probnor
WRITE #33, "Prob of Burst Press < 3 * normal delta P:", probnor
CLOSE #33

SUB GetRanNorm (Xl#, X2#)
DEFDBLA-Z
10 Ul = RND: U2 = RND
V1=2*U1-1:V2 = 2*U2-1
IF W > 1 OR W = 0 THEN GOTO 10
Y = SQR(-2 * LOGCW) / W)
XI = VI * Y: X2 = V2 * Y
END SUB

APPENDIX IV. EXAMPLE OF PROBABILISTIC APPROACH FOR BRUCE B FRETTING
The probabilistic approach developed in the three previous appendices was applied to fretting
defects at the U-bend supports at Bruce B. Using relationships previously developed by Ontario
Hydro, analyses were performed to determine the probability of tube burst as a function of fret
depth at four primary to secondary differential pressures: (1) small LOCA with crash cooldown
and (2) steam line break pressures to identify the amount of risk during accident conditions, and
(3) 1.5 times steam line break and (4) 3 times normal operating pressures to investigate compliance
with the ASME factors of safety.
The probabilistic approach is based on the deterministic alternate fitness-for-service guidelines
which have been developed for fretting at Bruce B, which are:
Maximum Acceptable Wear (% of wall) = A - B - C,
where,
A = Maximum allowable wear, based on burst tests of samples with simulated wear defects,
B = Allowance for eddy current uncertainty, and
C = Allowance for growth between inspections.
In order to use the probabilistic approach, the depth of a fret at the end of the next operating
interval must be determinedfrom its initial depth and then converted to a burst pressure using the
fret depth-burst pressure correlation. To find the depth of the fret we will use:
Fret Depth (end of interval) = Fret Depth (start of interval) + B + C,
where the start of interval fret depth is the depth of the defect as measured by bobbin coil during
the current inspection and the end of interval fret depth will be used to determine the burst pressure
of the tube. This calculation is repeated a large number of times for each fret depth present at the
start of the interval to obtain the distribution of burst pressures associated with each fret depth.
The results can then be used to set a repair limit for this type of defect based on a maximum desired
probability of burst at a particular differential pressure.
The correlation between fret depth and burst pressure was developed by Ontario Hydro, and is
based on artificial defects of three different geometries in archival steam generator tubes from
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Bruce B. Based on the results of 26 tests performed at 520° F, the mean best fit curve was found
to be:
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where the burst pressure is in MPa-gauge, w is the nondimensional fractional depth of fretting
ranging from 0 to 1, and the standard deviation of the curve is 15.8%.J For the deterministic
fitness-for-service guideline, the best fit minus one standard deviation was used to determine the
burst pressure of a defect. However, we will use the mean value and its standard deviation so that
the full range of possible burst pressures is explored.
The fret growth rate was determined by Ontario Hydro using values of fret depths obtained from
the Unit 6 SG 6 inspections from November, 1990 and November, 1991. Only frets deeper than
35% of wall were used since they were of more interest to the utility. It was found that the mean
growth rate was -0.36% of wall/yr, with a standard deviation of 2.26% of wall/yt.2 These values
were used to perform the probabilistic analysis, with all negative growth rates set to zero since
negative defect growth cannot occur in a real steam generator.
The measurement uncertainty was also determined by Ontario Hydro using two tubes pulled from
Unit 6 SG 6 in September, 1990, after they had been inspected. Twelve frets were found, and
their actual depth was compared to their depth as measured by bobbin coil during the inspection as
shown in Figure IV-1. Ontario Hydro determined that there was an estimated uncertainty of
-13.5% to 8.2% at 95% confidence for the graph of measured depth versus actual depth.
Assuming that this is normally distributed, and realizing that since we are finding the uncertainty of
the actual depth from the measured depth the signs of the measurement uncertainty must be
reversed, the mean of the measurement uncertainty can be found to be 2.65% of wall, with a
standard deviation of 5.425% of wall. This means that the actual fret depth is typically larger than
the measured depth, and accurately reflects the experimental data shown in Figure IV-1.3
The values of the different differential pressures were taken from the analysis used to calculate the
deterministic repair limit and from the Service Levels C & D bounding pressure differential for
LOCA accidents. The bounding normal operating delta P was taken at 9.2 MPa, the steam line
break accident delta P at 10.7 MPa, and the LOCA with crash cooldown delta P at 9.1 MPa based
on these reports. The normal operating differential pressure is actually about 5 MPa, but a larger
value is used to account for possible transients which occur during startup and shutdown of the
unit. The four Monte Carlo analyses were then performed using these differential pressures.
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The analysis was performed in the same manner as the example in Appendix H, and an example
finding the probability of burst at the steam line break differential pressure is described below.
First, as described above, there are three variables which need to be sampled: measurement error,
crack growth, and the burst pressure correlation. Thus, four random numbers need to be
generated since the polar method requires that random numbers be found in pairs. For this
example, we generate the random numbers 0.219, 0.055, 0.267, and 0.151. The first two
numbers, 0.219 and 0.055, are converted to normally distributed numbers using the polar method
described in Appendix I as follows:
U, =0.219; U2 =0.055
Therefore,
V, = 2U, - 1 = 2(0.219)-1 = -0.562
V2 = 2U2 - 1 = 2(0.055) - 1 = -0.890
W = V? + V22 =(-0.562) 2 + (-O.890)2 = 1.1
which is greater than one. Therefore, these two numbers cannot be used and different random
numbers must be generated. If we next use the second two random numbers, 0.267 and 0.151,
we find that:
V,=-0.466
V 2 =-0.698
W =0.704
which is less than 1, so we can continue.
Y = V(-21nW)/W = V(-21n0.704) / 0.704 = 0.997
X, = V, Y = (-0.466X0.997) = -0.465
X2 = V2Y = (-0.698X0.997) = -0-696
Two more normal random numbers must be generated for this example. If we generate 0.660 and
0.192, using the polar method we therefore find that:
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X 3 = 0.557
X 4 =-1.072
These values are used to determine the value of each variable in the EOC fret depth equation. The
value of the measurement error e was found by using the first generated random number and the
mean of 2.65% of wall and standard deviation of 5.425% of wall for the error:
e = enaD+ X . e ^ = 2.65 + (-0.465)(5.425)
e = 0.13% of wall
The growth rate for fretting at the Bruce B U-bend supports has a mean of-0.36% of wall/yr and a
standard deviation of 2.26% of wall/yr. Using the second generated random number,
a = a ™ + X:astddev = -0.36 + (-0.696)(2.26)
a = -1.93% of wall/yr
which is set to zero because defect growth cannot be negative. Finally, the standard deviation of
the error of the burst pressure correlation b is 15.8% of its mean value. Using the third generated
random number,
b = X3bSIddev=(0.557)(0.158)
b = 0.088
which says that the actual burst pressure is 8.8% higher than its mean value. At this point all
values are known, so the burst pressure can be solved for. Assuming, for example, that the
measured fret depth is 65% of wall and that the next operating interval is 1 year, we can use the
relationship:
Fret Depth (end of interval) = Fret Depth (start of interval) + B + C
where B is the eddy current uncertainty and C is the growth between inspections. Using the above
values,
Fret Depth (end of interval) = 65% of wall + 0.13% of wall + (0% of wall / yr)(l yr)
Fret Depth (end of interval) = 65.1% of wall
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which is then converted to a nondimensional value of w = 0.651. The mean burst pressure
corresponding to this fret depth is found by:

= 96.943[1 - 0.65 l] a6O78+(o 05")(0&sl)
= 49.2 MPa
The error present in the correlation is found from:
B = bP buWilM11 =(0.088)(49.2MPa)
B = 4.33MPa
This is then added to the mean burst pressure to find the actual burst pressure of the defect:
+ B = 49.2 MPa + 4.33 MPa
P b u n t =53.5MPa
In order to determine the probability of burst this process must be repeated a large number of
times. If the probability of burst at the steam line break accident pressure is desired, the total
number of times that the burst pressure of the tube is less than or equal to 10.7 MPa would be
divided by the total number of burst pressures calculated to give the probability of burst. All fret
depths greater than 100% of wall should be reduced to 100% since no real defect can be deeper
than through-wall.
This was the method used to determine the probability of burst under the four differential pressures
as shown in Figures F/-2 through IV-5. The analyses were performed for fret depths from 35% to
100% of wall at 1% of wall intervals. For Figures IV-2,4, and 5, 100,000 samples were taken at
each fret depth, and for Figure IV-3, the small LOCA with crash cooldown case, 500,000 samples
were taken at each fret depth since greater precision was desired at the lowest probabilities of burst.
An example of one of the computer programs used to perform the analyses is shown in Figure IV6. Identical programs were used for the four simulations except that the differential pressure at
which the probability of burst was calculated was changed. The results of the analyses for the
accident cases were as follows:
•

Figure rV-2 shows that at the steam line break pressure of 10.7 MPa a 1% probability of burst
occurs at a fret depth of approximately 79.5% of wall, and that at the repair limit of 59% of
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wall a the probability of burst is essentially zero. In fact, the probability of tube burst is less
than 0.001% until the fretting reaches a depth of 68% of wall.
•

Figure IV-3 shows that for the small LOCA with crash cooldown differential pressure of 9.1
MPa, a 1% probability of tube burst occurs at a depth of 80.5% of wall. At the repair limit, the
probability of burst is approximately 0.0002%, which is the minimum resolution of the
simulation since 500,000 samples were taken (i.e., one failure occurred in 500,000 trials). It
is also the first fret depth at which a tube burst occurs, and there are no additional tube failures
until the fret depth reaches 65% of wall in this simulation.

The above results quantify the conservatism of the current fretting fitness-for-service guideline,
and suggests that a different limit could possibly be set, dependent on the acquisition of new data
for the crack growth rate and measurement uncertainty. If the distribution of frets present in the
Bruce B steam generators as of July 25,1991 is examined, it shows that there were no frets larger
than 60% of wall found in any of the four units.4 This indicates that there is a very remote chance
of any existing defects causing a tube rupture in either a steam line break or LOCA with crash
cooldown accident, demonstrating the ability of Bruce B to operate safely despite the continued
presence of fretting at the U-bend supports.
The results of the analyses for the ASME safety factors were as follows:
•

Figure IV-4 shows the probability of the tube burst pressure being less than the ASME limit of
1.5 times the steam line break pressure of 10.7 MPa. As shown in the figure, there is a 1%
probability of the tube burst pressure being less than this limit at a depth of 76% of wall, and at
the repair limit of 59% of wall the probability of this occurring is approximately 0.001%,
which is the minimum resolution of the simulation.

•

Figure IV-5 shows the probability of the tube burst pressure being less than the other ASME
limit of 3 times the normal operating pressure of 9.2 MPa. The figure shows that there is a 1%
probability of this at a depth of 63% of wall, and that at the repair limit of 59% of wall there is
a 0.34% probability.

The above results also illustrate the conservatism present in the fitness-for-service guidelines, and
suggest the possibility of increasing the repair limit based on the small probability of the ASME
limits not being met. This is, however, dependent upon additional data for the equation
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parameters, since at this time they are based solely on Unit 6 Steam Generator 6 data, which may
not accurately reflect the conditions at the other plants and their steam generators.

I
I
I
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Figure TV-6. Probability of Burst Under SIB for Fretting at Bruce B
DECLARE SUB GetRanNonn (Xl#, X2#)
REM Monte Carlo Simulation of Burst Pressure of U-Bend Fretting
REM Acceptance Critertia for Bruce B
REM Task No. 79-04
CLS
DEFDBL A-Z

'use double precision
REM*********USER INPUTS****************************************************
npt = 100000# 'number of Monte Carlo trials for each Winit
delp = 10.7# 'steam line break pressure (MPA)
delt = 1.0# 'operating cycle time (yr)
me = 2.65#
'mean measurement error (% TWD)
sige = 5.425# 'standard deviation measurement error (% TWD)
ma = -0.36#
'mean growth rate (% TWD/yr)
siga = 2.26# 'standard deviation growth rate (% TWD/yr)
sigb = . 158# 'standard deviation burst correlation (fraction of value of burst pressure)
OPEN "D:\QJB\MONCAR34.1E5" FOR OUTPUT AS #33
RANDOMIZE TIMER
REM*********LOOP FOR DIFFERENT INITIAL CRACK SIZE************************
FOR Wcount = 1 TO 66 STEP 1
Winit = 35 + (Wcount -1)
'initial depth of fretting present
nburst = 0
FOR i = 1 TO npt
CALL GetRanNorm(ranl, ran2)
CALL GetRanNorm(ran3, ran4)
e = me + sige* rani
a = ma + siga * ran2
IF a < 0 THEN a = 0
b = sigb * ran3
W = (Winit + a * delt + e)/100 'actual depth of fretting as a fraction of TWD
P = 96.943*(l-W)A(0.6078 + 0.0557 * W) ' burst pressure in MPA
B=b *P
' error in the burst pressure correlation in MPA
Pact = P + B ' actual burst pressure in MPA
IF Pact <= delp THEN nburst = nburst + 1
NEXTi
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prob = nburst / npt
PRINT Winit; prob
WRITE #33, Winit, prob
NEXT Wcount
CLOSE #33

SUB GetRanNorm (Xl#, X2#)
DEFDBL A-Z
10 U1=RND:U2 = RND
V1=2*U1-1:V2 = 2 * U 2 - 1
W = V1 A 2 + V2 A 2
IFW> 1 ORW = 0THENGOTO 10
Y = SQR(-2*L0G(W)/W)
X1=V1*Y:X2 = V2*Y
END SUB

APPENDIX V. REVIEW OF INSPECTION ISSUES
1.

Introduction

This appendix was developed in response to a comment from AECB to the effect that it would be
appropriate to add a more complete and detailed discussion of inservice inspection issues to the
report. AECB requested that the report attempt to identify experience and resources used in
developing inservice inspection strategies, and summarize the state-of-the-art as far as possible.
Several specific topics were identified as being of interest, as listed below.
•

Selection of initial inspection sample size (number or fraction of tubes) and specific
tubes to be included in the sample.

•
•
•
•

Criteria for expansion of routine inspection programs on discovery of defects.
Criteria for setting inspection intervals.
Choice of inspection method.
Qualification and performance demonstration of NDE methods for steam generator
tubes (e.g., PISC and ASME Section XI, Appendix VIII).
Probabilistic assessments of NDE performance.
Life Assessment Techniques.

•
•

The above topics are discussed below. The definitions of the terms "degraded" and defective"
used in this discussion should be understood to be the definitions used in NRC technical
specifications, i.e., a degraded tube is one with a defect of 20% or more of the wall, and a
defective tube is one with a defect exceeding the repair limit, generally taken as 40% of wall.
2.

Selection of Initial Inspection Sample Size (Number or Fraction of Tubes') and Specific
Tubes to be Included in the Sample

2.1

Code and Regulatory Requirements

Current regulatory and ASME Code requirements include the following:
(1)
CSA: Current requirements, in the 1983 version of CSA/CAN3-N285.4-M83, are
that, during each periodic inspection, 1% of the tubes in one steam generator be inspected.
In addition, they require each leaking tube to be located, and that all tubes whose
centerlines are within a radius of 2.5 times the tube spacing from the centerline of the
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leaking tube also be inspected. The tubes selected for inspection are required to include
those with the most significant recordable indications and those where operating experience
indicates the likelihood of deterioration. A current proposed change to these CSA
requirements increases the sample size to 10% in one steam generator for single-unit power
plants and for lead units at multi-unit power plants, and to 2% in one steam generator for
follow units. The proposed change also requires the sample to include tubes from regions
considered to be at higher risk of inservice degradation.
(2)
ASME Code: The ASME Code, in Paragraph IWB-2413, states that "The
examinations shall be governed by the plant Technical Specification," i.e., the Code does
not address sample selection. However, the ASME currently has a working group on
steam generator tube inspection sampling. Based on published documents from the
working group as well as conversations with working group members, the Code appears to
be heading towards a 20% minimum inspection sample, with 50% of the steam generators
inspected each inservice inspection, i
(3)
USNRC. NRC guidance and requirements are contained in RG 1.83 and in plant
technical specifications. These documents call for inspection of a minimum of 3% of the
tubes in the plant each inservice inspection (12 to 24 months). They allow these tubes to be
all in one steam generator, as long as the steam generators are behaving similarly, and as
long as all steam generators are inspected at least every third inservice inspection. If no
degradation is detected for two consecutive inspection intervals, then a 40 month inspection
interval may be instituted. However, it is also required that all degraded tubes, i.e., tubes
with defect indications of 20% or more of wall, be inspected each inservice inspection, and
that tubes in areas where experience has indicated potential problems also be inspected. In
practice, these requirements have resulted in all steam generators with mill annealed Inconel
600 tubes being inspected each outage, after the plants have accumulated a few years of
service and, in many cases, in 100% of the tubes being inspected in each steam generator
each inservice inspection. However, some plants with more recent design steam generators
and with thermally treated Inconel 600 or 690 tubing have been able to take advantage of
the NRC sampling provisions, and to thereby limit the numbers of steam generators and
tubes inspected, as well as the frequency of inspections.
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2.2

Industry Guidance

The EPRIPWR Steam Generator Examination Guidelines2 recommend that the initial sample size
be 20% of each steam generator for all plants, together with 100% of potentially susceptible tubes
for certain damage mechanisms, if the damage mechanism is known to be active (active is defined
as presence of new indications or growth of existing ones by more than 10% of wall). The basis
for selection of 20% as the minimum sample size is primarily that it is about the minimum sample
percentage that can reliably determine (at 90% confidence) the presence of tube degradation when
12 or more degraded tubes are present in a steam generator, while a 3% sample can only determine
this condition with about 74 or more degraded tubes being present, which is judged to be
excessive. The basis for recommending that all steam generators be inspected each outage is that
"examination results from one steam generator are not always reliable indicators of the condition of
the other steam generators in the plant."3
2.3

Related Research

A series of studies have been performed by Pacific Northwest Laboratories under NRC and EPRI
sponsorship to address the probability of sampling inspections finding degraded conditions before
the number of defective tubes becomes excessive.4-5'6 These studies have used Monte Carlo
methods to explore the effectiveness of various inspection strategies (initial inspection samples and
expansion criteria) at finding defective tubes. They have used various realistic tube degradation
maps, based on actual experience, as the starting points for these studies. With regard to initial
inspection size, the main conclusion from these studies is that initial inspection samples need to be
20 to 40% of the tubes in each steam generator, if a high reliability of finding defective tubes is
desired. Another conclusion is that there is no statistically significant difference between
systematic and random sampling plans.
2.4

Other Countries

It is believed that many countries utilize the NRC guidance and requirements described above.
Some cases where different approaches are used are described below.
In Japan, in principle, inservice tube inspections are performed on a sampling basis. If no
primary-to-secondary leakage has been detected and if no tube degradation has ever been detected,
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inservice inspection can be limited to 30% of the tubes in each steam generator every other annual
inspection.7^ If any leakage or tube degradation has been detected, all tubes in all steam
generators are required to be inspected each year.
A recent article describing the situation in Germany indicates that regulations require 10% of the
tubes to be inspected every four years but that, in fact, the inspection scope is larger and the
inspection periods are shorter, especially for older plants.9
In France, reliance is placed on LBRB to limit the scope of required inspections, though it is
recognized that LBRB does not apply to all defect types.10 In addition, a probabilistic analysis
method, called the COMPROMIS Code, has been developed to allow evaluation of the effect of
various inspection strategies on steam generator reliability.11-12 It is understood that the
probabilistic analysis method has been systematically used during the past few years to help
establish inspection and maintenance strategies, including inspection sample size, to ensure that the
risk of tube rupture is kept very low. The probabilistic analysis method utilizes Monte Carlo
techniques and realistic models and statistical descriptions for defect initiation, defect growth,
probability of detection during inspections, measurement error, tube leakage and leakage detection,
tube burst, etc.
2.5.

Summary - Initial Sample Sizes

Requirements for initial sample size in many countries in the past were that rather small fractions of
tubes needed to be inspected, e.g. 1% to 3%. However, as experience has been gained, and
systematic evaluations of the effects of sample size on reliability of inspection have been
performed, sample sizes have been increased, e.g., to 20% minimum. The main alternate
approach to automatic use of 20% or more inspection samples appears to be that of the French,
where (1) reliance is placed on LBRB for some defect types, and (2) probabilistic evaluations of
the effects of sample size (together with other attributes of inspection and defect development) are
used to identify the sample sizes needed to assure a sufficiently low probability of tube rupture
under both normal and accident conditions.
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3.

Criteria for Expansion of Routine Inspection Programs on Discovery of Defects

3.1

Code and Regulatory Requirements

Current regulatory and ASME Code requirements include the following:
(1)
CSA: Current requirements, in the 1983 version of CSA/CAN3-N285.4M83, do not specifically address expansion of inspection samples, except that they
require "each sample... shall include ... tubes in those areas where operating
experience has indicated the likelihood of deterioration." This would require
expansion of an inspection sample if degradation in previously sampled tubes
indicated that degradation of other tubes was likely. A current proposed change to
the CSA rules requires that, if defective tubes are found, all tubes within a radius of
2.5 times the tube spacing from the center line of defective tubes be inspected, and
that consideration be given to inspection of similarly located tubes in other steam
generators.
(2)
ASME Code: The ASME Code, in Paragraph IWB-2413, states that "The
examinations shall be governed by the plant Technical Specification," i.e., the Code
does not address criteria for expansion of the inspections. However, changes to the
Code are under development that would require an additional 20% of the tubes in a
steam generator to be inspected if one or more defective tubes is detected, or if the
fraction of degraded tubes exceeds certain limits. An alternate approach for
inspection expansion is allowed, in which the expansion is limited to a "critical"
area in cases where a technical basis for this approach can be justified.13
(3)
USNRC. Technical specifications and RG 1.83 require that inspection
samples in a steam generator be increased if one or more defective tubes are found,
or if over 5% of the tubes in the original inspection sample are degraded.
Depending on the results of the supplementary inspections, additional expansion
may be required. If more than 1 % of the tubes in a steam generator are found to be
defective, or if 10% are found to be degraded, then all tubes in the steam generator
must be inspected. There also are rules for expanding inspections to other steam
generators, depending on the numbers of degraded and defective tubes in the initial
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steam generators inspected on a sampling basis. For example, if 1 % of the tubes
are defective in a steam generator or 10% are degraded, then a sampling inspection
must be performed of all other steam generators.
3.2

Industry Guidance

The EPRI PWR Steam Generator Examination Guidelines^ recommend that 100% of the tubes be
inspected if active degradation of certain types is detected, e.g., for IGA/SCC in tube sheet
crevices or at hot leg supports, for PWSCC in the tube sheet expanded area, and for PWSCC at
dented supports. 100% inspections of selected parts of the tube bundle are recommended for other
cases, such as inspecting 100% of the sludge pile area for pitting on CE steam generators, on the
side affected by the pitting. In addition, the EPRI guidelines recommend that the sampling be
increased when the fraction of reportable indications exceed some threshold value (to be selected
by the utility). The guidelines further state that inspections should be for the full tube length,
unless there is logic to support the assumption that defect occurrence is limited to a restricted area.
3.3

Related Research

The same studies cited in Section 2.3 of this appendix covering evaluation of initial sampling plans
also evaluated approaches for sample plan expansion. The main conclusions from these studies
were:
(1)
Small initial samples (3%) coupled with Technical Specification expansion rules are
not effective at locating defective tubes when the number of defective tubes is relatively
small, e.g., 10 to 20.
(2)
A 20% or 40% initial sample coupled with expansion to 100% of the tubes based
on one defective tube provides nearly as high effectiveness as an initial 100% inspection.
(3)
Global expansion rules (e.g., detection of one defect leads to 100% inspection) are
more effective than local expansion rules for all defect patterns. However, for highly
clustered defects, local expansion rules are nearly as effective and require many fewer tubes
to be inspected.
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3.4

Other Countries

It is believed that many other countries follow NRC guidance. However, no details regarding
alternate expansion approaches were found in the literature.
3.5.

Summary - Expansion of Inspections

Research regarding the influence of expansion plans on the effectiveness of inspections indicates
that the most efficient (fewest tubes inspected to reach high effectiveness of fraction of defective
tubes found) is a local expansion rule where tubes surrounding a degraded tube are inspected until
a two tube buffer zone (a zone two tube rows deep surrounding the tube with the indication)
without degradation is developed. However, the local expansion rule approach is not as effective
as global expansion, where 100% of the tubes are inspected if either a single defective tube is
found or > 5% of the tubes are found to be degraded, especially for cases where there are relatively
small numbers of defective tubes scattered across the tube map.
4.

Criteria for Setting Inspection Intervals

4.1

Code and Regulatory Requirements

Current regulatory and ASME Code requirements include the following:
(1)
CSA: Current requirements, in the 1983 version of CSA/CAN3-N285.4-M83, call
for a complete periodic inspection (i.e., of 1% of the tubes of one steam generator) to be
performed within the first four years of plant life, and then once each ten years thereafter.
The current proposed changes to the CSA rules require that periodic inspections be
performed every five years for single-unit power plants and for the lead unit of a multi-unit
power station, and every ten years for follow units.
(2)
ASME Code: The ASME Code, in Paragraph IWB-2413, states that "The
examinations shall be governed by the plant Technical Specification," i.e., the Code does
not address inspection intervals for steam generator tubes. However, changes to the Code
are under development that would require a minimum of one half of the steam generators to
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be inspected each fuel cycle (12 - 24 months), require each steam generator to be inspected
at least once every two fuel cycles, and require all tubes to be inspected each five EFPY.15
(3)
USNRC. Technical specifications and RG 1.83 allow inspection intervals to be
increased to 40 months if no significant tube degradation is detected in the plant for two
inspection periods.
4.2

Industry Guidance

The EPRIPWR Steam Generator Examination Guidelines16 recommend that all steam generators
be inspected each fuel cycle. However, the guidelines note that this recommendation can be
modified if (1) it can be demonstrated that all steam generators are behaving similarly, (2) all steam
generator tubes are inspected each five fuel cycles, and (3) known degradation mechanisms are
monitored each fuel cycle. (This latter condition does not suggest that the NRC requirement to
inspect all degraded tubes each fuel cycle does not need to be met. In practice, all degraded tubes
are inspected each fuel cycle.)
4.3

Related Research

The work performed by the French on probabilistic fracture mechanics (their COMPROMIS code)
provides a method for addressing the question of how to best establish inspection intervals. 17-ig
Using the probabilistic approach, it should be possible to determine the effect on risk of tube
rupture of different inspection intervals. This type of assessment will require that (1) the defect
types of concern be identified, (2) the probabilities of defects initiating as a function of time be
estimated, (3) distributions of defect growth rates be determined, (4) detection probabilities as a
function of defect size be determined, (5) the size at which the defects pose a risk of rupture under
accident conditions be determined, and (6) whether leak before risk of break can be relied upon for
each type of defect. It is understood that the French routinely use their COMPROMIS code for this
type of assessment.
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4.4

Other Countries

The French approach of using probabilistic fracture mechanics to help assess inspection intervals is
described above. German rules apparently only require inspections to be performed every 4 years
though, in practice, inspections are performed annually.1^ It is believed that many other countries
follow NRC guidance.
4.5.

Summary - Inspection Intervals

As a result of the extensive amounts of corrosion experienced in many PWR steam generators, the
trend in the industry has been to inspect all steam generators each fuel cycle, i.e., each 12 to 24
months. However, rules and guidance are in place that allow relaxation to somewhat less frequent
and less extensive inspections for steam generators that are free of significant tube degradation, and
several USA plants with newer steam generator designs with little or no degradation have
employed longer inspection intervals. The use of probabilistic fracture mechanics provides a
means for rationally establishing needed inspection intervals, though it requires a significant
amount of work to be performed to ensure that processes involving defect initiation, growth,
detection, etc. are modeled with sufficient accuracy.
5.

Choice of Inspection Method

5.1

Code and Regulatory Requirements

Regulatory and Code requirements in Canada and several other countries can be summarized as
follows:
(1)
CSA Requirements. Current requirements, in the 1983 version of CSA/CAN3N285.4-M83, are that eddy current or equivalent methods shall be used. The current
proposed change to the CSA rules requires that volumetric methods such as ECT or UT be
used.
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(2)
ASME Code. The ASME Code, in Table IWB-2500-1. Item B 16.20. indicates that
volumetric examinations are required. This allows either ECT or UT methods to be used.
The specific ECT method to be used is not specified. Mandatory Appendix IV to Section
XI covers how to perform multifrequency bobbin coil ECT inspections, which implies that
this is the preferred method.
(3)
USNRC Requirements and Guidance. RG 1.83 specifies that inservice inspections
be performed by ECT or equivalent.
5.2

Industry Guidance

The EPRI PWR Steam Generator Examination Guidelines20 recommend that digital multiple
frequency ECT instrumentation be used. The guidelines state that this method "provides a defensein-depth approach for signal detection and analysis with its inherent signal redundancy," and that it
provides enhanced reliability. The guidelines provide detailed guidance with regard to
recommended probe type (bobbin, array, and RPC) and frequencies. The guidelines note that
alternative techniques are available for supplementary examination.
5.3

International Practice

Digital multifrequency ECT is the predominant method of inspection being used for steam
generator tube inspections. Bobbin coil inspections are widely used. However, where they have
been found to be inadequate, array coils, RPC, and other special ECT coils have been used. Use
of such special, and generally more time consuming, techniques has generally been where bobbin
coil inspections have not provided sufficient sensitivity or defect characterization, such as for axial
PWSCC cracks in roll transitions and circumferential cracks at the top of the tube sheet or at
supports. In Belgium, rotating UT inspection methods have been substituted for ECT for
examinations directed at characterizing circumferential cracks at the top of the tube sheet. This was
done because UT was found to provide increased sensitivity.21 In France, other NDE is often
supplemented by sensitive helium leak tests.22
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5.4

General Discussion

From a safety and regulatory standpoint, the basic objectives involved in the choice of inspection
methods are that they (1) detect with high sensitivity and reliability the types of defects that occur
and can lead to risks of tube rupture, and (2) not involve exposing personnel to excessive radiation
doses. From the plant operator's standpoint, there are additional objectives of inspection speed
and economics.
In practice, the nuclear power industry has used bobbin coil ECT as the inspection method of
choice. This choice has been made because it is rapid and is sensitive to a large variety of defect
types that occur in steam generators, such as wastage, wear, pitting and IGA/SCC. Over the
years, the specific features of the bobbin coil ECT have been improved to increase its sensitivity
and reliability. At the present time, standard periodic inspections of most steam generator tube
bundles are performed using multiple frequency bobbin coil ECT, analyzed using digital
equipment. The trend is to place increased reliance on automated evaluation of the ECT data. The
specific frequency mixes used, and the evaluation mode (absolute or differential) for evaluation are
often varied to suit the specific defect types of concern at the plant involved.
While bobbin coil ECT is relied upon for general screening, and for detailed examination of certain
special degradation types, such as ODSCC at TSPs, IGA/SCC in sludge piles, wear at AVBs and
preheaters, and cold leg thinning, other more specialized inspection methods are being used for
certain specific degradation modes. These specialized methods are often required as a condition for
use of alternate fitness-for-service guidelines. Some specific examples include:
(a)
RPC is being used for monitoring the growth of axial PWSCC cracks in the
roll transitions of full depth hard rolled plants, e.g., in France, Spain, Sweden, and
the USA. RPC is being used because bobbin coil ECT was found to be less
sensitive and to not provide a precise estimate of the length of the cracks. In many
countries, RPC is required as part of the use of alternate repair criteria, which allow
through wall cracks to remain without repair if they are below allowed lengths and
remain axial in orientation.
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(b)
RPC is being used for inspection of U-bend areas susceptible to PWSCC.
PWSCC is being used since bobbin coil ECT has been found to be insufficiently
sensitive, and to not provide protection against forced outages due to leaks at Ubends.
(c)
RPC is being used at the top of the tube sheet of many plants to check for
the development of circumferential cracks in this region, from both the ID and OD.
Bobbin coil ECT has been found to be insensitive to such circumferential cracks.
(d)
In Belgium, rotating UT is being used to monitor the size of circumferential
cracks at the top of the tube sheet. UT was selected because bobbin coil ECT is not
sensitive to circumferential cracks, and since it was found that RPC was also not
sufficiently sensitive.23
(e)
In Canada, U-bend regions are being inspected using a C-3 ECT coil,
which has been demonstrated to have equivalent sensitivity to circumferential cracks
as RPC at faster scanning rates.
(f)
RPC is being used at some plants to inspect for free span cracks, in
situations where bobbin coil ECT has been found to be insufficiently sensitive to
provide protection against growth of cracks to large sizes during an operating cycle.
(g)
RPC is being used to inspect for ODSCC at TSPs at plants with interim
plugging criteria to determine if tubes with indications over a bobbin coil ECT
threshold voltage, such as 1 volt, but less than a specified upper limit, may be kept
in operation based on the absence of a confirmed defect signal.
5.5

Summary

As illustrated by the above examples, the fundamental objective involved in selection of inspection
methods is that they have suitable sensitivity to the defect mode involved. The remaining
objectives of reliability, economy, low dose, etc. then come into play. In practice, inspection
methods beyond bobbin coil ECT have been selected in response to defects found in steam
generator tubes as a result of leaks or examination of pulled tubes that had not been found by prior
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bobbin coil inspections. Once such defects have been detected, effort has been focused on
selecting and optimizing inspection methods for the specific degradation mode involved.
The basic principles involved in selection of inspection methods, from a regulatory and safety
standpoint, are that they be demonstrated by test to reliably detect and size defects of concern, such
that defects not detected and removed from service during an inspection will not grow to beyond
the structural acceptance limit before the end of the operating interval. This type of demonstration
often requires that inspections be performed in-situ, and that selected tubes then be removed and
examined destructively to allow comparisons between the in-situ inspection results and the actual
number and sizes of defects.
6.

Qualification and Performance Demonstration of NDE Methods for Steam
Generator Tubes (e.g.. PISC and ASME Section XI. Appendix Vim

6.1

Code and Regulatory Requirements

Current regulatory and ASME Code requirements include the following:
(1)
CSA: Current requirements, in the 1983 version of CSA/CAN3-N285.4M83, do not contain specific requirements for performance demonstration of NDE
methods for steam generator tubes. The current proposed changes to the CSA rules
require that reference specimens with realistic defects be used to demonstrate the
ability of the inspection system.
(2)
ASME Code: The ASME Code does not contain specific requirements for
performance demonstration of NDE methods for steam generator tubes. Appendix
VIO of Section XI contains requirements for performance demonstration for
ultrasonic examination procedures, equipment, and personnel.
(3)
USNRC. There are no specific requirements for performance
demonstration specified by the NRC. This topic is covered on an ad hoc basis
during reviews of utility submittals regarding alternate repair criteria.
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6.2

Industry Guidance

Appendix H to the EPRI PWR Steam Generator Examination Guidelines24 contains the
recommendation that techniques and equipment used for steam generator tube examinations be
qualified in accordance with the appendix. The appendix requires that examination techniques be
thoroughly documented as to the damage mechanisms it addresses, type of equipment used,
technique parameters used, how equipment is calibrated, etc. It provides for detailed equipment
characterization, covering essential variables such as electronic properties, digitalization rate, coil
impedance, fill factor, etc. The appendix also requires qualification data sets of flawed and
unflawed tubing to be used to verify that the examination technique and equipment provide the
required sensitivity and sizing capability. It indicates that test sample defect morphology is to be
based on tube pulls to the extent practical, and that the influence of extraneous variables such as
denting, deposits, and tube geometry changes are also to be assessed. The appendix states that a
technique shall be considered qualified for sizing of defects if the root-mean-square error is less
than 25% through-wall.
An EPRI project has been on-going for several years to qualify selected examination techniques in
accordance with EPRI Guideline Appendix H. The degradation modes that have been addressed
include IGA/SCC, PWSCC, pitting, wear, thinning, and impingement erosion. For each
degradation mode, several inspection techniques have been tested. For some degradation modes,
the tests were performed using pulled tubes, e.g., for IGA/SCC. For others, laboratory samples
have been used. The intent is that this project will continue, and that additional qualifications will
be performed as need arises. It should be noted that qualification of alternate inspection techniques
does not necessarily require use of additional tube samples, since Supplement 1 to Appendix H
provides ways to correlate one inspection technique to another.
Based on discussions with USA utility personnel, the guidance of Appendix H of the EPRI
guidelines discussed above is being followed by the industry. The responsibility is placed on the
inspection contractor to comply with the appendix. It is understood that contractors often make use
of the inspection qualification records and defect samples maintained at the EPRI NDE center to
help in the technique qualifications required by the appendix.
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6.3

Related Research

NRC sponsored round-robins were conducted to determine the ability of various inspection
methods and organizations to detect stress corrosion cracks.25 One series of round robins used
tubes from a retired steam generator, with mainly pitting and wastage type defects. This round
robin involved 25 teams, and indicated that the probability of detection of these volumetric type
defects was low for shallow defects, but approached 100% for defects of about 85% of wall or
more. Another round robin used a tube bundle with laboratory produced stress corrosion cracks of
various depths. In some cases the tubes were coated with 1 to 2 mil non uniform layers of copper.
The tube bundle was inspected by several organizations that routinely apply examination services
to the industry. The organizations were asked to use standard 100 - 400 kHz frequencies and any
other frequencies and special probes that they recommended. Specially designed bobbin coil and
RPC probes were used for the alternative inspections. The main conclusion from the round robin
was that the average probability of detection was low using both standard bobbin coil and alternate
techniques. However, it is not clear what the defect depths were for this low probability of
detection, and it was noted that the best team achieved 100% detection for defects of 65% of wall
or deeper.
EdF recently reported on the results of NDE demonstrations performed using the removed steam
generators from Dampierre 1.26 Inspections were performed by eleven industrial groups using a
variety of inspection methods. Destructive examinations of some areas are still being performed.
The results thus far indicate that: (1) for axial PWSCC cracks in the roll transition, the probability
of detection becomes high for crack lengths over about 4 or 5 mm, (2) about half of the inspections
detected an ID circumferential crack that was 70° long and 20 to 45% of wall deep, and (3) UT
seems to result in more false calls for circumferential defects than does RPC. EdF concluded that
destructive analysis is necessary for technique validation.
The PISC-III program has a project that involves preparation of mockups with simulated
defects.27,28 The project has three phases: (1) round robin tests of individual tubes with simulated
defects, (2) round robin test on an uncontaminated mockup suitable for inspection using remote
equipment, and (3) round robin test on a contaminated mockup with tubes from a real steam
generator. The phase I round robin, which involved examination of the tube mockups by several
international inspection organizations followed by destructive examinations, was scheduled to be
completed in 1993. However, results of the round robin have not yet been published.
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6.4

Summary - Performance Demonstrations

As reflected by Appendix H of the EPRI Steam Generator Examination Guidelines, it is recognized
in the industry that performance demonstrations of inspection techniques are necessary, and that
they should be accomplished using realistic samples. The need for such demonstrations has been
shown by several round robin type projects, as well as by individual cases where tube leaks or
tube removals that occurred subsequent to inspections have revealed that the degradation of the
tube had been mischaracterized or missed by the earlier inspection.29,30
7.

Probabilistic Assessments of NDE Performance

The term "probabilistic assessment of NDE performance" refers to development of a statistical
database of information that correlates actual defect depth with measured defect depth. Actual
defect depth is generally determined by destructive metallurgical examination of the inspected part,
either inspection of an in-situ steam generator tube or a laboratory produced mockup. Data from
these types of correlations are generally used in two ways:
(1)
Development of Probability of Detection Plots. These plots show the
probability of detection as a function of actual defect size, e.g. through wall depth
or length. Typical plots show low probabilities (e.g., less than 50%) for defects
less than about 40% of wall, with probabilities increasing to close to 100% for
through wall defects. The actual values are strong functions of the defect type, the
presence of other factors that can interfere with defect detection and sizing such as
denting or deposits, and the examination technique used, and must be determined
for each defect - examination situation.
(2)
Sizing Accuracy Correlations. These analyses develop a formula indicating
the best estimate defect size as a function of the measured size, and also indicate the
standard deviation of the error.
The above types of statistical descriptions of the inspection process, e.g., for probability of
detection and inspection error, are used as inputs in Monte Carlo analyses of alternate fitness-forservice guidelines, for example, when evaluating the probability of tube rupture or the probability
of leakage limits being exceeded.
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8.

Life Assessment Techniques

The term "life assessment" as used herein refers to determining the amount of useful lifetime
remaining for a tube or for a steam generator. With respect to a tube, determining its remaining life
involves (1) determining the extent to which it is degraded at present using NDE, (2) estimating the
rate at which the degradation will increase in the future, (3) determining an appropriate limit to the
amount of degradation using fitness-for-service guidelines of the type discussed in this report, and
then (4) calculating the time remaining before defect growth leads to the acceptance limit being
reached. The remaining life is thus a function of several variables, some of which can be
controlled by the operator, and is not a precise value. For example, defect growth rate can be
altered by adjusting the temperature of the plant. Similarly, the acceptance limit for the degradation
is a function of the accuracy and frequency of inspection, both of which can be controlled to some
extent.
The safe remaining life of a tube can be expressed using the following formula:
L

=

(DSA - DM - EUTL)/GUTL where

L

=

Life

=

Structural acceptance limit for defect size, usually based on tube burst tests, and
usually set at a lower tolerance limit, such 1 or 2 standard deviations below the
median. Defect size can be either a physical size, such as depth through wall or
length, or an inspection parameter such as bobbin coil ECT voltage.

DM

=

Measured defect size at last inspection

=

Measurement error, upper tolerance limit

=

Defect growth rate, upper tolerance limit

Because of the importance of determining remaining tube life from both economic and safety
standpoints, a great deal of effort is being placed in the industry to better quantify the parameters
that control life. This is has been especially the case for PWSCC at roll transitions and for ODSCC
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at TSPs because of the large number of tubes and plants affected, but is also true for other
degradation modes such as IGA/SCC in sludge piles and for circumferential SCC at the top of the
tube sheet. The approach taken is generally as follows:
(a) Inspection methods are selected and optimized to obtain as
accurate a measure of the degradation as possible, so that an as low as
practical measurement error is included in the tube life algorithm. This
includes removal of a sample of tubes after inspection so that actual and
measured defect sizes can be compared and the error accurately
quantified.
(b) Extensive tests and analyses are performed to define as accurately
as practical the acceptable amount of degradation which does not reduce
burst strength or increase potential leakage to unacceptable amounts.
The tests often involve removed tubes so that actual defect morphology
is tested, and to develop statistics that include effects of factors such as
material property variations and tube dimensional variations.
(c) Defect growth rates are determined from review of periodic
inspection data. The assumption is usually made that the defect grew at
a constant rate between inspections. Data for a large number of defects
are statistically analyzed to determine the median and standard deviation.
In some cases, all detectable defects are plugged, such that the starting
defect size at the beginning of an inspection interval is not known. In
such cases, the general practice is to assume that the defect was of zero
size at the start of the inspection interval. (This is generally
conservative, but not always, since it is possible for defects to initiate
after the start of an inspection cycle.)
Assessment of steam generator life is mainly an economic question. Safety of the steam generator
can be assured by appropriate inspections and repairs. However, if too many tubes exceed their
useful lifetimes, i.e., require repair to allow the steam generator to keep producing rated power, or
if the frequency of inspection that is needed to make sure that tube defects do not grow to too large

1
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a size is too often, keeping the steam generator in operation can become uneconomic. Developing
predictions of the numbers of tubes that will require repair as a function of time involves statistical
analysis and extrapolation of tube degradation data, and is described in the technical literature^
As mentioned earlier, the French have developed a computer program called COMPROMIS that
they use to perform probabilistic tube failure studies and to help determine the safe and economic
lifetime of steam generators. Use of the program allows factors such as frequency and extent of
inspection to be evaluated with regard to their effect on probability of tube rupture and leakage, and
also determines how probability of tube rupture for a given steam generator, with its specific
degradation history, varies as a function of life. It is understood that the program has been used to
help establish the planned replacement schedule for French steam generators with mill annealed
Inconel 600 tubing.
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