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NOTICE

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

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

INTRODUCTION

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

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

are recommendations and are intended to satisfy utility company

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

- NRC regulations
» Plant cperating experience

® Work sponsored by the Steam Generator Owners Group and the
Electric Power Research Institute (EPRI).

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




Section 2

SCOPE

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

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

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

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

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

* .9 A survey of available technology for identifying and
monitoring tube damage precursors

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

The NDE guidelines provide specific recommendations for:

® NDE equipment for detecting and monitoring tube integrity
and damage precursors

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

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

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

2-)




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




Section 3

INSERVICE INSPECTION GUIDELINES

3.1 INTRODUCTION

The purpose of a PWR steam generator ' inservice inspection (ISI)
program is to provide information about the condition and expected
performance of a plant's steam generators. An effective inspection
program detects and monitors 1) the progression of steam generator
tube degradation, and 2) damage precursors. This document is
intended to help utilities establish or improve NDE programs by
providing inspection program recommendations, informaticn on
materials and equipment, representative NDE experience, and
recommended inspection methods for the various damage forms and
damage precursors,. '
The recommendations are presented as a set of options which should be
considered by a utility when undertaking a program to optimize PWR

steam generator reliability. Those options that are appropriate for

the needs of a particular power plant should be adopted. It is

emphasized that a particular plant's needs are based on many

considerations such as: plant size and equipment; plant age and

operating history; site characteristics; and, utility management

structure, resource allocation priorities, cost-benefit methodology,

support staff size, and Public Utilities Commission interactions.

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

required by NRC regulations, .



This section provides guidelines for the inservice inspection of PWR
steam generator internals. The recommendations are based on:

NRC Regulatory Guide 1.183 (1)
Plant Technical Specifications (2,3,4)

Plant operating experience

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

The recommendations vary according to:

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

® Model number and design
- Operating history
® Suspected type of degradation

Section 3,2 contains a summary of the recommendations for steam
generator inspection., Section 1.3 contains recommendations for
preservice inspection and suqggestions for good inspection

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

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

3.2 SUMMARY OF RECOMMENDATIONS
Where

Category ummary of Rec ndations Discussed
Preservice - Choose an ISI vendor on the basis of 3.3
and General experience and technical capabilities
Inspection

~ Perform a baseline inspection of all 3.3

steam generators
- Inspect all steam generators during 3.4

every scheduled steam generator outage

3-2



Category

Preservice
and General
Inspection

Steam
Geuaerator
Inspection
Plan
Develupment

Nondestructive
Examination

Summary of Reccmmendations

Provide protected storage for tapes,
stripcharts, and films containing NDE
data analysis results

Lay up steam generators properly during
inspection

Implement an equipment maintenance
program

Conduct visual inspection after
performing any secondary side
maintenance

Use tracer gas leak detection methods
for steam generator leak detection

Use a no-jump eddy current probe
manipulator

Assess steam generator tube integrity
by selecting a sample of tubes which
satisfy plant "tech spec" requirements

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

Monitor tube damage precursors

Use mu. tifrequency eddy current
examination

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

Analyze all data collected; document all
degradation and anomalous signals

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

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

Monitor continued denting by observina

an increase in the number of dented
support plate intersections

3-3

Where

Discussed

3.3

3.3

3.3

3.3

3.3

3.8

3.4.1

3.4,2

3.4.3

3.5

3.5

3.5

3.9

3.5



where
Category Summary of Recommendations Discussed
Nondestructive @ Assess dent growth using profilometry. 3.5
Fxamination Plug dented tubes based on strain
criterion,
. Look for support plate ligament cracking 3:9
in extensively dented units
. Confirm suspected support plate cracking 3.5
with optical methods or radiography
® Levelop a basis for not plugging tubes 3.8
with low signal-to-noise ratio
indications
Post~ e Classify tubes as Adegraded or defective 3.6
Inspection based on eddy current testing., Mark
Actions degraded tubes for reinspection during
subsequent ISI's,
® Utilize steam generator data base 3.6
management systems to assess overall
steam generator condition
® Take corrective actions to prevent 3.6

further damage progression,

3.3 PRESERVICE AND GENERAL RECOMMENDA1IONS

This section contains general recommendations for good inspection
practices.

RECOMMENDATION: Choose an experienced ISI vendor.

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

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

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

be performed.

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

After the {irst inservice inspection, NRC regulations permit the

inspection of steam generators on a rotating basis, with one or more

steam generators inspected during each 1SI. However, inspection .
results from one steam generator are not always reliable indicators

of the condition of the other steam generators in the plant., Since

the incremental cost of inspecting additional steam generators is

small compared with the cost of a forced outage, all steam generators

should be inspected during each planned ISI,

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

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

Impurities accumulated on the secondary side during operation can

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

oxygenated environment. Therefcre, the steam generators should be in
a proper layup condition during the inspection period., Recommendations
for steam generator layup are prcvided in (5).

RECOMMENDATION: Implement an equipment maintenance program.

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

for components prone to failure or whose failure could affect the
outage schedule should be kept availasle on-site. Eddy current probe
pusnes, puliers should be rebuilt between outages to assure reliable
performance during an inservice inspection. During the outage,
pusher/puller belts should be changed Irequently to assure proper
operation. Remote instrumentation extension catles should te
stretched prior to routing to facilitata cable lay-out,

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

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

1) There are differences in steam generator geometry and

access; therefore, the scope and type of visual

inspection must be tailored to the specific steam
generator design.

2) Inspection should be balanced with awareness of the

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

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

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

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

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

3.4 STEAM GENERATOR INSPECTION PLANNING

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

3.4.1 Re remen or Steam rator In ction

RECOMMENDATION: Select tubes based on NRC sampling requirements,

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

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

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

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

Figure 3-1 shows the general sequence of actions delineated by the

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

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

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

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

requlatory guide for steam generator inservice inspection. The
Standard Technical Specification (2,3,4) define the classifications
gshown in Figure 3-1 as follows:

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

Class C2 -~~~ Between 5% and 10% of the tubes inspected

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

Class Cl—{ e Resume Operation

e Inspect Additional
Sample of Tubes Class C2—]e Inspect Additional
Tubes

Ciass C3—4e@ Notify NRC

® Inspect Additional
Tubes

Possible

Outcomes

Class C3

Actions

® Resume Operat ioa

® Notify NRC

C3

® Resume Operatiggl

e Notify NRC |

Figure 3-1. General! Sequence of Testing Actions and Outcomes for Steam

Generator Inservice Inspection



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

A tube is defective according to the NRC definition if it has an
imperfection of such severity that it lis unacceptable for cont_nued
service. At the conclusion of an inspection, all defective tubes
should =ither be plugged or sleeved.

A tube is degraded according to NRC definitions if it has a
previously unreported tube wall penetration of more than 20% or if a
previously detected degradation in the tube exhibits mcre than 10%
additional wall penetration,

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

3.4.2 Additional Sampling Requirements

RECOMMENDATION: Include additional tubes in the inspection program.

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

S Tubes per SG

S=3N/nl\\hereuisﬁxennberofsreanqmeratomint}emit,arﬂnistl'ennberofsmanmatominq:ected

Table 3-1

NRC STEAM GENERATOR SAMPLE INSPECTION REQUIREMENTS

during an inspection

RESULT ACTION REQUIRED

C-1 Nane

Cc-2 Plug defective tubes
and inspect additional
25 tubes in this S.G.

Cc-3 Inspect all tubes in

this SG, plug defective
tubes and inspect 28
tubes in each other SG

Prompt notification to
NRC

All other
SG are C-1

Same SG C-2
but o add-
itional SG
are C-3

Additional
SG is C-3

' '

Perform action for C-2
result of second sample

Inspect all tubes in each

SG and plug defective

tubes- Pramt notifica-

tion to NRC

RESULT ACTTION REQUIRED

N/A N/A

N/A N/A

c-1 None

Cc-2 Plug additional
tubes
Perform action

c-3 for C-3 result
of first sanple

N/A N/A

N/A N/A

N/A N/A

N/A N/A




The remainder of this section makes recommendations for additional
tube inspections. Special regions within the steam generator are
identified for more intensive inspection. If eddy current indications

are detected within these regions then the inspection program is
expanded within these regions., The areas for additicnal inspection

and the percentage of tubes inspected depend on operating history,
steam generator design, specific tube damage forms, uncertainties

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

Guidelines for inspection plan development that are specific to
Westinghousa, Combustion Engineering, and Babcock & Wilcox steam
generators are given below. The suggested inspection plan includes
NRC requirements plus additional tubes based on steam generator
operating experience. Damage precursor monitoring recommendations
are discussed in Section 3.4.,3.

Recommendations for Westinghouse steam generators. Each scheduled
steam generator inspection should include:

"Tech Spec" Requirements

® All ronplugged tubes that previously had tube wall
penestrations greater than 20%

® An additional 3% of the tubes, randomly selected.

Additional Regions
- The tubes specified in Table 3-2

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

- Inspect the hot leg side - Units with an open tube sheet
crevice should inspect 100% of the steam generator if
there is a history of tube sheet crevice region IGA or
SCC. 1Inspect to the first support plate.

Westinghouse Model 51s are susceptible to fretting at
the AVB's (see Section 5.3.6). The fretting mechanism
is believed to have an initiation time of five effective
full power years,
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Table 3-2

RECOMMENDED ADDITIONAL ISI TUBE SAMPLE FOR WESTINGHOUSE STEAM GENERATORS

PERCENTAGE TUBE LOCATION STEAM GENERATO® MODEL NUMBER
24, 27, 33 44 51 D,E
100% of the hot leqg side if there is X X X
a history of IGA or SCC (1,3)
3% of the AVB's (5) X
100% of the outer three rows of X

preheater section
100% of Rows 1 and 2 ¥(4) X(4)

100% of the outer two rows of the periphery X(2)

(1) To first support plate.

(2) Cold leg side to upper support plate., Outer periphery region is outer 10 rows,
(3) Plants with open crevices only,

(4) Plants manufactnred in 1971 or 1972 with W SMD tubing only.

(5) 100% baseline on Row 5 and beyond AVB tubes should be done on units after five effective
full power yecrs of operation,



Recommendations for Combustion Engineering steam generators.

An initial 100% baseline inspection should be conducted
on all tubes beyond Row 5 which intersect the AVBs for
those units which have been operating for more than five
effective full power years,

During outages subsequent to the baseline, tubes beyond
Row 35 which intersect the AVBs should be inspected
using the normal NRC 3% sample size. If indications
are detected, then the inspection program should be
expanded in this region only using NRC guidelines.

Inspect 100% of the outer two rows of the cold leg
section in preheater models. The preheater section is
prone to fretting wear (see Section 5.3.6), If fretting
is observed, expand the inspection inward until there
are no additional indications.

Inspect 100% of Rows 1 and 2 in Model 51 units
manufactured in the 1971-1972 time frame that have
Westinghouse SMD tubing. Primary side SCC has been
observed in the Row 1 bends. See Section 5.3.4. One
Model D3 steam generator (Summer 1) has experienced
Row 1 cracking; however it is not clear whether this
incident is unique to this particular piant or
indicative of a possible generic occurrence within
Model D steam generatcrs.,

Inspect 100% of the outer two rows of the cold leg
periphery region in Model 51s. Inspect up to the cold
leg top support. This region may experience thénning
(see Section 5.3.2). If thinning a2t the support plate
is cbserved, expand the inspection inward until there
are no additional indications.

scheduled steam generator inspection should include:

"Tech Spec" Requirements

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

An additional 3% of the tubes, randomly selected,

Additional Regions

20% of the tubes within the kidney region

Selected tubes within Rows 5-14., Randomly inspect

50% of susceptible tubes. These are generally within
Rows 5-14. However, the utility should contact the
NSSS vendour for exact locations. If eddy current
indications are identified in the U-bend within the
specific rows, then the inspection should be expanded
to 100% of the tubes in the specific rows. The U-bend
region of tubes in these rows has experienced pitting
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or cracking (see Section 5.4.3). This recommendation
is not applicable to C-E steam generator models 34-10
or System 80 steam generators.

Recommendations for Babcock & Wilcox steam generators. Each
scheduled steam generator inspection should include:

"Tech Spec" Requirements

- All nonplugged tubes that previously *ad tube wall
penetrations greater than 20%

® An additional 3% of the tubes in eash steam generator,

randomly selected.

Additional Regions

. Inspection of the lane region - This region at the upper

support plates and tube sheet is prore to corrosion-

assisted high-cycle fatigue cracking and fretting (see

Sections 5.5.5 and 5.5.6).

Inspect 20% of the lane region if unit has not

experienced high-cycle fatigue cracking; inspect 100% of

the lane region if unit has experienced high-cycle
fatigue cracking or an eddy current indication is
identified dvring the 20% sample size inspection.
Inspection should be from the 14th support plate up

through the upper tube sheet. The lane region is prone
to environmentally assisted high-cycle fatigue cracking

(see Section 5.5.5). See Section 5.3 for additional
information.

» Owners with steam generators experiencing impingement

damage should concentrate their inspections in the area

of suspected damage, typically the outer periphery.

Figure 5-9 and Section 5.5.7). The recommended sample

size for units with impingement damage is 6% of the
tubes randomly selected.

N Units which have experienced cracking in the wedge area
(see Figure 5-9) or the upper tube sheet region should
inspect 100% of these regions from the 15th support up

through the upper tube sheet,

3.4.3 Damage Precursors

RECOMMENDATION: Monitor damage precursors within a steam geaerator.
Take corrective actions to minimize their impact on tube intagrity.

Damage precursors are conditions within a steam generator which can
impact tube integrity. Currently recognized damage precursors include
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sludge, copper deposits, magnetite within the support plate crevice

gap, and denting. See Section 6.3.8,

Sludge. Sludge is the accumulation of corrosion products from the
condensate-feedwater system and the condenser. It tends to accumulate
on the tubesheet in low flow velocity regions within the steam
generator. A top-view of the sludge pile is typically kidney-shaped;
tubes within this "kidney region" are susceptible to corrosion attack
because of the retention of corrosion products within the sludge pile.

Sludge profiling using eddy current is typically done during an outage
to determine the height and extent of the sludge. A tube sample
matrix is constructed which covers the tubesheet. The matrix can

be somewhat coarse in its sampling i.e., every fifth to tenth tube,
with *he tubes inspected to the first support plate (see Section

6.3.68 and Figure 6-57).

Copper. The primary source of coprer in steam gererators is due to
the corrosion of copper-based materials within the balance-of-plant
heat exchangers. Not all units have copper-based materials in their
system hence its potential impact will be plant specific. The
adverse effects of copper with the appropriate faulted secondary
side chemistry include the promotion of denting, the formation of
stress corrosion cracking and pitting. Metallic copper is readily
detectable using eddy currents and typically occurs within the
sludge pile and the tube sheet crevice region.

A separate inspection program, in the context of additional tubes,
is not recommended for units with copper in their system. The
presence and location of copper signals should be noted during the
course of the steam generator inspection for future reference.
However, if small amplitude eddy current signals suggestive of
pitting are detected in the presence of copper above the tube sheet,
then the inspection program should be exparded to include 100% of
the steam generator (see Section £.3.3).

¢
Denting. A rationale for developing an irspection program to assess
denting in a steam generator is now considered. Denting results from
the corrosion of carbon steel support structures within the steam
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generator i.e., support plates, eggcrates and the tube sheet. The
corroded carbon steel undergoes a phase change to magnetite which
has approximately twice the volume as the original source material.
Continued growth of the corrosion product f£ills the gap between the
tube a.d its support structure and eventually dents the tube.
Continued denting .an result in cracked tubes and support plate
ligaments. Tube cracking can cause an unscheduled outage whereas
ligament cracking represents a potential source of loose parts and
subsequent foreign object damage.

Events of interest in the scenario described above can be time ordered
as follows:

® Magnetite formation
® Dent initiation

= Dent growth

@ Tube cracking

“ Plate ligament cracking

The steam generator inspection plan and appropriate NDE methods

will in general depend on where tl.e steam generator is in the denting
sequence. Possible plant corrective actions will also bave this
dependency. In general, the earlier a condition of interest is
detected, the more lead time a utility has to plan and initiate
corrective actions. As an example, the detection of denting in its
incipient stage by noting the formation of magnetite within the gap
between the tube and its support structure might allow the utility

to modify secondary side chemistry at an early stage and possibly
avoid the actual denting of tubes.

If a unit is not dented, then the appropriate conditions of interest
to be looked for during an inspection are 1) magnetite formation
within the tube/support structure or 2) dent signals. Both of these
conditions can be detected using appropriate NDE methods (see Section
6.3.8). Again, approach 1) offers advantages over 2) in that the
condition is detected at an earlier stage giving the utility more
reaction time.
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If the unit is dented, th2n evidence for continued denting and dent
growth is important. Continued denting can be monitored by noting
an increase in the number of dented support plate intersections when
compared with previous outage results., The assessment of dent

growth can only be reliably accomplished using profilometry. See
Section 6.3.8.

Dents can grow by changes in their shape, minimum diameter or both.
The controlling factor with regards to the integrity of a dented
tube is the tube strain. In general, there is little correlation
between tube strain and minimum diameter.

Dent shape enerally controls tube strain which in turn determines

the susceptibility of a tube to stress corrosion cracking., The
present inspection philosophy is to remove a tube from service if

its strain value exceeds some threshold: 17-25% are values that

have been used by several utilities. This approach avoids the telious
inspection of dented tubes for cracking and has increased plant
availability. Profilometry is the only reliable approach for
detecting changes in dent size and shape (see Section 6.3.8).

Specific recommendations for monitoring damage precursors are now
presented,

Recommendations for Westinghouse steam gener:tors. F=ch scheduled
steam generator inspection should include:

N A sludge inspection program., The hot leg and cold leg
side of the steam generator should be examined. See
Section 6.3.8. In general, the test should be conducted
before sludge lancing.

- A support plate crevice gap inspection program, Non-
dented steam generators with carbon steel drilled
support plates should be examined for the formation of
magnetite within the support plate crevice gap. This
should be done on the hot leg side in the area of the
generator wheie T(hot) is greatest, typically in the
interior of the bundle above the kidney region,

N Units with active denting should have a dent inspection
program. Units in the early stages of denting should
monitor for dent growth by noting the percentage increase

in the number of dented support plate intersections.




A sample of dented tubes should also be selected for

monitoring using profilometry techniques. This same

sample of tubes should be monitored during subsequent
ISI's in order to asszess dent growth,

A stress analysis program should be conducted to
determine the likely arcas of high support plate strain
and tube strain. Tube strain criterion for plugging
dented tubes should be developed.

A support plate ligament inspection program. Dented
urits which are susceptible to support plate ligament
cracking should inspect the high strain areas of the
support plates for ligament cracking.

Recommendations for Combustion Engineering steam generators. Each

scheduled steam generator outage should include:

A sludge inspection program. The hot and cold leg side of
the steam generator should be examined before sludge
lancing.

A support plate crevice gap inspection program. Non-
dented steam generators with carbon steel partial support
plates should be examined for the formation of magnetite
within the support plate crevice gap.

A dent inspection program. Units in the early stages of
denting can monitor the status of continued denting by
noting the percentage increase in the number of dented
support plate intersections.

A sample of dented tubes should also be selected for

monitoring using profilometry techniques. This same

sample of tubes should be monitored during subsequent
ISI's in order to assess dent growth.

A stress analysis program should be conducted to determine
the likely areas of high support plate strain and tube
strain. Tube strain criterion for plugging dented tubes
should be developed.

A support plate ligament inspection program. Dented
units which are susceptible to support plate ligament
cracking should inspect the high strain areas of the
support plates for ligament cracking.

Recommer.lations for Babcock & Wilcox stea: generators. Each

scheduled steam generator inspection sho 'd include:

A tube distortion program. Areas of tubes with inner
diameter distortions (dings) should be evaluated using
eddy current and profilometry techniques. Attention
should be paid to numbers of tubes, amount of distortion,
and patterns.
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I 3.3 NONDESTRUCTIVE EXAMINATION

RECOMMENDATION: Use a no-jump eddy current prohe manipulator.

No-jump probe manipulators are now available which can be installed
without entering the steam generator channel head. Use of these
devices for inservice inspection can significantly reduce radiation
exposure.

RECOMMENDATION: Use multifrequency/multiparameter eddy current
instrumentation to perform inspections.

Multifrequency/multiparameter eddy current systems provide greater
inspection reliability in the presence of extraneous variables such
as denting, support plate intersections, tube sheets, and metallic
deposits on the tube wall (see Appendix B). In addition, lower
frequencies are useful for monitoring tube damage precursors. (See
Section 6.3.8.) Although these inspection systems increase both
equipment ccsts and work load on data analysts, the extra expense
. is justified by the increase in data reliability.

RECOMMENDATION: Choose eddy current probe designs, instrument
settings, and signal interpretaticn methods that are appropriate
for the steam generator design and the suspected type of degradation.

The reliability of multifrequency eddy current test results depends
not only on data analysis but also on the type of eddy current probe
used and the frequencies chosen. The remainder of this section
recommends eddy current test procedures as a function of probe design
and frequency, steam generator NSSS vencdor, design, and operating
haistory.

Probe Design. In general, eddy current testing should be performed
with an annular-shaped bobbin coil. However, if special damage forms
or extraneous variables are present or postulated, testing should be
performed with probes of alternative designs.

RECOMMENDATION: In the presence of special conditions, choose the
following probe designs or cocil modes:
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- IGA/SCC. Units with open tube sheet crevices should
acquire absolute bobbin coil eddy current data for
analysis in conjunction with normal differential
bobbin coil data.

- Copper deposits. If pitting is suspected in the presence
of copper, use a focused differential bobbin coil (.030"
winding width and .060" coil spacing) for more reliable
defect depth estimation (see Section 6.3.2).

® Environmentally-assisted high-cycle fatigue cracking
in OTSGs. Tubes in the lane region at the upper
support plate and tube sheet are prone to circumferentially
oriented higk-cycle fatigue cracking. 1In one unit,
a partial through-wall crack was detected using a
pancake array coil whereas the same crack was not
detected using a coiventional bcbbin coil. See
Section 6.3.6.

Tubes in the lane region should be examined using a
pancake array coil down to the upper support plate.
All eddy current indications in the vicinity of the
upper support plates which exhibit a fast rise-time
and have an apparent axial length of abcut twice the
coil diameter should be plugged without regard to the
eddy current estimated depth.

W Fretting at the AVBs and baffle plates. Use an
absolute bobbin coil with signal amplitude sizing
criterion to characterize fretting in RSGs. Standard
differential bobbin coil testing tends to
overestimate the depth of a defect under these
conditions resulting in the unnecessary plugging of
tubes (see Section 6.3.5).

The basis and auxiliary frequencies vecommended in Table 3-3 emphasize
the sequential detection and measurement of tube wall degradation.
Detection is accomplished using the lower basis frequency, whereas
measurement may be performed using the higher auxiliary frequency.

In the presence of excessive tube noise due to tube pilgering or

other tube manufacturing processes, the basis frequency may have to

be lowered to approximately 100 KHz., See Appendix B “or a complete
discussion of frequency selection.

Frequency Selection. Appropriate frequencies should be selected to
monitor both tube integrity and tube damage precursors such as
accumulation of magnetite in *he support plate crevice gap, denting,
tube support plate cracking, and sludge accumulation.
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Table 3-3
GENERAL GUIDELINES FOR EDDY CURRENT FREQUENCY SELECTION

NSSS VENDOR SG MODZL 4 FRENUENCTES
Basis (1) Auxiliary (2) Tube Exterior (3)

(Differential Coil) (Ahsolute & Differential) (Absolute)
West inghouse 27 170 Kiz 100 KHz Abs. & 340 KHz Diff. 10-40 KHz
24,33,44,51 200 KHz 100 KHz Abs. & 400 KHz Diff, 10-40 KHz
D&E 225 KHz 100 KHz Abs. & 550 KHz Diff. 10-40 KHz
Combustion Pngineering All 200 KHz 100 KHz Abs. & 400 KHz Diff. 10-40 KHz
Babcock & Wilcox All 400 KHz 100 KHz Abs. & 200 KHz Diff, 10-40 KHz

(1) The basis frequency is the frequency that should be monitored for detecting tube wall degradation,

(2) Auxiliary frequency or frequencies are used as an additional aid in monitoring tube wall integrity and
as mixing frequencies to suppress extraneous variables. The higher auxiliary frequency cambined with
the basis frequency is recammended for support plate/tube sheet suppression.

(3) A frequency in the range 10-40 KHz will provide informaiion on damage precursors (e.g., sludge
accumilation, foreign objects, etc.).



RECOMMENDATION: Assuming no special conditions are present, use the
basis and auxiliary {r.Juencies recommended in Table 3-3. The basis
frequency eddy current data should be reviewed for evidence of tube
wall degradation.

RECOMMENDATION: In the presence of special condit'ons, perform bobbin

coil tests using the following frequencies:

* IGA/SCC in the tube sheet crevice region =-- (100 x 200)
KHz mix, absolute mode is recommended for confirming
tube wall degradation reported off the single frequency
absolute channels

= Fretting in Westinghouse preheaters and at the AVBs of
Model 51s -- (100 x 300) KHz mix, absolute mode.

w Row 1 U-bend cracking =-- 100 KHz, absolute and
differential modes.

° Copper deposits, in conjunction with pitting or other
degradation -- (600 x 250) KHz mix, differential mode
for reliable sizing.

RECOMMENDATION: Analyze all data collected; document all degradation

and anomalous signals.

There is historical evidence (7) that eddy current data have been
collected but not fully reviewed. Multifrequency eddy current
inspection represents a defense-in-depth approach to steam generator
inspection; it is effective only if all the data is reviewed. The
utility should budget additional time or manpower for the necessary
data review.

RECOMMENDATION: Conduct an independent review of all eddy current
data.

There are numerous examples of unscheduled shutdowns which have been
attributed to missed eddy current indications by a data analyst.

The task of reviewing and analyzing data is extremely tedious and is
normally done under considerable time pressures; any single
individual is vulnerable to a missed indication. All eddy current
data should be independently reviewed by at least two analysts,
preferably from separate organizations or companies. This
recommendation is particularly important for units which have
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experienced intergranular attack or stress corrosion cracking.

RECOMMENDATION: If the unit is not éented, monitor the 10-40 KHz
absolute mode data for evidence of support plate corrosion and
magnetite packing of the crevice region, which would indicate
incipient dent formation.

RECOMMENDATION: If the unit is dented, monitor dent progression

by determining the increase in dented support plate intersections.
In RSGs monitor the higher auxiliary frequency for dent signals; in
OTSGs monitor the basis frequency (see Table 3-3).

RECOMMENDATION: Monitor changes in dent size with profilometry.
Eddy current bobbin coil methods do not provide a reliable estimate
of dent size or changes in dent size. Profilometry methods must

be used to reliably assess dented tube integrity. Plug dented tubes
based on strain criterion.

RECOMMENDATION: In extensively dented units, monitor appropriate
regions of the steam generator for support plate ligament cracking.
Use differential eddy current bobbin coil at 10-40 KHz.

RECOMMENDATION: Confirm any eddy current indication of support plate
cracking.

Support plate inspection methods, in order of increasing cost, are:

® Visual inspection (restricted to the outer periphery
of the steam generator near the access openings)

[ Fiber optics or TV (restricted to within a few rows
of the outer periphery or along the tube lanes)

- Radiography (no access restrictions, but expensive)

RECOMMENDATION: Develop a basis for not plugging tubes with low
signal-to-nnise ratio eddy current indications.

Low signal-to-noise ratio eddy current signals may be encountered
during an inservice inspection. This is particularly true when
multiparameter methods are used for extraneous variable suppression,
For signal-to-noise ratios less than 5-10 at the mixed channel output
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eddy current depth estimates may be extremely conservative and
unreliable leadinq to unnecessary plugging of tubes. If a technically
sound basis can be found for stating that the source of the eddy
current indication is either not crack-related or cannot impact plant
safety or availability, then merely note the presence of the
indication and do not initiate plugging action. The basis could be
established by pulling several tubes to confirm the damage mechanism
or additional flaw characterization using specialized eddy current
probes, e.g., a rotating pancake coil or array coils. Tubes found

to have low signal-to-noise indications should be monitored during
subsequent outages.

3.6 POST-INSPECTION ACTIONS
RECOMMENDA™ION: Review inspection results from all steam generators.

After the steam generator has been inspected, each tube should be
classified as degraded or defective based on the eddy current test
results. The total number of degraded and defective tubes found
during the inspection determines the NRC classification for this
steam generator. If the class.fication is Class C3, promptly report
to the NRC.

The NRC requires utilities to remove all defective steam generator
tubes from service. The plugging limit, or point beyond which a tube
is considered unsuitable for continued service, is included in the
technical specifications for each plant. The utility must decide
whether to plug or to sleeve these defective tubes,

Degraded tubes should be marked for reinspection during the next ISI.
For this purpo e, a tube is considered degraded if it has a tube wall
penetration of more than 20%.

RECOMMENDATION: Utilize steam generator data base management systems
to assess the overall health of steam generators.

A wealth of data can be produced during a steam generator inservice
inspection. Data from the current inspection and analysis results
from previous inspections must be compared for the identification
of trends and regions of the generator requiring special attention.
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The sheer volume of the data requires the use of ~omputer data base
management systems.

RECOMMENDATION: Consider sleeving defective tubes in any area of the
steam generator experiencing extensive wall damage below the first
support plate and in the interior of the tube bundle.

If sleeving seems appropriate, plan to sleeve the damaged area during
the next scheduled outage. See (8) for a discussion of the relative
merits of sleeving and plugging in various situations.

RECOMMENDATION: Take corrective actions to prevent further damage
progression.

Indications of tube degradation or tube damage precursors should
not be ignored. In general, utilities should respond to such indi-
cations with corrective actions designed to solve the problem rather
than merely to treat the symptom. Examples of corrective actions
that may be required are:

e Preventive removal of undamaged tubes from service.
In some cases, it may even be appropriate to plug
or sleeve undamaged tubes. For example, Westinghouse
recommends removing from service all Rcw 1 tubes if
the unit has or can expect 1 cm of hourglassing within
the next cycle.

¢ Changes in water chemistry, air inleakage control, balance-
of-plant hardware, or operating and maintenance
procedures. Any of these actions may be appropriate
for dealing with particular forms of degradation or
tube damage precursors.




Section 4

PWR STEAM GENERATOR NDE EQUIPMENT AND INSTRUMENTATION

4.1 INTRODUCTION

The nondestructive examination of a steam generator has two
objectives:

. To determine the integrity of the tubing in the primary
system pressure boundary

® To Aetect and characterize tube damage precursors.

Some types of secondary side conditions initially are not detrimental

to the integrity of the pressure boundary, but if allowed to progress

they may influence tube integrity. Sludge and debris, copper deposits,
crevice gap magnetite packing, support plate cracking, and denting

are all considered tube damage precursors; their detection and .
characterization can provide early warning of potential tube damage.

Eddy current data acquisition is relatively fast and simple. For this
reason, eddy current inspection is the method most commonly used to
determine tube wall integrity and to identify damage precursors.

Proper application of the eddy current method requires an understanding
of the iest objectives and the limitations of the method. Once these
are clear, appropriate NDE equipment, instrumentation, and data
analysis techniques can be chosen.

Section 4.2 provides an overview of commercially available eddy current

data acquisition equipment, including remote positioning egquipment,

probes, and instrumentation. Section 4,3 gives a survey of eddy

current data analysis equipment, while Section 4.4 presents an over-

view of other NDE methods and equipment capable of damage precursor
evaluation and specialized tube integrity applications. Section 4.5
discusses data base management systems. Appendix B discusses the
fundamentals of the eddy current method and a philosophy for .
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designing eddy current tests to evaluate steam generator tube
integrity and damage precursors.

4.2 EDDY CURRENT DATA ACQUISITION EQUIPMENT

Initially, eddy current methods were used only to determine tube

wall integrity. However, steam generator operating experience over

the past few years has demonstrated the need for characterizing

damage precursors as well. Recent advances in eddy current instru-
mentation and probe design have enharced the capability of eddy current
methods to detect diverse tube damage forms and to monitor damage
precursors including sludge, crevice packing, and cracked plate
ligaments.

Eddy current testing typically is divided into two phases: data
acquisition and data analysis. A typical data acquisition system
with mechanical positioning equipment is shown schematically in
Figure 4-1. The eddy current probe and probe positioning equipment
(manipulator and pusher/puller) are located within the channel head
and outside the manway. To reduce operator radiation exposure, the
data station typically is located outside of containment in a clean
area or in a van. Data analysis is conducted either in the
instrumentation van or off-site.

In selecting eddy current test probes and instrumentation, the
inspector must try to minimize both inspection time and operator

radiation exposure.

$.2:1 Remote Positioning Equipment

The steam generator channel head is an area with high radiation levels
(more than 10 R/hr in clder operating units). Consequently, remote
mechanical probe positioning equipment is utilized to gain access

to tubes. The positioning equipment moves the eddy current probe

from tube to tube, as directed by the operator from a remote location.
After the probe has been positioned, a pusher/puller propels it
through the selected tube to gather inspection data.

The two general types of remote positioning equipment are
manipulators and finger-walkers.



% STEAM GENERATOR
. CHANNEL HEAD

DATA STATION PUSHER/PULLER MANIPULATOR

Figure 4-1. Typical Steam Generator Eddy Current Data
Acquisition System (Zetec)



Manipulators. Typical manually installed manipulator configurations
for RSG and OTLG channel heads are shown in Figure 4-2, Figure 4-2(a)
illustrates the channel head components of the Zetec SM-4 system for
RSGs. The components installed in the channel head typically include:

. Numbered templates for tube shee% positioning
referencing

» A closed-circuit TV camera
- The manipulator fixture

. The proke conduit with an in-line calibration
standard.

A fixture control box and TV monitor are kept at the remote egquipment
site. The operator uses the TV monitor to select the manipulator
position.

Figure 4-2(b) shows an OTSG manipulator developed by Babcock & Wilcox.
This computer-controlled manipulator operates without templaces.
Installed channel head equipment includes:

« A closed-circuit TV camera
e The manipulator fixture

e The probe conduit with an in~line calibration standard.

Remote equipmen. includes a TV monitor and encoder for tube
positioning/entry information. Zetec offers a manually controlled
manipulator (SM-3) for OTSG channel heads that uses templates for
tube identification.

Full entry into the channel head is required for installing these
manipulators. Installation time varies from one to four minutes,
depending on whether or not tube sheet templates are used. Scre
utilities prics to operation have stamped tube identification numbers
directly onto the tubesheet primary side, thereby eliminating the
need to install templates.

Computer-controlled remotely installed positioning devices have
recently been introduced. B&W offers a manipulator for Remotely
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